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PREFACE

When water loss from leaves is discussed, usually water loss through opened
stomata is considered. The regulation mechanisms of water movement through
stomata are widely investigated. However, stomata represent the largest but not
the only pathway of water vapour diffusion from leaves. In Norway spruce, sto-
mata are sunken deep into the epidermis. The resistance of the space between
guard cells and the epidermis may affect transpiration in case of fully opened
stomata. However, its variability and influence on transpiration have not been
adequately studied.

Even in case of closed stomata, there occurs continuous cuticular water loss
from leaves. Cuticular transpiration is much lower than stomatal transpiration,
but it may become dangerous for plants which have to withstand long periods
of water deficit. Conifers are such kind of plants in our climate. In winter their
needles lose continuously water and their roots are not capable of water uptake
from the frozen soil. Air pollution has been supposed to affect needle surface
and to enhance the danger of tree desiccation. Considering the above said, it
appeared necessary to establish the variability of minimum water loss from
spruce needles in the absence of air pollution and to evaluate the impact of
different air pollution levels occurring in Estonia.

I started my research in 1984 studying the role of the cuticle in water
economy. Within the past years a vast amount of new information has been
published on this topic (Table 1). In several cases new results have pointed to
shortcomings in the methods that were used earlier. During recent years more
detailed research has been possible thanks to progress in technical equipment.
In the present thesis, the latest information has been taken into account in the
analysis of older results. Therefore, the conclusions drawn in the thesis need
not always coincide with those published in earlier papers.

The thesis was completed during postgraduate studies at the University of
Tartu, the only Estonian alma mater. I feel much obliged for the opportunity to
study in my native language in a native university. Therefore, the major part of
the thesis is published in Estonian as well. I feel deep gratitude to Gustav
Vilbaste, who is the author of the bulk of botanical terms in Estonian, as well as
my teachers.
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LIST OF SYMBOLS

angle between the needle surface and the water droplet on it

water potential

ellipse length

length of the upper ellipsoid of the stomatal antechamber

length of the lower ellipsoid of the stomatal antechamber

ellipse width

width of the upper ellipsoid of the stomatal antechamber

width of the lower ellipsoid of the stomatal antechamber

current year needles

previous year needles

two-year-old needles

three-year-old needles

four-year-old needles

five-year-old needles

pore diameter

gas diffusion coefficient

dry weight

needles conductance to water vapour diffusion

minimum epidermal conductance to water vapour diffusion
stomatal conductance of a single pore to water vapour diffusion
tube depth

depth of the upper ellipsoid of the stomatal antechamber

depth of the upper ellipsoid of the stomatal antechamber
boundary layer resistance to water vapour diffusion

cuticular resistance to water vapour diffusion

resistance of stomatal antechambers to water vapour diffusion per
unit area

stomatal resistance to water vapour diffusion

resistance of the upper elliptic pore of the stomatal antechamber
to water vapour diffusion

resistance of the lower elliptic pore of the stomatal antechamber
to water vapour diffusion

resistance of the stomatal antechamber to water vapour diffusion
resistance of the upper truncated cone of the stomatal ante-
chamber to water vapour diffusion

resistance of the lower truncated cone of the stomatal ante-
chamber to water vapour diffusion

relative air humidity

relative water content (% of water at the beginning of experiment)
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S — needle area
Sm — needle specific area (area per dry weight)
wC — water content (% per dry weight)
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1. INTRODUCTION

Starting from the 1970s, a number of reports described extensive desiccation of
conifers in several European countries where older needles dropped and the
average age of needles decreased. This phenomenon was common in industrial
areas and was associated with air pollution. Changes in needle water economy
was presumed to be one of the causes of desiccation (e.g. Roberts, Blank 1984).
It therefore became necessary to investigate diffusion of water vapour from
needles and to study the value and variability of diffusion resistance compo-
nents. The main diffusion pathway through the stomata of needles has been
widely investigated. However, less is known about the resistance of stomatal
antechambers. Braun (1977) demonstrated that the pollution-resistant grafts of
Picea abies had longer, wider and heavier needles than the grafts influenced by
air pollution. Consequently, various grafts may also reveal differences in the
volume and diffusion resistance of stomatal antechambers. The variability of
stomatal antechambers has not been studied so far.

The surface of needles is affected by external factors over many years. At
the same time, it is a source of continuous water loss. According to its absolute
value, cuticular transpiration in conifers is more than ten times smaller than
stomatal transpiration (Larcher 1995). However, the plant loses its water
through the cuticle continuously. In case of increased cuticular transpiration
(e.g. due to air pollutants) or under unfavourable climatic conditions (e.g.
during long winter when the trunk and roots are frozen) water loss may become
lethal. Cuticular water loss has been studied in mountainous regions (e.g.
Tranquillini 1979). Less attention has been paid to the natural variability of
cuticular transpiration in forest conditions. Not much information is available
about the influence of pollutants, occurring in the air, on the water loss of
needles. Therefore, the current thesis is focused primarily on cuticular water
loss from the needles of Picea abies with the purpose to find out its dependence
both on various natural factors and air pollution. Besides, the possibility of tree
desiccation due to winter water loss in Estonia has been analysed.

The rate of water vapour diffusion along the pathway of diffusion depends
on the driving force (difference in vapour pressure) and on the resistance of
diffusion. Resistance to water diffusion from leaves can be divided into several
components according to the mechanism of water vapour diffusion and its
regulation (Fig. 1). Since the flux of water vapour is linearly correlated with
pressure differences, an analogy of Ohm’s law can be used when calculating
the values of whole resistance (Passioura 1984).

Boundary layer resistance (r,) is caused by a stationary layer of air on the
leaf surface. At wind velocities higher than 3...5 m s™ the value of r, is very
low in most leaves (Larcher 1995). At lower wind velocities the value of r,
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depends on leaf morphology. The value of r, is higher in large, hairy or grooved
leaves. Due to the small size of conifer needles their r, is small. In Norway
spruce (Picea abies) the values of r, about 1 s cm™ at a wind velocity of
0.25ms™ and 0.3 s cm™ at a wind velocity of 1 m s™' have been measured
(Koppel 1981). For Picea pungens, r, value of 046 s cm™ and for Picea
pungens, 0.12 s cm™, have been found at a wind velocity of 0.35...1.5 m s™
(Jarvis et al. 1976). Low values of r, have only a limited influence on water
diffusion from needles. Many grass species are able to control r, by folding
their leaves (Rahi 1971). Conifer shoots are unable to change r, actively.
However, sun-type conifer shoots with densely packed needles have higher r,
compared with shade-type shoots with sparsely packed needles.

-
— zi

leaf air
mesophyll |

Figure 1. Resistance to water diffusion from leaves: r, — boundary layer resistance,
r. — cuticular resistance, r, — stomatal resistance, ry, — resistance of stomatal ante-
chambers.

Joonis 1. Lehest auruva vee difusioonitakistus: r, — piirkihi takistus, r, — kutikulaar-
takistus, r, — OShulShede takistus, ry, — ShulShe eeskambrite takistus.

Stomatal resistance (r;) depends on the degree of stomatal opening as well as on
the size of stomata and density of leaf surface area. This is the only part of
transpiration resistance that can be actively controlled by the plant. Not all the
stomata on a leaf are opened equally (Laisk et al. 1980; Larcher 1995). Most
stomata are only partially opened even in optimal conditions. Relatively small
size of the stomatal aperture is the most successful compromise between water
loss and CO, uptake because of additional mesophyll resistance to the latter
(Larcher 1995). Under severe water deficit stomata close to a maximum extent.
However, in some cases the stomatal pores may remain incompletely closed due
to dysfunction of closure mechanisms and the presence of algae, fungal hyphae or
dust particles between guard cells (Grace 1990; Donnelly, Dowding 1994).

In several plant species (including most conifers) guard cells are sunken
deep into the epidermis. The space between guard cells and the epidermis is
called the stomatal antechamber. Antechambers form an additional component
of resistance to water vapour diffusion (rcp). The value of e, depends on the
size of antechambers and their number per leaf area. In conifer species,
stomatal antechambers are filled with epicuticular wax. It is difficult to estimate
the resistance of wax formations in antechambers. Jeffree et al. (1971) suggest
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that in Picea sitchensis, epicuticular wax increases the value of r., about twice.
Since epidermis thickness in the sun and shade needles of conifers varies, the
size of stomatal antechambers too may be different (Koppel 1981).

Cuticular resistance (r;) is related to the cutinized layer of the outer wall of
the epidermis, which in the majority of vascular plants reduces efficiently
evaporation. Depending on the growth conditions of different species there are
marked differences in the thickness and chemical composition of the cuticle.
Evergreen leaves and conifer needles, which have to withstand periods of
limited water uptake, have a thick cuticle and high values of r.. The cuticle
consists of hydrophobic cuticular lipids (SCL), which are soluble in a wide
range of organic solvents, and an insoluble polymer, cutin (Riederer 1989; Hol-
loway 1994). In most plant species, cutin includes a matrix reticulum of fine
polysaccharide fibrillae. These polysaccharides often appear to be continua-
tions of the structural elements of the underlying cell wall (Tenberge 1992) and
are suggested to be the major pathway of water vapour diffusion (Kerstiens
1994; Riederer et al. 1994). In some species (including Picea abies) the reticu-
lum does not reach the outer surface of the cuticle. This makes r. of Norway
spruce needles higher compared with that of the needles of some other conifers
with a different cuticle structure (e.g. Picea sitchensis) (Kerstiens 1994).

