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The structure of epicuticular wax of Norway spruce (Picea abies (L.) Karsten) needles
from 12 localities on the Estonian mainland was studied by SEM in 1988. Rapid degra-
dation of tubular wax into flattened plate-like structures was observed in all sites. Even
during the first growing season degradation was rapid in three localities, two of which
are situated far from the local sources of air pollution. In 1993 epicuticular wax struc-
ture was studied in cloned young Norway spruces planted in 10 localities. Despite the
different exposure of the study sites to air pollution, the rate of wax degradation from
tubular into flattened structures in the sites was similar. However, the degradation speed
in naturally growing trees was much slower in 1993 than in 1988. Great variability in
wax structure within a sample and even within the same needle was found, despite the

genetically identical material used for the analysis.
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INTRODUCTION

All four sides of needles in Norway spruce (Picea
abies (L.) Karsten) are covered with a layer of epi-
cuticular wax of variable density and ultrastructure.
The highest concentration of epicuticular wax can
be found on the stomata (Huttunen 1994).

Wax ultrastructure changes with needle age
and under the influence of various environmental
factors. In young needles wax is of a tubular type
(Jeffree et al. 1971, Huttunen 1994). During age-
ing the initially tubular wax undergoes both struc-
tural and quantitative changes. Fine-structured

wax formations fuse, forming flakes and plate-
lets. At the same time the chemical composition
of wax changes while its amount decreases (Giint-
hardt-Goerg 1986).

This naturally occurring wax degradation is
accelerated in polluted air. Degradation can be
caused by various pollutants: acid rain (Huttunen
& Laine 1983, Riding & Percy 1985, Rinallo et
al. 1986), nitrogen oxides (Friedland ez al. 1984),
ozone (Ojanperd & Huttunen 1989), traffic ex-
haust gases (Sauter ef al. 1987), magnesium ox-
ide (Bermadinger et al. 1988), fluor compounds
(Blighy et al. 1973).
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Fig. 1. Location of the study sites. — 1: Putkaste. 2:
Nova. 3: Kdsmu. 4: Kividli. 5: Vigala. 6: Vaatsa. 7:
Rakke. 8: Voore. 9: Tipu. 10: Aakre. 11: Tartu. 12:
Alska. 13: Haanja. 14: Varska.

Wax degradation can increase needle wettabil-
ity (Cape 1983, Heinsoo 1994). Increased wetta-
bility, in turn, prolongs the contact time of water
droplets on the needle surface, which can increase
both wet deposition of pollutants (Lendzian 1984)
and nutrient leaching from needles (Mengel et al.
1987).

The impairment of epicuticular wax can en-
hance cuticular transpiration. In coniferous trees,
an increase in cuticular transpiration may be of
crucial significance in winter and especially in
early spring (Tranquillini 1976, Mengel et al. 1989,
Koppel & Heinsoo 1994). If the soil and the con-
ductive elements of the tree are frozen, transpira-
tive water loss cannot be compensated, and the
needle water content may drop below the level at
which sublethal or even lethal damages occur.
Winter desiccation may occur both near the al-
pine timberline (Baig & Tranquillini 1980) and
in sites of polluted air (Sauter & Vof3 1986).

The structure of epicuticular wax, revealed by
SEM, has been used for the bioindication of at-
mosphere pollution (e.g. Huttunen 1994, Turunen
et al. 1994). However, the results are controver-
sial. Some authors have found good correlation
between the speed of wax degradation and atmos-
phere pollution (e.g. Huttunen & Laine 1983, Sau-
ter et al. 1987, Tuomisto 1988, Turunen & Huttu-
nen 1990). Other authors have not detected the
expected correlation between wax structure and
the overall air pollution level (Hellqvist ez al. 1992).

There might be two basic explanations of these
contradictory results. One cause is that wax deg-
radation depends not only on the pollution load
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but also on different climatic factors, e.g. on ra-
diation (Baker 1982, Kim 1985), wind abrasion
(Tranquillini 1976, Crossley & Fowler 1986),
which may shade the effect of pollution. Besides
climatic factors that may modify the speed of wax
degradation, the wax structure has pronounced
biological variability. Wax structure and the speed
of its degradation differs significantly in differ-
ent conifer species, subspecies and even in differ-
ent individuals (Hanover & Reicosky 1971). An-
other reason for the lack of correlation between
air pollution and epicuticular wax structure can
be the natural variability of wax in naturally grow-
ing trees with a different genetic background.
The aim of the present study is to compare the
structure of the epicuticular wax of Norway spruce
in different parts of Estonia and to analyse the use
of wax structure as an indicator of the air pollu-
tion level. Another objective is to evaluate wax
degradation as a bioindicative parameter by using
cloned Norway spruce seedlings, thus eliminating
genetic variability in wax amount and structure.

MATERIAL AND METHODS
Naturally growing trees

The material was collected in the middle of November 1988
from 12 sites in Estonia (Fig. 1, Table 1). The samples were
collected from the northern sides of open-grown trees of
about the same age (40-year-old trees), at the height of 2 m
from the ground. The samples were taken from needles of
four age classes (current-year needles (C), previous-year
needles (C+1), C+2 and C+4 needles). Since in Kividli and
Aakre the oldest needle class was lacking, C+3 needles were
studied.

Cloned trees

In 1988 four-year-old cloned spruces were planted in 10
different localities over Estonia (Fig. 1, Table 1). The goal
was to represent areas of the country where different air
pollution situations may occur. The plant material origi-
nates from the plant nursery of the Estonian Institute of
Forestry and Nature Conservation. Cloning was done by
grafting in 1984. Test trees were planted in open sites as
close as possible to those used in 1988. In 1993 the sample
trees had uniform and well-developed crowns, no grafting
disturbances were detected. The trees had symmetrical
crowns that did not differ from those of seed-grown trees of
the same age. The height of the trees was 1.0-1.5 m.
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Needle samples were collected at the end of November
1993. The samples were taken from the northern side of the
crown from current-year to four-year-old needles. Three
trees were sampled from each site except for the Virska
site where two sampling trees are growing and only one of
them had living C+3 needles. Two needles from the central
part of the leading shoot were sampled from each year-class.

Thin epidermis samples were cut with a razor blade
from the anatomically upper sides of fresh needles, mounted
on sample stubs and dried for 24 h in a desiccator over
CaCl,.

In order to provide comparison for the Estonian mate-
rial and to evaluate the resolution of the method used, nee-
dle samples were taken from a site in Northern Sweden
devoid of any impact of local air pollution sources (Flaka-
liden Research Area, Vindeln Research Station, 64°07°N,
19°27°E, altitude 310 m a. s. 1.) and treated in the same way
in August 1993. Here the current-year needles of a 30-year-
old tree were studied. As the experiment revealed, sample
preparation and metal covering methods permitted to re-
solve the fine tubular structure of epicuticular wax (Fig. 4).
The samples were covered with gold using JEOL Fine Coat
Ion Sputter IFC-1100, the distance from the cathode being
20 mm in 1988. The samples were located directly under
the cathode. In order to decrease the possible thermal effect
on wax the distance between the cathode and sample stubs
was increased to 40 mm in 1993, the stub surface being
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inclined at 60° in relation to the cathode surface. After cov-
ering with metal the samples were examined in the scan-
ning electron microscope BS 300 (Tesla) with the accelera-
tion voltage 15 kV and magnification X 2 500 in 1988, and
with the acceleration voltage 17 kV and magnification
%3000 in 1993.

In 1988 at least five typical microphotos were made
from each sample. Wax structure was evaluated on the pho-
tos independently by both authors according to the 5-point
scale, and the results were averaged. We constructed an
arbitrary scale of typical sample photos which represented
gradual degradation of epicuticular wax. Our scale was the
same which was used by Huttunen and Laine (1983) for
Scots pine (Pinus sylvestris L.).

In 1993 wax structures were examined in 10 stomatal
antechambers from each needle. In each site/year-class about
60 antechambers were examined. One typical antechamber
per needle was photographed for subsequent independent
control evaluation by the authors.

The following wax status classes were defined: 1 —
epicuticular wax has a well-defined fine-tubular structure,
2 — fine wax structures prevail, about 25% of the wax con-
sisting of flakes or platelets, 3 — tubular and flattened struc-
tures have the same proportions, 4 — amorphous structures
prevail, some coarse tubular structures are present, 5 —
only amorphous wax is found in antechambers, or wax is
mostly degraded (Fig. 2).