In Picea abies, as in most other conifers, needle surface is covered with
epicuticular wax. The highest concentration of wax can be found in and around
stomatal antechambers. The quantity and chemical composition of epicuticular
wax on Picea abies needles have been thoroughly studied (Giinthardt-Goerg
1986). The quantity of epicuticular wax on a plant is genetically determined.
Wax compounds are chemically very stable and are unlikely to react with air
pollutants (Giinthardt-Goerg 1994). Epicuticular wax is a final product of bio-
chemical synthesis (Thair, Lister 1975). Tubular wax forms the rims of guard
cell mother cells during the period of bud flush in spring (Giinthardt-Goerg
1994). In the course of needle ageing the amount of epicuticular wax decreases.
At the same time, the relative proportions of different compounds of epicuticu-
lar wax change (Giinthardt-Goerg 1986). In Picea abies needles, the relative
amount of the main component, nonacosan-10-ol, generally increases, whereas
that of free T-hydroxy fatty acids decreases. The existence of hydrophobic
components in the plant cuticle reduces the amount of water loss from needles.

The effect of the wax layer on cuticular permeability depends also on wax
structure. Epicuticular wax structure changes with needle ageing and under the
influence of various environmental factors. A large number of wax types have
been distinguished using the scanning electron microscope (Tuomisto 1988;
Trimbacher, Eckmullner, 1997). The newly formed amorphous wax layer in the
stomatal antechamber of Picea abies needles consists mainly of long wax tubes
(Tuomisto 1988). These tubes are assumed to be hollow (Jeffree et al. 1971;
Riederer 1989). Wax tubules in Pseudotsuga menziesii are 2.3 um long, with an
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outer diameter of 124...148 nm and wall thickness of 35...40 nm (Thair, Lister
1975). In Picea sitchensis, the length of the tubes is 1 wm and the diameter,
150 nm (Jeffree et al. 1971). During needle ageing, wax tubes fuse and form a
net-like structure. This is followed by the formation of granules and crusts.
Such a naturally occurring wax degradation is accelerated by various
pollutants: acid rain (Huttunen, Laine 1983; Riding, Percy 1985; Rinallo ef al.
1986), nitrogen oxides (Friedland et al. 1984), ozone (Ojanperd, Huttunen
1989), traffic exhaust gases (Sauter et al. 1987), magnesium oxide (Ber-
mandinger et al. 1988), and fluor compounds (Blighy et al. 1973). Epicuticular
wax of fine structure prolongs the pathway of water vapour diffusion and has a
greater influence on water loss compared with fused crusts with cracks.

Besides using electron microscopy, the status of the epicuticular wax layer has
been studied also by an indirect method — measurement of the droplet contact
angle (Fogg 1947). The contact angle of a water droplet on leaf surface depends
on the chemical composition and roughness of the surface. Newly formed epicu-
ticular wax structures are suggested to be rougher than the degraded ones. The
contact angle of different epicuticular wax fractions may vary in a large range
(Holloway 1970). The value of the contact angle can be measured from the en-
larged image of the water droplet on the leaf (Fogg 1948; Holloway 1970). This
method is easy to apply even in field conditions and is widely used in biomonitor-
ing (e.g. Cape 1983; Turunen et al. 1994). The published values of the contact
angle in case of several Picea species have been reviewed by Cape and Percy
(1993). The value of the contact angle on needles may be different in various
parts of the tree crown (Boyce 1994). Needle wettability increases with ageing
(Boyce et al. 1991; Donnelly, Dowding 1994) and in polluted air (Cape, Percy
1993; Percy et al. 1993). Fumigation of needles with ozone and/or acid mist may
also increase their wettability (Barnes, Brown 1990; Esch, Mengel 1994). In-
creased leaf wettability may in turn enhance the uptake of water soluble pollut-
ants (Fuentes et al. 1994). However, the results of contact angle measurements
should be interpreted with care. If needle surface below the wax layer is rough,
wettability of the needle may decrease after wax removal (Jagels 1994). The
physico-chemical properties of the particles deposited on needle surface may also
affect the contact angle (Kisser-Priesack et al. 1987; Staszewski et al. 1994).

Direct measurement of cuticular water loss can be easily carried out on
hypostomatous leaves. The abaxial side of a detached leaf is covered with water
impermeable substance, which allows estimation of water loss from only the
adaxial side of the leaf (e.g. Hoad et al. 1996). At the same time, isolated
cuticles can be used to measure cuticular permeability to water vapour and
other gases (e.g. Schénherr, Schmidt 1979; Scherbatskoy 1994). The latter
method is less suited to amphistomatous leaves, since it is difficult to prepare
their samples excluding stomata. Use of this method in case of needles is
impossible due to their small dimensions. In amphistomatal leaves the value of
cuticular permeability is usually estimated from the mass loss of detached and
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desiccating leaves at some fixed temperature and air humidity (RH). Since in
this case it is impossible to separate cuticular and stomatal components of water
loss during desiccation, the terms “surface conductance” or “minimum epider-
mal conductance” have been proposed instead of “cuticular conductance”
(Grace 1990; van Gardingen et al. 1991). Calculation of minimum epidermal
conductance — g(min) instead of resistance (g(min)=1/r;) is employed owing to
its linear relationship with transpiration intensity.

Mass loss curves of various conifer species have been studied by several
authors in order to predict water loss from needles under various growth or air
pollution conditions. Published values of minimum epidermal conductance for
Picea species are presented in Table 1. The values of g(min) vary to a great
extent in different studies and depend on the method used. Most studies on
conifers have been carried out by measuring the water loss of a detached shoot,
while various periods have been used for the calculation of g(min). Moreover,
during desiccation shoots have been kept at different air temperatures and RH.

Cuticle permeability may be affected by several environmental factors and
pollutants. Unfavourable climatic conditions may impede cuticle maturation.
For example, in mountains, the cuticle thickness of Picea abies needles in the
wind-exposed treeline made up only 30% of that measured in trees in valley
bottom (Baig, Tranquillini 1976). Incomplete maturing of the cuticle and/or
exposure to the wind (van Gardingen et al. 1991) increase g(min). Increased
water loss may be a major factor determining the altitudinal treeline. In
“Kampfzone” (zone of dwarfed and deformed trees between the timberline and
the treeline) the soil is frozen deep and thaws late in spring. Plants cannot
absorb soil water during a long period in winter, and their survival depends
upon tissue water reserves and drought resistance. Trees with a poorly
developed cuticle are unable to control imposed transpiration stress and may
desiccate (Tranquillini 1979; 1982).

Huttunen et al. (1981) demonstrated that in late winter the water potential of
Pinus sylvestris needles was the lower the more sulphur had been deposited on
its needles. According to Barnes and Davison (1988), O; fumigation enhanced
minimum epidermal conductance. Mengel et al. (1989) showed that acid mist
(pH=3) affected significantly the water status of Picea abies trees in a green-
house. The water potential of treated shoots was found to be lower, while the
difference between treated and control trees was especially marked during
periods of sunshine. At high temperature, the water vapour deficit gradient be-
tween needles and air increases. Heating of needles in early spring, when the
soil is still frozen, proves to be an additional cause of desiccation in natural
conditions as well (Baig, Tranquillini 1980).
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The data of g(min) have been used for modelling wintertime water economy of
conifers in order to estimate possible water loss. The results of modelling allow to
predict needle survival in case water transport into needles is hindered by the fro-
zen soil or stem (Sowell 1985; Hadley, Smith 1990; Boyce et al. 1992; Sowell et
al. 1996). However, in the last few years the use of laboratory-measured water
loss parameters in predictions of water loss from the whole tree has been placed
under suspicion. Sowell ez al. (1996) demonstrated that the use of laboratory-
measured g(min) of Picea engelmannii in the desiccation model yielded consid-
erably higher predicted values of needle desiccation in winter compared with real
values observed in naturally growing shoots. This may be caused by errors in the
values of the climate parameters employed in the development of the model (in-
correct estimation of real RH, neglecting of differences in air and needle tempera-
tures etc.). At the same time, the authors supposed that the value of g(min) de-
creased due to wintertime low temperature and dry air. The value of g(min) may
be affected also by cuticle moisture content (Kerstiens 1996). Another problem
arising in the modelling of wintertime needle water economy is the possibility of
water uptake. Uptake of water from the stem may begin when air temperature is
above —4°C (Boyce et al. 1992). Direct water uptake by needle and twig surface is
more unpredictable. Water uptake from melting snow, hoar-frost or dew has been
suggested impossible and has not received much attention. However, Katz ez al.

(1989) demonstrated with a laboratory experiment that twigs of Picea abies

absorbed 80 mm’ of sprayed water per 1 g dry weight during 200 min (at the same

time their xylem water potential recovered from —1.00 MPa to —0.15 MPa). Dye
was found to penetrate through twig bark rays and parenchymal cells.

In the current thesis emphasis has been laid on the role of the stomatal ante-
chambers and the cuticle (including epicuticular wax) of Picea abies needles as
pathways for water vapour diffusion. Neither of them is controlled by the plant
in a short term. Both depend on long-term growth conditions and can influence
plant water loss in extreme conditions: stomatal antechambers become involved
in case stomata are fully opened, while the role of the cuticle and epicuticular
wax is revealed in case of winter water deficit and/or polluted air.

The following problems have been studied:

1. Variability of the dimensions of stomatal antechambers on needles from
various crown positions (sun and shade needles), the effect of antechamber
dimensions on water vapour diffusion resistance (Paper I).

2. Suitability of contact angle method for monitoring air pollution in Estonia
(Paper III).

3. Variability of epicuticular wax structure in different crown positions and the
effect of air pollution on wax (partly Paper IV).