Table 1. Characterization of the study sites. In parentheses: A — Sites where naturally growing trees were
studied; B — Sites of cloned trees. Data on air pollution were taken from Frey et al. (1991)? and Roots et al.
(1992)°. Data marked with an asterisk originate from sites within the range of 20 km from sites of needle
analysis. NA — Data not available. NAP — No local sources of air pollution.

Site General description Annual deposition of
sulphur (S) and calcium (Ca?),
kg ha-'yr
1. Putkaste (B) Plant nursery in the middle of a forest, NAP 24 (S)?

2. Nova (B) Small opening in the centre of a forest, NAP NA
3. Kasmu (A, B)  Village in the Lahemaa National Park, NAP, 60—80 km from 17* (S)°
Helsinki, Tallinn and the industrial area of North-East Estonia 8* (Ca)®
pH = 6.9*
4. Kivioli (A, B) Industrial area, 2 km from a large oil-shale chemical plant 547 (S)°
3820 (Ca)®
pH = 8.3°
5. Vigala (A, B) Agricultural area close to a local road, NAP 13 (S)2
6. Vaatsa (A) Opening in the centre of a forest, NAP NA
7. Rakke (A) Agricultural area, 3 km from a lime plant NA
8. Voore (A, B) Open area, 3 km from a village, NAP 18 (S)?
9. Tipu (A, B) Open field in the Soomaa National Park, NAP 13 (S)?
10. Aakre (A) Opening in the centre of a forest, NAP NA
11. Tartu (A, B) Centre of the town, air pollution of complex nature

(traffic, communal heating) 64 (S)?
12. Alska (A, B) Small village in the Paganamaa Landscape Reserve, NAP 22 (S)?
13. Haanja (A) Sparsely populated agricultural area, NAP 22 (S)?
14. Varska (A, B)  Opening in the centre of a forest, NAP 13 (S)?
Average for Estonia 17 (S)?
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The data on air pollution in Estonia were collected from
different sources (Table 1), which illustrates the highly vari-
able situation over the whole territory of the country. While
the majority of the sites represent the close-to-average depo-
sition of sulphur (for 1986—1989 the average sulphur depo-
sition for Estonia was 17 kg ha"'yr'according to Frey et al.
1991), deposition in the industrial region and in the town of
Tartu was much higher. The most conspicuous site was
Kividli where 2 km from the oil-shale processing plant the
annual deposition of both sulphur and calcium was very
high, 547 and 3 820 kg ha™'yr!, respectively. High alkaline
deposition resulted in the alkaline reaction of precipitation.
The consumption of both energy and motor fuel decreased
almost twofold at the beginning of the nineties, compared
with the second half of the eighties. This resulted in a de-
cline of emitted air pollutants (total amount of emitted dust
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and gaseous pollutants was 609.3 thousand tonnes in 1990

B and 354 thousand tonnes in 1993 — Anon. 1995). Unfortu-

nately, we lack figures characterizing the pollutant deposi-
tion load over the Estonian territory in 1993. It is likely that
figures in Table 1 overestimate the real pollution load of
1993.

RESULTS
Naturally growing trees

The results of our study indicate a rapid degrada-
tion of epicuticular wax in all studied sites in 1988.
We did not find needles with undegraded epi-
cuticular wax even among current-year samples
in any of the sites (Table 2). In half of the sites
epicuticular wax was entirely degraded even in
C-needles. The biggest differences between the
sites could be detected in young (C and C+1) nee-
dles, while in older needles uniformly strong wax
degradation occurred in all sites.
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Cloned trees

With a few exceptions (Tartu, Tipu), notable wax
degradation occurred in the course of needle age-
ing (Tables 2 and 4). After three vegetation peri-
ods most of the tubular wax structures had changed
into flattened structures. The degradation speed
did not differ significantly in different sites.

The variability of epicuticular wax structure
was significant even within a single needle. Typi-
cally, neighbouring antechambers had a similar

Table 2. The status of epicuticular wax of naturally
growing trees in 1988 on a 5-point arbitrary scale.