4. Variability of minimum epidermal water loss in the course of needle ageing,
in various crown positions and in different situations of air pollution (Papers
II and V).

5. Mechanisms causing variability of minimum epidermal conductance (Paper VI).
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2. MATERIAL AND METHODS

2.1. Experimental sites

The material was collected from Picea abies trees growing at various sites of
Estonia (Fig. 2A, Table 2). For more detailed description of the study sites see
Table 2 in Paper IV. Most of the studies were carried out on naturally growing
adult trees. To eliminate possible differences caused by the plant genotype,
4-year-old cloned spruces were planted in 1988 at 10 sites in Estonia represent-
ing areas where different air pollution situations may occur. Monoclonal young
trees were used in the study of the variability of epicuticular wax structure
(Paper IV).

Table 2. Description of the studied trees. Location of sites is shown in Fig. 2A. Needle
age: C — current-year needles; C+1 — previous-year needles; C+2...C+5 — two- to
five-year-old needles.

Tabel 2. Uuritud puude kirjeldus. Kasvukoht on ndidatud joonisel 2A. Okaste vanus:

C — kiesoleva aasta okkad; C+1 — eelmise aasta okkad; C+2...C+5 — vastavalt kahe
kuni viie aasta vanused okkad.

Studied value | No. of | Study site |No of} Sampling | Needle Notes
aper No. trees | height (m) age
1 2 3 4 5 6 7
size of sto- I |8 7 12;12;34 |C+1 one tree from closed can-
matal ante- opy, the others from open
chambers site, tree age 9...100 years
droplet Im 4;8;11;12;] 8 (2;10;18 |C..C+5 {adult trees from open site
contact angle 15
epicuticular v |3..14 12 |2 C..C+4  |adult trees from open site
wax structure
epicuticular IV 11..5;8;9; 29 |0.5 C..C+3  |9-year-old monoclonal trees
wax structure 11; 12; 14
epicuticular  [unpub- |8 2 j12;34 C...C+3  |one tree from closed canopy,
wax structure | lished the other from open site
minimum epi- I 14;8;11 8 [1;2;12; |C+1...C+4 |one tree from closed
dermal con- 30 canopy, the others from
ductance open site, tree age 12...100
(g(min)) years
g(min) vV |8 16 3 |[2;14;30 |C;C+2 [adult trees from open site
g(min) VI |11 1 12 C adult tree from open site
g(min) unpub- |3...14 12 |2 C..C+3 |adult trees from open site
lished
stomgta VI |11 1 12 C..C+5 |[the same tree used for
opening g(min) studies in Paper VI
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Figure 2. A. Location of the study sites: 1 — Putkaste; 2 — Nova; 3 — Kismu; 4 —
Kivioli; 5 — Vigala; 6 — Viitsa; 7 — Rakke; 8 — Voore; 9 — Tipu; 10 — Aakre;
11 — Tartu; 12 — Alska; 13 — Haanja; 14 — Virska; 15 — Vilsandi; 16 — Virska.
B. Load of sulphate deposition in snow cover (X 107 g m‘z) in 1996 (Roots et al. 1997).
Joonis 2. A. Kasvukohtade paiknemine. B. 1996 aasta lume sulfaatioonide sisaldus
(x 107 g m).

2.2. Methods

2.2.1. Antechamber size measurements (Paper I)

Stomatal antechambers from the cross and longitudinal sections of the epider-
mis were studied. In order to remove epicuticular wax, needles were kept in
ethyl ether for 3 minutes. One shoot per sample was used. Antechamber meas-
urements were made from microphotos. At least 38 photos of either section per
sample were employed.
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The stomatal antechamber of Picea abies needles can be divided into two
parts each having a different shape (Paper I, Fig. 1). The diffusion resistance of
the antechamber (R.;) can be divided into four components: resistance of the
upper elliptic pore (R;;), resistance of the upper truncated cone (Ry;), resistance
of the lower elliptic pore (Ry2) and resistance of the lower truncated cone (Rp).
Total resistance of the antechamber was calculated according to the formulas
derived for small pores and tubes (Bange 1953):

R.=05xDxd;
41
nxDxd*’
R,=R,+R,+R,,+R,,
where D is the diffusion coefficient (for water vapour at t = 14°C D =
0.24 cm®s™); d — diameter of the pore (cm) and 1 — depth of the tube (cm).

For the elliptic pore the effective diameter (d) was calculated using its length
(A) and width (B):

JAXB

In order to calculate the resistance of antechambers per needle surface area (rc)
stomatal density was estimated on five needles per sample. Stomata were
counted under the microscope on 1 mm sections taken from all four sides of the
needle. Needle area was calculated from the dimensions of needle cross-section
diagonals assuming that needles had a rhomboid cross section.

2.2.2. Droplet contact angle measurements (Paper III)

Twenty needles per sample were positioned horizontally in a protractor. A
droplet of distilled water with a volume of 1...3 pl was dropped on the central
part of the needle. In order to estimate wettability of the cuticle, the contact
angle was measured in the needles from which epicuticular wax had been
removed with ethyl ether. All studies were carried out on dry needles at room
temperature.

2.2.3. Epicuticular wax structure and
stomatal opening (Paper IV; VI)

Thin epidermis samples were cut with a razor blade from the anatomically
upper sides of fresh needles, mounted on sample tubes and dried. The samples
were covered with gold. For this purpose the JEOL Fine Coat Ion Sputter
IFC-1100 was used. The samples from adult trees originating from different
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parts of Estonia were placed directly under the cathode at a distance of 20 mm
from it. Our study showed that temperature directly under the cathode may rise
up to 100°C and melt some epicuticular wax structures. In order to diminish the
possible thermal effect on wax during sputtering the distance between the
cathode and the sample stubs was increased to 40 mm and the stub surface was
inclined at 127° in relation to cathode surface when studying samples from
monoclonal trees and needles taken from various heights of a tree. In all these
cases the scanning electron microscope BS 300 (Tesla) was used. Acceleration
voltage was 15...17 kV.

In order to study the wax structure of adult trees, at least five typical micro-
photos were made of epicuticular wax present in stomatal antechambers from
several lateral shoot needles. An arbitrary scale of typical sample photos, which
represented gradual degradation of epicuticular wax, was constructed (for details
see Paper II, Fig. 2). The scale coincided with the one used by Huttunen and
Laine (1983) for Pinus sylvestris needles. The wax structures on the photos were
evaluated independently by two persons and the results were averaged. On mono-
clonal trees, two needles from the central part of the leading shoot from the
northern side of a tree were collected. About 60 antechambers per site/year were
evaluated directly from the microscope screen. One typical antechamber per
needle was photographed for subsequent independent control evaluation by two
persons. Out of the sun and shade needles of a tree, 3...5 needles were used per
height/year, of which about 5 microphotos were made.

The degree of stomatal opening was studied on detached needles kept for
24 hours in dark and at room temperature. Epicuticular wax was removed with
ethyl ether and the specimens were coated with the JEOL Fine Coat Ion Sputter
IFC-1000. Stomata were examined under the scanning electron microscope
JEOL JSM 840 A at accelerating voltage 7 kV and current 0.3 x 107 A. Sto-
matal openings were investigated on several needles per age-class.

2.2.4. Measurements of minimum epidermal conductance — g(min)
(Papers I1, V, VI)

Eight to ten shoots were collected per sample. Weighing of shoots within 4 to
14 hours after the beginning of the experiment was used to estimate g(min) in
needles of various age, crown position and site (for details see Paper II or V).
Room temperature and RH were measured and their values were used in the
calculation of g(min). The role of epicuticular wax was estimated in an
experiment with needles whose wax layer had been removed by keeping them
in ethyl ether for some minutes. A cohort of needles which flushed in 1985
were observed throughout two and a half years. Most of the other g(min)
studies were performed in autumn 1985...1995, except for the one carried out in
spring before budbreak, in which the needles of an adult forest tree were used.
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Variability of g(min) within one branch (Paper VI) was studied by weighing
shoots at every 10 minutes after cutting in order to find out water loss curves. The
experiment lasted for 24...48 hours in a climatic chamber (t = 22°C, RH = 45%).

Needle area was estimated either by measuring needle dimensions (details
given in Paper VI) or by using glass bead technique (Thompson, Leyton 1971).



3. RESULTS

3.1. Resistance of stomatal antechambers (Paper I)

Antechamber dimensions did not vary significantly on needles within the shoot
and branch (P > 0.05; Student’s t-test). Nor were there differences in ante-
chamber dimensions in young trees growing at one site. However, antechamber
dimensions differed both between sun and shade needles and between the trees
of different age (Table 3). The highest variation was observed in antechamber
depth, which depended directly on epidermis thickness. Stomatal antechambers
on the sun needles of a tree were 50...60% deeper compared with those on the
shade needles of the same tree. Antechamber dimensions of needles in young
trees were similar to those of shade needles.

The resistance of a single antechamber (R.y) of different needle types did
not vary significantly, since the width and length of deeper antechambers were
larger (Fig. 3). The values of R.; varied between 2.67...3.75 x 10° s m™. Vari-
ability of stomatal density caused larger than twofold differences in the values
of ry, between sun and shade needles as well as between needles from different
individual trees (the range of ry, varied between 63 and 144 s m“).

Table 3. Dimensions of antechambers. Tree No 1 — about a 100-year-old forest tree;
trees No 2 and 3 — open site trees aged 66 and 10 years, respectively; a — significantly
larger values and b — significantly lower values among at least half of the other sample
series (in both cases P < 0.05; Scheffe test); n > 27. For symbols see Paper I, Fig. 1.

Tabel 3. Eeskambrite mdotmed. Puu nr. 1 — umbes 100-aastane metsapuu; 2 ja 3 —
iiksikud lagedal kasvavad puud, vastavalt 66- ja 10- aastased. a — oluliselt suuremad;
b — oluliselt viiksemad modtmed viahemalt poolest uuritud vorsetest.

Tree No; Length Width Depth
height (x 10°m) (x 10°m) (X 10°m) Stomatal
upper | lower upper lower upper lower density
part part part part part part | (x10°m™)
A] A2 B] B2 L] Lz

No1;34m| 6207 33.0 413 16.3° 122° 158% 475

Nol;12m| 56.6 28.4 34.8 15.4 8.6 12.6 26.9

No2; 2m | 568 27.5 39.2 124° 111 11.2 27.0

No3;2m { 55.8 31.6 34.7 139 7.1 10.3 377
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shade needles  sun needles
Tree No

Figure 3. Resistance of stomatal antechambers to water vapour diffusion. Left-hand
columns — resistance (R.,) of a single stomatal antechamber divided into four compo-
nents (for symbols see 2.2.1); right-hand columns — resistance of antechambers ex-
pressed per unit of needle area (r,).

Joonis 3. Ohuldhe eeskambrite takistus veeauru difusioonile. Vasakpoolsed tulbad —
iiksiku eeskambri takistuse (R.,) neli osa (tdhistused vt. 2.2.1); parempoolsed tulbad —
eeskambrite takistus pindalaiihiku kohta (r.).

3.2. Droplet contact angle (Paper III)

Wettability of different sides of Picea abies needles did not vary significantly
(P >0.1; Student’s t-test). Standard deviation of the droplet contact angle (B) of
twenty investigated needles was about 3% of the average. Needle wettability
increased during ageing (Fig. 4) while increase was faster in the lower part of
the tree compared with the upper crown (P < 0.01; Two Factor Anova test).

The contact angle of the needles of spruce growing in different parts of
Estonia varied in a broad range (Fig. 5). The smallest contact angle was ob-
served on the needles of one tree in Vilsandi (study site No 15), whereas very
high values of B occurred in another tree from the same site. Needles from
these two neighbouring trees showed larger differences in their wettability
compared with needles from trees growing at sites with different air pollution
load. Differences in needle wettability between various study sites were not
significant (P > 0.1; One Factor Anova test). After removal of epicuticular wax
wettability of needles decreased (P < 0.1; Student’s t-test) (Fig. 6).
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X 2m
y=6.8x+ 112
R*=095

H 10m
y=4.5x + 113
R*=0.83

e 18m
y=34x+122

R*=091

C C+l C+2 C+3 CH C+5
needle age

Figure 4. Droplet contact angle () in relation with needle age in an open site tree.
Height of sample shoots from the ground: dotted line — 2 m; broken line — 10 m;
continuous line — 18 m. Each point represents the average of 20 samples.

Joonis 4. Kontaktnurga (B) suurus lageda kasvukoha puu eri kdrgustel kasvavatel
erivanuselistel okastel. Punktiirjoon — 2 m; katkendlik joon — 10 m; pidev joon —
18 m. Iga punkt joonisel on 20 mdddetud kontaktnurga aritmeetiline keskmine

—&—15

130 + N o

C+l1 C+2 C+3 CH4 C+5

needle age

Figure 5. Droplet contact angle (B) of different trees from various sites of Estonia.
Numbers show the location of a study site (given in Fig. 2A). Each point represents the
average of 20 samples.

Joonis 5. Eri kasvukohtades ning eri puudel uuritud kontaktnurk (). Arvud legendis
niitavad puu kasvukohta joonisel 2A. Iga punkt joonisel on 20 mdddetud kontaktnurga
aritmeetiline keskmine.
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C C+l C+2 C+3 C+4

needle age

Figure 6. The effect of removal of epicuticular wax on the needle contact angle (f).
Filled symbols — wettability of needles from three branches of a tree from study site No
12; opened symbols — wettability of needles from the same branches after wax removal.
Each point represents the average of 20 samples.

Joonis 6. Epikutikulaarse vahakihi mdju okaste kontaktnurgale (B). Mustad tdhised —
proovialal nr. 12 kasvava puu kolme oksa okaste mérguvus; valged tdhised — samadelt
okstelt korjatud okaste mirguvus peale vaha eemaldamist. Iga punkt joonisel on
20 mdddetud kontaktnurga aritmeetiline keskmine.

3.3. Epicuticular wax structure
(Paper 1V, partly unpublished)

The current year sun needles of a forest tree had more “crystalloid” wax struc-
tures in their antechambers than the shade needles of the same tree (Fig. 7 A;
B). Wax tubes fused during needle ageing, and wax structure was uniform in
older sun and shade needles. However, we were not able to prove the result
statistically. A number of authors have used statistical analysis to compare the
degree of wax degradation (Tuomisto, Neuvonen 1993; Trimbacher, Eckmull-
ner 1997). After evaluating wax structures in more than 3000 stomatal ante-
chambers it appeared that the application of statistics was impossible. Evalua-
tion of wax structures involved a certain degree of subjectivity. Sometimes wax
structure was found to differ drastically even between the closest antechambers
(Paper III, Fig. 3). The highest variability occurred in C-needles where both
fine tubular and flattened wax structures were observed. In some cases variabil-
ity of wax structure within a shoot was similar to variability between trees.
(Paper III, Table 3). Therefore, only the average values of the estimated degra-
dation levels were used to compare the wax structures of needles from different
sites.
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Figure 7. Typical epicuticular wax structure on sun (A) and shade (B) needles of a
forest tree.

Joonis 7. Tiiiipiline epikutikulaarne vahakiht metsapuu valgus- (A)ja varjuokastel (B).

In adult trees non-degraded epicuticular wax structures were not found even
among C-needles at any studied site in Estonia. The surface structure of C- and
C+1 needles on young monoclonal trees was finer compared with that of
needles on adult trees. In both cases the largest differences in epicuticular wax
structures between the sites were detected in C- and C+1 needles. In older
needles uniformly high wax degradation occurred at all sites (Paper III, Tables
2 and 4).
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3.4. Minimum epidermal conductance g(min)

3.4.1. How to calculate g(min) (Paper V, VI)

During the first hours of desiccation, water loss from a detached shoot was
rapid. After 3 hours, decline of shoot mass attained an almost linear character,
indicating the onset of the classical “cuticular phase” of transpiration, i.e. clo-
sure of the major part of stomata (Fig. 8). However, in 48 hours of the experi-
ment, conductance (g) was constant in no period. Continuous decline of g raises
the question which value of g (and which period of its calculation) is suitable to
describe minimum epidermal conductance. In our studies g(min) was calcu-
lated, when possible, from water loss 4 to 14 hours after shoot detachment. This
period of the experiment can be considered suitable, as by this time the first fast
decline in mass, related to stomatal transpiration, is over. At the same time,
RWC of needles is still high to avoid re-opening of stomata.

+ 20

-+ 15

—ﬁ 10

MRAE EEE TR PPN N 1°
20 30
Time (hours)

Figure 8. Changes in shoot RWC (solid line) and g (dotted line) during desiccation.

Joonis 8. Vorse kuivamisega kaasnevad RWC (pidev joon) ja g (punktiirjoon) muutu-
sed.

Analysis of the g(min) values of 40 shoots from the same tree/age class did not
confirm the normal distribution of the data (Paper V, Fig. 3). Kolmogorov’s test
of distribution showed the validity of lognormal distribution (P > 0.15). There-
fore, for statistical analysis the data were transformed by log-transformation. In
the figures and text of the thesis the geometric mean of non-transformed data
was used to describe the value of g(min).
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3.4.2. Variability of minimum epidermal conductance
within the branch. Stomatal opening (Paper VI)

Individual shoots from the same branch of a tree displayed considerable varia-
tion of g (Paper VI, Fig. 3). The values of g(min) calculated on the basis of
weight loss within 4...14 hours of desiccation differed threefold, ranging from
1.3 t0 4.3 x 10° m s™. The geometric mean of g(min) of 10 shoots was 2.26 X
10°ms™. No significant correlation of g(min) with different shoot characteris-
tics was found (Table 4).

Table 4. Coefficients of linear correlation between shoot characteristics and g(min) of
ten shoots from the same branch.

Tabel 4. Mitmesuguste vorset iseloomustavate suuruste ning g(min) vahelise lineaarse
korrelatsiooni kordajad.

Factor Correlation
coefficient
shoot dry weight (DW) 0.52
twig DW 0.50
needle DW 0.53
RWC -0.11
water content/DW -0.36
needle area (S) 0.36
needle specific area (S, = S/DW) -0.60

Observations of stomata without epicuticular wax in antechambers under the
SEM showed that after desiccation most of the stomata were completely closed.
However, several stomata did not close completely, leaving a slit of
0.2...0.3 um between the guard cells (Paper VI, Fig. 4). The proportion of
incompletely closed stomata was impossible to estimate, since a number of
stomata were inclined in relation to the viewing direction.