Needle age class

Site C+1 C+2 C+3

o

C+4

[¢)]

Kasmu
Kivioli
Vigala
Vaatsa
Rakke
Voore
Tipu
Aakre
Tartu
Alska
Haanja
Varska
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or slightly different wax cover, however, in some
samples, wax structure may differ drastically even
between the closest antechambers (Fig. 3). Dif-
ferences usually occurred between neighbouring
stomata rows. In the same site within-shoot wax
structure variability was similar to variability be-
tween trees (Table 3). The highest variability oc-
curred in C-needles where both fine tubular and
flattened amorphous wax structures could be
found. The surface structures of older needles,
usually lacking fine wax structures, are more uni-
form. In 1993 fine tubular wax structures, being

Table 4. The status of epicuticular wax of cloned trees
in 1993 expressed in points on an arbitrary 5-point
scale. Average values of more than 60 estimates.

Needle age class

Site C+1 C+2

o

C+3

Putkaste
Nova
Kasmu
Kivioli
Vigala
Voore
Tipu
Tartu
Alska
Varska

WNWWNNONN W W
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Table 3. Variability of epicuticular wax within the shoot and between trees from the same site (Kdsmu) and
clone, expressed in points on an arbitrary 5-point scale (£ S.E., the number of examined antechambers). The

estimations were made in 1993.

Needle average age Sample tree no. 1st needle 2nd needle Average

C 1 2.0 (0.7, 12) 1.9 (0.2, 10) 2.0 (0.7, 22)
Cc 2 1.9 (0.6, 8) 1.6 (0.8, 11 1.7 (0.7, 19)
Cc 3 1.7 (0.7, 9) 4.0 (0.0, 2.9 (1.2, 21)
Average 2.2(1.2,62)
C+1 1 1.9 (0.5, 10) 2.4 (0.6, 13) 2.2 (0.6, 23)
C+1 2 2.8 (0.4, 8) 3.3 (0.6, 11) 3.1 (0.6, 19)
C+1 3 3.3 (0.8, 10) 3.4 (0.8, 15) 3.4 (0.8, 25)
Average 2.9 (0.9, 67)
C+2 1 3.7 (1.1,17) 5.0 (0.0, 8) 4.2 (1.1, 25)
C+2 2 3.6 (0.5, 10) 4.7 (0.5, 9) 4.2 (0.7, 23)
C+2 3 4.0 (0.8, 10) 4.4 (0.6, 13) 4.2 (0.7, 23)
Average 4.1 (0.9, 71)
C+3 1 4.2 (0.8, 13) 3.5(0.9, 12) 4.2 (1.1, 25)
C+3 2 3.5(1.0, 10) 3.8 (1.1, 10) 3.7 (1.1, 20)
C+3 3 4.6 (0.6, 11) 4.4 (0.5, 10) 4.5 (0.6, 21)
Average 4.0 (0.9, 66)
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Fig. 3. Variability of wax structure in neighbouring
stomatal antechambers. The degradation classes of
wax cover on the stomatal antechambers: upper left
— 3, upper right — 5, lower left — 4, lower right — 2.
White bar = 10 um.

very rare in 1988, were relatively widespread.
However, they were not so fine-structured as in
samples taken from Northern Sweden (Fig. 4).

The evaluation of wax structures involves a
certain degree of subjectivity. Some antechambers
are covered with almost uniform plate-like amor-
phous wax. When wax plates were damaged or
removed during sample preparation, finer struc-
tures were revealed under removed flakes (Fig. 5).
However, differences in wax structure as evalu-
ated by two authors were rather small: only in 5%
of the photos were points different.

On an average, wax structures were quite simi-
lar in different sites (Table 4). The biggest differ-
ences occurred in C-needles. At the same time,
this age class displayed the highest within-shoot
variability.

DISCUSSION

In 1985 we made the first pilot study of epicuticu-
lar wax structure on spruce from the Vooremaa
site and found fine-structured tubular wax. Simi-
lar wax structures were lacking in the samples of
1988 originating from all parts of the country. This
phenomenon may indicate an overall increase in
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Fig. 4. Epicuticular wax in the stomatal antechamber
of a current-year needle of spruce from Northern
Sweden. White bar = 10 um.

atmospheric pollution in Estonia during the sec-
ond half of the 1980s.