3.4.3. Needle ageing and spatial variability of minimum epidermal
conductance (Paper I, V, partly unpublished)

Minimum epidermal conductance increased with needle ageing (Paper V,
Fig. 2). The results of the investigation of a cohort of needles over two and a
half years demonstrated that g(min) increased steadily during this period (Pa-
per V, Fig. 4). Large fluctuations of g(min) occurred against the background of
overall increase in g(min). For example, in Apri! 1986, g(min) was about twice
as large as the values recorded in March 1986. In May 1986, g(min) dropped to
the March level. Laboratory experiments showed that the variability of g(min)
did not correlate with water vapour deficit.
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Minimum epidermal conductance of sun needles from a forest tree was
higher than that of the shade needles from the same tree. This was the case with
all investigated needle age-classes (for C, C+1 and C+4 needles P < 0.05, for
C+3 needles P < 0.1; Student’s t-test) (Fig. 9). There was no difference (P >
0.1; Two-Factor Anova test) in increase in g(min) with ageing between sun and
shade needles.

10 —&8—30m
® 12m o
g - =---30m ,
=-0--12m ‘
R - Y.
6 g---" .
S 1 e
X ‘ T
= 4 -r . - —0
g o
2
C+1 C+2 C+3 C+4
needle age

Figure 9. Changes in g(min) during needle ageing at various crown heights of a forest
tree. Filled symbols — needles with the layer of epicuticular wax; opened symbols —
needles with epicuticular wax removed. Each point represents the geometric mean of ten
samples.

Joonis 9. Metsapuu eri kdrgustel kasvavate okaste g(min) muutused okaste vananedes.
Mustad tdhised — okkad koos epikutikulaarse vahakihiga; valged tihised — okkad,
mille epikutikulaarne vahakiht on eemaldatud. Iga punkt vastab kiimnele uuritud vorsele

After removal of epicuticular wax, g(min) increased in all needle age-classes. In
younger needles (C and C+1) this difference was significant for sun as well as
for shade needles (P < 0.1 in both cases; Student’s t-test). In case of older
needles, only C+4 needles collected from a height of 12 m had a significantly
higher (P < 0.01; Student’s t-test) value of g(min) among needles without wax.
The minimum epidermal conductance of needles without epicuticular wax
increased steadily with ageing. However, this increase was statistically signifi-
cant only for shade needles (P < 0.05; Single Factor Anova test).

No universal trends were found in correlation between shoot position in the
crown and g(min) in open-site trees (Paper V, Fig. 1). The role of the quadrant
was significant for C-needles of both studied trees, whereas either tree revealed
opposite trends.
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No correlation was found between g(min) and stomatal density, which
indicates that there occurred no additional water loss through the upper surface
of stomata guard cells (Fig. 10).

8

0 —+ f 1 t

25 30 35 40 45 50
stomata density (x 10 Sm?)

Figure 10. Relationship between g(min) and stomatal density of C-needles in different
trees.

Joonis 10. Erinevate puude C-okaste g(min) ja 6hulohede pindtiheduse vaheline seos.

3.4.4. Variability of minimum epidermal conductance in different
study sites (Paper II, V, partly unpublished)

The values of g(min) in adult trees from various sites in Estonia are given in
Table 4. The highest values of g(min) for C-needles were found in Alska (site
No 12), those for C+3 needles, in Tipu (site No 9). Increase in g(min) with
needle ageing (calculated as the ratio of the g(min) values for C+3 needles to
those for C-needles) was the highest in Tipu (sitt No 9) and the lowest in
Vigala and in Alska (sites No S and 12). All these study sites are far from major
sources of air pollution and without any local industry. In 1996 deposition of
sulphate ions in the snow cover at these sites was between 0.10 and 0.15 g m™
(Fig. 2B) (Roots et al. 1997). The sites assumed to represent polluted areas,
Rakke (site No 7, 3 km from a lime plant) and Kivi6li (No 4, an industrial area,
2 km from a large oil-shale chemical plant), were characterized by the values of
g(min) that were not significantly higher compared with those at sites without
any local sources of air pollution (Table 6).
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Table 5. Values of g(min) (x 10 m s ') for needles at various study sites. Location of
the study sites is shown in Fig. 2A.

Tabel 5. Erinevate kasvukohtade okaste g(min) (X 107 m s™) viirtused. Kasvukohtade
paiknemine on niidatud joonisel 2A.

Study site C C+1 C+2 C+3 C+3/C
3 1.38 2.18 2.73 3.61 2.6
4 1.56 3.45 2.80 4.63 29
5 1.54 1.66 1.87 2.85 1.8
6 1.43 2.99 3.42 5.38 3.8
7 1.73 2.84 2.46 3.85 22
8 2.31 3.86 4.04 5.05 22
9 1.72 2.69 3.60 7.07 4.1
10 1.47 2.22 2.29 3.72 2.5
11 1.81 1.65 2.58 3.68 2.0
12 2.73 3.50 4.00 4.88 1.8
13 1.29 1.87 2.43 2.85 22
14 1.49 1.97 1.81 3.24 2.2

Table 6. Differences between g(min) at various study sites. For statistical analysis the
values of g(min) for all studied needle age-classes were used. g(min) for the sites pre-
sented in rows is significantly higher (a) or lower (b) (P < 0.05; Bonferroni T-test) than
g(min) for the sites given in columns. Location of the study sites is shown in Fig. 2A.

Tabel 6. Erinevate kasvukohtade g(min) viirtuste erinevused. Statistilisel analiiiisil
kasutati kdigi nelja uuritud vanuseklassi g(min) véértusi. g(min) tabeli ridades olevates
kasvukohtades on oluliselt kdrgem (a) vdi madalam (b) kui veergudes olevates kasvu-
kohtades. Kasvukohtade paiknemine on ndidatud joonisel 2A.

5 6 8 9 |10 |11 {12 | 13 | 14 | site
a a a 3

b 4
a a a a 5

b | b 6

a a 7

b | b b|b 8

b | b b|b]| 9

a 11

b | b ] 12
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4. DISCUSSION

4.1. Effect of variability of stomatal antechambers
on water vapour diffusion

The presence of stomatal antechambers causes additional resistance to gas dif-
fusion between the plant leaf and the ambient air. The resistance of the stomatal
antechamber (R.,) did not differ significantly in sun and shade needles. How-
ever, the resistance calculated per needle area unit (r.,) was different in the
shade and sun needles of the same tree. Such a result was caused by higher
stomatal density in sun needles. Therefore stomatal density should be taken into
account when estimating the role of r., in transpiration. A significant correla-
tion between light availability and stomatal density was shown by Koppel and
Frey (1985). According to this study, however, needles from young trees grow-
ing at the open site had low stomatal density similar to that observed in shade
needles from an adult tree.

Jeffree et al. (1971) showed that the presence of epicuticular wax in ante-
chambers increased their resistance to water vapour diffusion about twice as
compared with the respective value measured in the absence of wax. In order to
estimate the role of r., in total water vapour diffusion resistance, different resis-
tance components were calculated (Fig. 11).

100%

80% -+

60%

40%
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0 1 2 3 4 5
stomata aperture (X 10 m)

Figure 11. The share of resistance components in total transpiration resistance as a func-
tion of stomatal opening. Assumptions: 1y, = 200 s m™; 1, = 90 s m™; stomatal pore
length — 20 x 10°® m; stomatal pore depth — 5 X 10 m; stomatal density 27.5 x 10° m™.

Joonis 11. Takistuse eri komponentide osatihtsus kogu transpiratsioonitakistuses sdltuvalt
shulShede lahtiolekust. Arvutuse eeldused: 1, =200 s m™; 1, =90's m’; ohupilu pikkus —
20 x 10 m; Shupilu siigavus — 5 x 10~ m; Ghuldhede pindtihedus 27,5 x 10°m >
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Calculations showed that stomatal antechambers played an important role in
transpiration in case of widely open stomata. At a stomatal pore width of 4 x
10® m, r., made up about 37% of total transpiration resistance. The role of
stomatal antechambers decreased with narrowing of stomatal pores. For
example, at stomatal pore width of 0.4 X 107 m, r,, made up only 10% of total
transpiration resistance.

The effect of r, on CO, uptake is much weaker than on transpiration due to
mesophyll resistance to CO, diffusion. The presence of antechambers can
therefore be considered one of the mechanisms increasing water consumption
efficiency (Jeffree et al. 1971). On the other hand, stomatal closure may serve
the same function (Larcher 1995). The importance of antechambers in plant
water economy is significantly enhanced in case of an incomplete regulation
system or damaged stomata.

4.2. Contact angle method as a bioindicator of air pollution

The values of contact angle B on current-year Norway spruce needles, as
measured by several scientists, varied between 48 and 105° (reviewed by Cape,
Percy 1993). We found wettability of this range only in one tree on Vilsandi
Island (site No 15). In all other cases the average contact angle on current-year
needles ranged between 110 and 125°. Boyce (1994) demonstrated that in the
upper part of the tree crown, B of Picea rubens and Abies balsamea needles
was larger than at the crown bottom. In the current experiment, B of C-needles
from various heights did not differ significantly; in the lower part of the tree
crown, wettability of needles increased with age much faster compared with the
upper crown. However, needles from the lower part of the crown are compara-
tively well protected from direct solar radiation and the wind. These environ-
mental factors accelerate epicuticular wax degradation (Berlyn er al. 1993).
Faster wax degradation and/or change in the roughness of needle surface in
shade needles yields no simple explanation.

Opinions differ concerning the direct influence of air pollution on needle
wettability. Several authors have shown that O; fumigation or acid mist can
cause increase in needle wettability (Barnes, Brown. 1990; Franssen 1991 (ref.
by Cape and Percy 1993); Percy et al. 1992). However, other authors have not
observed such changes (Horntvedt 1988 (ref. by Cape and Percy 1993); Berlyn
et al. 1993; Dixon et al. 1997). The use of the droplet contact angle as a tool of
biomonitoring is further complicated by the fact that needle wettability is
affected by tree age (Boyce 1994; Jagels 1994).

No significant relationship has been found between the contact angle and
local air pollution when wettability of spruce needles from different sites of
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Estonia were measured. Our results support the opinion of Jagels (1994) that
droplet contact angle method can be used for monitoring long-term changes in
air pollution by employing fixed model trees. Due to high between-tree vari-
ability in case of the contact angle, this method cannot be applied in air pollu-
tion monitoring at different sites.

The experiment with needles without the epicuticular wax layer may serve
as an example of difficulties arising in the interpretation of collected data.
Removal of surface wax reduced needle wettability, which may be caused by
increased surface roughness (Jagels 1994). However, SEM photos revealed no
significant roughness on the surface of these needles compared with needles
with the epicuticular wax layer.

4.3. Variability of epicuticular wax structures

Owing to progress in technical equipment, a large number of studies on leaf
surface have been carried out during recent decades. The first SEM photos of
epicuticular wax structures were described in the 1970s (Baker, Holloway
1970/71; Davis 1971; Rook et al. 1971; Grill 1973). One of the complicated
problems in SEM studies is the adequacy of the photo to real structure. There
exists serious danger that temperature may rise and wax may fuse during
sample coating for SEM observations (Crang, Clomparens 1988). Fusing of
wax formations may also result from high accelerating voltage during the use of
SEM (Bermandinger-Stabentheiner 1994). Since these artefacts were common
in earlier SEM studies, their results should be regarded with caution. In some
cases the fused wax layer was even similar to the epidermis and was interpreted
as a membrane growing over stomatal alveoli (Giinthardt, Wanner 1982). In our
pilot studies we obtained photos revealing a fine wax structure by using the
same technical equipment as in the present investigation. However, temperature
during the coating may have been somewhat too high at least for the samples of
adult spruces from various localities of Estonia. In several samples plate-like
wax formations were detected. The origin of such plates has been associated
with wax erosion in nature (Giinthardt-Goerg 1994, Huttunen 1994), or with
mechanical injury (Bermandinger-Stabenheiner 1994). Our experiments per-
formed for assessment of the suitability of the method showed that such plates
were common on needles which had been kept at temperatures over 60°C.

The majority of wax studies under SEM have been usually carried out with
the aim to analyse structural changes in epicuticular wax, caused by air pollut-
ants. Degradation of epicuticular wax structures in the course of ageing has also
been widely studied. Much less is known about the natural variability of epicu-
ticular wax structures. Kim (1985) reported that wax degradation on spruce
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needles from the northern side of a tree was lower than on needles from its
southern side. In samples collected from the upper part of a tree, wax forma-
tions were more fused compared with samples taken from the lower part of the
tree. Giinthardt-Goerg (1994) showed that wax structure on C-needles from the
upper part of a tree were less aggregated and flattened than it is on needles from
its lower part, and associated this fact with faster degradation of wax structures
in shade needles. We found differences in wax structures in case of C-needles:
wax structure was more fused in shade needles compared with sun needles.
However, since the wax structures of older needles from various heights did not
reveal any difference, the opinion of faster wax degradation in shade needles
cannot be grounded. It is quite likely that the wax of newly-formed sun needles
have a finer structure than the wax of shade needles.

Epicuticular wax structures may vary due to microclimate within the tree
crown. Structural changes in the epicuticular wax of the tree can be caused by
availability of soil nitrogen (Dixon et al. 1997), by the wind (Hoad et al. 1994),
or by solar radiation. Needle temperature under direct solar radiation and in still
air may rise considerably above ambient air temperature (Christersson,
Sandstedt 1978). The melting point of several spruce wax components ranges
between 45 and 60°C. It is possible that direct sun radiation can heat needles
sufficiently to cause melting of some wax components as well as fusing of its
structure. Besides the variability caused by environmental factors, there exists
genetic variability of the wax structure of individual trees (Bermandinger-Sta-
bentheiner 1994).

Variability of epicuticular wax structure makes its use for air pollution
monitoring complicated. The fact that fine tubular wax occurs on the needles of
monoclonal trees but not on the needles of adult trees can be associated with
differences in methods (preparation, tree age). However, it can also be related
to overall decrease in air pollution in Estonia during the time different samples
were collected. The study on adult trees was carried out in 1988, the study on
monoclonal trees, in 1993. Sulphate emission dropped 40% from 1980 to 1992.
The amount of dust and gaseous emissions from stationary sources decreased
almost twofold from 1990 to 1993 (Anon. 1993; 1995).

Epicuticular wax structure on needles from several sites showed variability
of C- and C+1 needles. However, the results of the study are difficult to
explain. For example, needles from monoclonal trees had a finer structure at the
site with heavy sulphur load combined with alkaline dust (site No 4 in Kividli)
compared with sites without significant local air pollution (site No 1 in Putkaste
and site No 9 in Tipu). The study of epicuticular wax structure can therefore be
regarded as having only a limited monitoring value.
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4.4. Minimum epidermal conductance

The causes of continuous decline of conductance (g) during 48 hours of desic-
cation in controlled conditions are unclear. We analysed the error caused by the
assumption that intracellular RH was 100%. For this purpose, needle water
potential () was estimated from the mass of transpired water by using the
pressure-volume curve (Hellkvist et al. 1974). Further, relative water vapour
pressure was calculated from y values according to Laisk (1977). The results
showed that at room temperature, \y dropped to —45 bars and relative water
vapour pressure in the needles reached 0.97 in 14 hours of desiccation. Conse-
quently, the error resulting from the assumption of water vapour in desiccating
needles being saturated is rather small. The real value of g of relative humidity
at a given ambient air (RH = 45%) was higher but not more than by 5%. This is
not sufficient to account for the measured decline of g. It is likely that there are
other mechanisms which caused decrease in g during the experiment. Kerstiens
(1996) supposed that decrease in cuticle water content itself affected g(min). In
our experiments, there occurred an evident decline of conductance in individual
shoots, associated with decrease in shoot water content (Paper VI, Fig. 2), but
when the data for all shoots were pooled, this correlation disappeared (Table 4).

Since g(min) has no constant value, method related difficulties will arise
concerning the period of shoot weighing as well as comparability of samples
collected from different study sites. We assumed that the period of 4...14 hours
after detachment was suitable for calculating g(min). However, any other
period (for example 8...18 hours) would change the value of calculated g(min).
We could not always weigh shoots from several study sites, located far from the
laboratory, exactly within 4 to 14 hours after detachment. Although on these
occasions branches with sample shoots were preserved in plastic bags to avoid
transpiration, but we could not be sure that g(min) was not affected by
transport.

Calculated g(min) values for all investigated shoots with C-needles varied in
our studies between 0.9...4.5 x 107> m s™. These values are in the same range as
those reported for Picea abies (Cowling and Kedrowski 1980) and for other
Picea species (Hadley, Smith 1994; Sowell et al. 1996). For a winter desicca-
tion model of Picea rubens, g(min) of 1.27 X 10° m s™ was used (Boyce et al.
1992). Minimum epidermal conductance of 10 shoots from the same branch
varied in the range of 1.3...4.3 x 107 m s™. This range covers almost the whole
variability of the measured values of g(min) in different crown positions and at
different sites. High variability of g(min) is difficult to explain. Laisk et al.
(1980) showed the existence of a universal bell-shaped distribution of stomatal
apertures. Observation of needles without epicuticular wax under a scanning
electron microscope showed that several stomata did not close completely,
leaving a 0.2...0.3 pm wide slit between guard cells (Paper VI, Fig. 4). In order
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to estimate the possible effect of incompletely closed stomata on g(min), the
value of the stomatal conductance of a pore (G,) was calculated according to
Parlange and Waggoner (1970). Calculations showed that only about 6.5% of
stomata with a pore width of 0.2 um accounted for the above described differ-
ence in g(min) in case of shade needles (Paper VI, Fig. 5). On sun needles
stomatal density was about twice as high as on shade needles (Table 3), and the
amount of incompletely closed stomata which caused a similar effect on g(min)
was even smaller. The degree of stomatal closure may vary in different shoots,
which resulted in the observed lognormal distribution of the collected data.

A number of authors have shown that older needles of several conifer
species have higher minimum epidermal conductance compared with younger
needles. This increase has been associated with degradation of epicuticular wax
(e.g. DeLucia, Berlyn 1986; Hadley, Smith 1994). Throughout two and half
years, g(min) for a cohort of needles increased steadily, while we did not note
any season or any stage in needle age contributing to the faster decline of
g(min). However, g(min) for shade needles without epicuticular wax showed
also a significant decline in the course of ageing. This indicates that besides
changes in the amount or/and quality of wax, cuticle permeability per se or/and
the number of dysfunctioning stomata may increase with ageing.

Differences in cuticle thickness and g(min) between wind-exposed and
wind-protected shoots have been found in treeline observations (Baig, Tranquil-
lini 1976; Hadley, Smith 1983). Large amount of solar radiation falling on the
sun needles of the forest tree may cause faster increase in g(min) in the course
of ageing compared with that of shade needles. Although radiation and wind
regime are highly different for different crown parts in a tree growing at an
open site, there were no differences in g(min) between shoots from different
crown positions.