In three sites wax degradation occurred in
needles of all year classes. Only one of these sites,
Rakke, is situated close to a local industrial enter-
prise (a lime plant emitting alkaline lime dust).
The other two sites are located far from local pol-
lution sources. Voore is a typical East-Estonian
village with sparsely lying farmhouses, Kdsmu is
aresort area in the Lahemaa National Park. Sur-
prisingly, slightly less damaged needles were
found in the Kividli site which is situated in the
north-eastern part of the country. This is the area
where numerous oil-shale industrial enterprises,
including thermal power plants and chemical
plants, are concentrated. The study site is located
2 km from a major oil-shale chemical plant. Here
the high concentration of acid sulphur emission
is neutralized by alkaline dust. Excess of calcium
ions causes alkalinization of precipitation. Rapid
wax degradation in the Tartu site was expected,
since this locality is exposed to intensive air pol-
lution caused by traffic and emission from local
heating plants.

Unexpectedly rapid wax degradation occurred
in the Alska and Aakre sites. Both these sites are
situated far from any significant sources of atmos-
pheric pollution. Sites with a relatively slower rate
of wax degradation are situated in central (Vigala,
Tipu, Viitsa) or Southern Estonia (Virska).

Since the overall rate of wax degradation was
high all over the Estonian territory, changes in
wax structure can be employed as bioindicators
of air quality by using only young (C or C+1)
needles. Due to the rapid degradation of wax, this
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method has a limited bioindicative value in our
conditions. Moreover, since the method, based on
the visual evaluation of wax structures is rather
subjective, it is impossible to apply statistical
methods to the results. One possibility to improve
the method would be the use of computerized
image analysis techniques.

Our study shows that even when using geneti-
cally identical plant material, thus excluding pos-
sible genetical variability, natural variability in
the epicuticular wax of single Norway spruce nee-
dles is remarkable. Therefore, the method can be
used only for the discrimination of drastically dif-
ferent pollution situations, whereas it can be too
rough for the bioindication of smaller differences
in air pollution. A possible reason for the contro-
versial results obtained from studying wax deg-
radation can be the different response of epicuticu-
lar wax structure in different species and the com-
plex nature of environmental impact on wax for-
mation and degradation. Huttunen and Laine
(1983) analysed changes in wax structure in Pinus
sylvestris, Sauter et al. (1987) followed the im-
pact of a particular type of air pollution (pollution
caused by motor transport) in Picea abies. In the
present study trees were exposed to the impact of
pollutants of various origin: heavy sulphur load
combined with alkaline dust (Kividli site), traffic
pollution (Tartu), long-distance transport of air
pollutants in areas without any local sources of
air pollution (all other sites).

The occurrence of fine tubular wax in 1993,
which was not found in 1988, can be explained
either by slightly different methods used in the
metal coating of samples, by the different natural
structure of epicuticular wax on cloned spruce or,
more likely, by a decrease in air pollution in Es-
tonia during the study period. After regaining in-
dependence, the Estonian economy has undergone
dramatic changes. The use of fossil fuels, espe-
cially oil shale, has diminished, sulphate emis-
sion has dropped by 40% in 1992 as compared
with 1980 (Anon. 1993), the amount of dust and
gaseous emissions from stationary sources de-
creased almost twofold in 1993 compared with
1990 (Anon. 1995).

Since epicuticular wax structure is influenced
by numerous environmental factors, including par-
ticle pollution, acid deposition and weather con-
ditions during needle development and exposi-
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Fig. 5. Under the amorphous wax plate (A) fine tubular
wax structures can be found (B). White bars = 10 um.

tion (e.g. Huttunen 1994), a possible cause for
different wax erosion rates in different regions of
the country may lie in climatic differences. How-
ever, these differences are rather small over the
Estonian territory, e.g. the length of the vegeta-
tion period does not differ by more than 10 days,
climatic differences between different parts of the
country are smaller than variability between years
(Kivi 1976).

One explanation for the lack of correlation
between wax degradation and the overall air pol-
lution level may be the relatively young age of
the trees studied in 1993. The sample trees were 9
years old. We have not found any study dealing
with changes in wax structure in relation to tree
age. Another cause for the lack of correlation be-
tween wax structure and air pollution may be the
small dimensions of the trees (the samples were
collected at the height of about 0.5 m from the
ground). And last but not least — long-distance
transport of air pollutants may cause a uniform
pollution background in Estonia so that spruce
needles are almost equally damaged all over the
Estonian territory.
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