Several pollutants (Os, acid mist) may affect the water economy of Picea
abies. After 48 hours of desiccation, RWC in needles treated with acid mist
(pH = 3.0) was significantly lower than it was in needles treated with control
mist (pH. = 5.0) (Mengel et al. 1989). In another experiment, both acid mist
and O3 were found to reduce RWC of treated needles (Barnes et al. 1990).
However, Schreiber (1994) found that the properties of the cuticular barrier
were not different in healthy and damaged needles of Picea abies growing in
natural conditions. The pilot studies of g(min) carried out at only three sites
(No sites 4, 8 and 11) revealed significant differences between the sites.
Increase in g(min) in the course of ageing in town (site No 11) was more rapid
than in the countryside (site No 8). The most rapid increase in g(min) was
observed in an industrial area (site No 4). However, a more recent comprehen-
sive study of g(min) for needles collected from 12 sites of Estonia did not
reveal any significant differences in g(min) between different study sites, which
could be associated with air pollution. The reliability of the comparison of the
absolute values of data collected from different sites is disputable because of
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the method related problems discussed above. Therefore, we calculated the
ratio of g(min) values for C+3 needles to those for C-needles. The values of the
ratio were not related to SO4~ deposition in snow, or to the presence of local
industry at different sites.

The values of minimum epidermal conductance are widely used for model-
ling wintertime water economy of conifers (e.g. Sowell 1985; Boyce et al.
1992). In the present thesis, calculations of wintertime water loss have been
made in order to evaluate the significance of the variability of g(min) (Fig. 12).

Figure 12. Decrease in needle water content (WC — % of dry weight) as a function of
g(min). Assumptions of the model: RH = 80%, air temperature —15°C, initial WC of
needles 140%, S, = 100 cm? g‘l.

Joonis 12. Okaste veesisalduse (WC — vee % okaste kuivkaalust) muutus sdltuvalt
g(min) vdirtusest. Mudeli eeldused: RH = 80%, Shutemperatuur —15°C, okaste algne
veesisaldus 140%, S, = 100 cm® g™

The range of g(min) used in this model was equal to that measured in ten
individual shoots of a single branch. The model shows that relatively small dif-
ferences in g(min) may cause appreciable differences in water loss over a long
period. Water content drops below 60% of dry weight in needles with g(min)
of 3.9 x 10° m s in 35 days when air temperature is —-15°C and RH = 80%.
Needles with g(min) of 2.9 x 10~ m s™! reach the same WC level in 60 days.
Water content lower than 60% leads to sublethal damage and irreversible
desiccation (Hadley, Smith 1983). The results of this model demonstrate that
the average values of g(min) commonly used in calculations of winter desicca-
tion do not describe adequately water loss from different shoots of the tree.
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5. CONCLUSIONS

1. Stomatal antechambers of sun needles were significantly larger compared
with antechambers of shade needles. The resistance of a single antechamber
to water vapour diffusion was similar in all studied needles. The resistance
of stomatal antechambers per unit leaf area depended on their number in the
needle surface layer. When stomata were fully opened, the percentage of
antechamber resistance exceeded that of total transpiration resistance by a
third.

2. The droplet contact angle on needle surface was different in various crown
positions and changed with needle ageing. However, differences in the
contact angle between various sites were not related to air pollution at the
site.

3. Epicuticular wax structure on current-year sun needles was less degraded
than that on shade needles. Wax structures on older needles from various
crown positions were more uniform. Due to the high variability of epicuticu-
lar wax structures within a sample no relationship was found between wax
degradation and air pollution.

4. Minimum epidermal water vapour diffusion conductance of needles in-
creased with needle ageing, which was not caused merely by epicuticular
wax degradation. Minimum epidermal conductance was different in various
crown positions of a forest tree. No universal trends were detected in
correlation between minimum epidermal water loss and shoot position in the
crown of open site trees. At different study sites, minimum epidermal
conductance of needles varied in a broad range. However, air pollution was
not found to increase minimum water loss from needles.

5. Minimum epidermal conductance measured in shoots from the same branch
varied significantly. Scanning electron microscopy revealed incompletely
closed stomata on desiccating needles, whose presence may be a cause of
variability of minimum water loss.

The results of the investigation showed that the water economy of spruce
needles is similar in different localities of Estonia. Both natural variability and
differences in local climate have a stronger impact on the share of desiccated
needles throughout winter than have differences in the air pollution level in
different localities.

43



REFERENCES

Anon. 1993. Eesti energeetika. Eesti Riiklik Energiaamet, Tallinn.

Anon. 1995. Estonian Environment. Ministry of the Environment of Estonia, Environ-
mental Information, Tallinn.

Baig MN, Tranquillini W. 1976. Studies on upper timberline: morphology and anatomy
of Norway spruce (Picea abies) and stone pine (Pinus cembra) needles from various
habitat conditions. Can. J. Bot. 54: 1622-1632.

Baig MN, Tranquillini W. 1980. The effects of wind and temperature on cuticular tran-
spiration of Picea abies and Pinus cembra and their significance in dessication
damage at the Alpine treeline. Oecologia 47: 252-256.

Baig MN, Tranquillini W, Havanek WM. 1974. Cuticuldre Transpiration von Picea
abies und Pinus cembra Zweigen aus verschiedener Seehohe und ihre Beduetung fiir
die winterliche Austrocknung der Bdume an der alpinum Waldgrenze. Cbl. ges.
Forstwesen 91: 195-211.

Baker EA, Holloway PJ. 1970/71. Scanning electron microscopy of waxes on plant
surfaces. Micron 2: 364-380.

Bange GGJ. 1953. On the quantitative explanation of stomatal transpiration. Acta Bot.
Neerl. 2: 255-297.

Barnes JD, Brown KA. 1990. The influence of ozone and acid mist on the amount and
wettability of the surface waxes in Norway spruce (Picea abies (L.) Karst.). New
Phytologist 114: 531-535.

Barnes JD, Davison AW. 1988. The influence of ozone on the winter hardiness of
Norway spruce (Picea abies (L) Karst.). New Phytologist 108: 159-166.

Barnes JD, Eamus D, Brown KA. 1990. The influence of ozone, acid mist and soil
nutrient status on Norway spruce (Picea abies (L.) Karst.). New Phytologist 114:
713-720.

Berlyn GP, Anoruo AO, Johnson AH, Vann DR, Strimbeck GR, Boyce RL, Silver WL.
1993. Effects of filtered air and misting treatments on cuticles of red spruce needles
on Whiteface Mountain, NY. J. Sustainable Forestry 1: 25-47.

Bermadinger-Stabentheiner E. 1994. Problems in interpreting effects of air pollutants on
spruce epicuticular waxes. In: Percy KE, Cape JN, Jagels R, Simpson CJ (eds.) Air
Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-Verlag,
Berlin, Heidelberg: 321-327.

Bermandinger E, Grill D, Golob P. 1988. The different influence of magnesite emissions
on the surface waxes of Norway spruce and silver fir. Can. J. Bot. 66: 125-129.

Blighy R, Bisch AM, Garrec JP, Fourcy A. 1973. Observations morphologiques et
structurales des effects du fluor sur les eires epicutiaelaires et sur les chloroplastes
des aiguilles se sapin (Abies alba Mill.). J. Micoscopie 17: 207-214.

Boyce RL. 1994. The effect of age, canopy position and elevation on foliar wettability
of Picea rubens and Abies balsamea: implications for pollutant-induced epicuticular
wax degradation. In: Percy KE, Cape JN, Jagels R, Simpson CJ (eds.) Air Pollutants
and the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-Verlag, Berlin,
Heidelberg: 255-260.

44



Boyce RL, McCune DC, Berlyn GP. 1991. A comparison of foliar wettability of red
spruce and balsam fir growing at high elevation. New Phytologist 117: 543-555.

Boyce RL, Friedland AJ, MacDonald VN. 1992. Modeling shoot water contents in high-
elevation Picea rubens during winter. Tree Physiology 11: 341-355.

von Braun G. 1977. Uber die Ursachen und Kriterien der Immissionsresistenz bei
Fichte, Picea abies (L.) Karst. Eur. J. For. Path. 7: 23-43,

Cape JN. 1983. Contact angles of water droplets on needles of Scots pine (Pinus
sylvestris) growing in polluted atmospheres. New Phytologist 93: 293-299.

Cape JN, Percy KE. 1993. Environmental influences on the development of spruce
needle cuticles. New Phytologist 125: 787-799.

Cape IN, Percy KE. 1996. The interpretation of leaf-drying curves. Plant, Cell and
Environment 19: 356-361.

Christersson L, Sandstedt R. 1978. Short-term temperature variation in needles of Pinus
silvestris L. Can. J. For. Res. 8: 480-482.

Cowling JE, Kedrowski RA. 1980. Winter water relations of native and introduced
evergreens in interior Alaska. Can. J. Bot. 58: 94-99.

Crang FE, Klomparens KL. 1988. Artefacts in biological electron microscopy. Plenum
Press, New York and London.

Davis DG. 1971. Scanning electron microscopic studies of wax formation on leaves of
higher plants. Can. J. Bot. 49: 543-546.

DeLucia EH, Berlyn GP. 1986 The effect of increasing elevation on cuticle thickness
and cuticular transpiration in balsam fir. Can. J. Bot. 62: 2423-2431.

Dixon M, Lethiec D, Garrec JP. 1997. An investigation into the effects of ozone and
drought applied singly and in combination, on the quantity and quality of the epicu-
ticular wax of Norway spruce. Plant Physiol. Biochem. 35: 447-454.

Donnelly A, Dowding P. 1994. A comparison of epicuticular wax of Pinus sylvestris
needles from three sites in Ireland. In: Percy KE, Cape JN, Jagels R, Simpson CJ
(eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-
Verlag, Berlin, Heidelberg: 351-358.

Esch A, Mengel K. 1994. Effects of acid mist on needle surface and water status of
Picea abies. In: Percy KE, Cape JN, Jagels R, Simpson CJ (eds.) Air Pollutants and
the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-Verlag, Berlin, Heidelberg:
277-286.

Fogg GE. 1947. Quantitative studies on the wetting of leaves by water. Proc. R. Soc. B
134: 503-522.

Fogg GE. 1948. Adhesion of water to the external surfaces of leaves. Discuss Faraday
Soc. 30: 162-169.

Franssen 1. 1991. Changes in frost hardiness and epicuticular wax in Norway spruce
seeedlings in response to frequency of acid mist application. Internal report: Depart-
ment of Air Pollution, Wageningen Agricultural University, Netherlands/Institute of
Terrestial Ecology, Edinburgh, U.K.

Friedland AJ, Gregory RA, Kirenlampi L, Johnson AH. 1984. Winter damage to foliage
as a factor in red spruce decline. Can. J. For. Res. 14: 963-965.

Fuentes JD, den Hartog G, Neumann HH, Gillespie TJ. 1994. Measurements and
modelling of ozone deposition to wet foliage. In: Percy KE, Cape JN, Jagels R,
Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36.
Springer-Verlag, Berlin, Heidelberg: 239-253.

12 45



Grace J. 1990. Cuticular water loss unlikely to explain tree-line in Scotland. Oecologia
84: 64-68.

Grill D. 1973. Rasterelektronmikroskopische Untersuchungen an Wachsstrukturen der
Nadeln von Picea abies (L.) Karsten. Micron 4: 146-154.

Giinthardt MS, Wanner H. 1982. Verinderungen der Spalt6ffnungen und der Wach-
struktur mit zunehmendem Nadelalter bei Pinus cembra L. und Picea abies (L.)
Karsten an der Waldgrenze. Botanica Helvetica 92: 47-60.

Giinthardt-Goerg MS. 1986. Epicuticular wax of needles of Pinus cembra, Pinus sylves-
tris and Picea abies. Eur. J. For. Path. 16: 400-408.

Giinthardt-Goerg MS. 1994. The effect of the environment on the structure, quantity and
composition of spruce needle wax. In: Percy KE, Cape JN, Jagels R, Simpson CJ
(eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-
Verlag, Berlin, Heidelberg: 165-174.

Hadley JL, Smith WK. 1983. Influence of wind exposure on needle desiccation and
morality for timberline conifers in Wyoming, U.S.A. Arctic and Alpine Research 15:
127-135.

Hadley JL, Smith WK. 1990. Influence of leaf surface wax and leaf area to water con-
tent ratio on cuticular transpiration in western conifers, U.S.A. Can. J. For. Res. 20:
1306-1311.

Hadley JL, Smith WK. 1994. Effect of elevation and foliar age on maximum leaf resis-
tance to water vapor diffusion in conifers of the Central Rocky Mountains, U.S.A.
In: Percy KE, Cape JN, Jagels R, Simpson CJ (eds.) Air Pollutants and the Leaf
Cuticle, NATO ASI Series, vol G 36. Springer-Verlag, Berlin, Heidelberg: 261-268.

Hellkvist J, Richards GP, Jarvis PG. 1974. Vertical gradients of water potential and
tissue water relations in Sitka spruce trees measured with the pressure chamber.
J. Appl. Ecol. 11: 637-668.

Herrick GT, Friedland AJ. 1991. Winter desiccation and injury of subalpine red spruce.
Tree Physiology 8: 23-36.

Hoad SP, Grace I, Jeffree CE. 1996. A leaf disc method for measuring cuticular conduc-
tance. Journal of Experimental Botany 47: 431-437.

Hoad SP, Jeffree CE, Grace J. 1994. Effects of wind and simulated acid mist on leaf
cuticles. In: Percy KE, Cape IN, Jagels R, Simpson CJ (eds.) Air Pollutants and the
Leaf Cuticle, NATO ASI Series, vol G 36. Springer-Verlag, Berlin, Heidelberg:
225-235.

Holloway PJ. 1970. Surface factors affecting the wetting of leaves. Pesticide Science 1:
156-163.

Holloway PJ. 1994, Plant cuticles: physicochemical characteristics and biosynthesis. In:
Percy KE, Cape IN, Jagels R, Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle,
NATO ASI Series, vol G 36. Springer-Verlag, Berlin, Heidelberg: 1-13.

Horntvedt R. 1988. The effect of acid precipitation on epicuticular wax in Norway
spruce and Lodgepole pine. Meddelset Norsk Institutt for Skogforskning 40: 1-13.
Huttunen S. 1994, Effects of air pollutants on epicuticular wax structure. In: Percy KE,
Cape IN, Jagels R, Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO

ASI Series, vol G 36. Springer-Verlag, Berlin, Heidelberg: 81-96.

Huttunen S, Laine K. 1981. The structure of pine needle surface (Pinus sylvestris L.)

and deposition of air-borne pollutants. Archiwum Ochrony Srodowiska 2-4: 29-38.

46



Huttunen S, Laine K. 1983. Effects of air-borne pollutants on the surface wax structure
of Pinus sylvestris needles. Ann. Bot. Fennici 20: 79-86.

Huttunen S, Havas P, Laine K. 1981. Effects of air pollutants on the wintertime water
economy of the Scots pine Pinus silvestris. Holarctic Ecology 4: 94—-101.

Jagels R. 1994. Leaf wettability as a measure of air pollution effects. In: Percy KE, Cape
IN, Jagels R, Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO ASI
Series, vol G 36. Springer-Verlag, Berlin, Heidelberg: 97-105.

Jarvis PG, James GB, Landberg JJ. 1976. Coniferous forest. In: Monteith JL (ed.)
Vegetation and Atmosphere, vol 2. Academic Press, London et al: 171-240.

Jeffree CE, Johnson RPC, Jarvis PG. 1971. Epicuticular wax in the stomatal antecham-
ber of Sitka spruce and its effects on the diffusion of water vapour and carbon
dioxide. Planta 98: 1-10.

Katz C, Oren R, Schulze E-D, Milburn JA. 1989. Uptake of water and solutes through
twigs of Picea abies (L.) Karst. Trees 3: 33-37.

Kerstiens G. 1994. Air pollutants and plant cuticles: mechanisms of gas and water trans-
port, and effects on water permeability. In: Percy KE, Cape JN, Jagels R, Simpson
CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-
Verlag, Berlin, Heidelberg: 39-53.

Kerstiens G. 1996. Cuticular water permeability and its physiological significance. Jour-
nal of Experimental Botany 47: 1813-1832.

Kim YS. 1985. REM — Beobachtungen immissionsbeschddigter Fichtennadeln. Cbl.
ges. Forstwesen 102: 96-105.

Kisser-Priesack GM, Scheunert I, Gnatz G. 1987. Uptake of ’NO, and ’NO by plant
cuticles. Naturwissenscaften 74: 550-551.

Koppel A. 1981. Ecological analysis of energy exchange in the crown of Norway
spruce. Institute of Zoology and Botany, Tartu. (in Russian).

Koppel AT, Frey TE-A. 1985. On study of radiation regime within Norway spruce
crown, Lesovedenie 4: 3-8. (in Russian).

Laisk A. 1977. Kinetics of photosynthesis and photorespiration of C; plants. Nauka,
Moscow. (in Russian).

Laisk A, Oja V, Kull K. 1980. Statistical distribution of stomata apertures of Vicia faba
and Hordeum vulgare and the Spannungsphase of stomatal opening. Journal of
Experimental Botany 31: 49-58.

Larcher W. 1995. Physiological Plant Ecology. Springer, Berlin, Heidelberg, New York.

Mengel KA, Hogrebe MR, Esch A. 1989. Effects of acidic fog on needle surface and
water relations of Picea abies. Physiol. Plantarum 75: 201-207.

Ojanperd K, Huttunen S. 1989. Ozone fumigation accelerates surface erosion on Nor-
way spruce needles. In: Bucher JB, Bucher-Wallin I (eds.) Air Pollution and Forest
Decline. Proc. 14th Int. Meeting for Specialists in Air Pollution Effects on Forest
Ecosystems, IUFRO, Interlaken, Switzerland, Oct. 2-8, 1988, Birmensdorf: 490-
492,

Parlange J-Y, Waggoner PE. 1970. Stomatal dimensions and resistance to diffusion.
Plant Physiology 46: 337-342.

Passioura JB. 1984. Hydraulic resistance of plants. I. Constant or variable. Aust. J. Plant
Physiol. 11: 333-339.

47



Percy KE, Jensen KF, McQuattie CJ. 1992. Effects of ozone and acidic fog on red
spruce needle epicuticular wax production, chemical composition, cuticular mem-
brane ultrastructure and needle wettability. New Phytologist 122: 71-80.

Percy KE, Jagels R, Marden S, McLaughlin CK, Carlisle J. 1993. Quantity, chemistry
and wettability of epicuticular waxes on needles of red spruce along a fog-acidity
gradient. Can. J. For. Res. 23: 1472-1479.

Platter W. 1976. Wasserhaushalt, cuticuldres Transpirationsvermogen und Dicke der
Cutinschichten einiger Nadelholzarten in verschiedenen Hohenlagen und nach
experimeteller Verkiirzung der Vegetationsperiode. Diss. Univ. Innsbruck.

Rahi M. 1971. The characteristics of leaf anatomy and diffusion resistances. Proc.
Estonian Acad. Sci. Biology 20: 84-94. (in Russian).

Riding RT, Percy KE. 1985. Effects of SO, and other air pollutants on the morphology
of epicuticular waxes on needles of Pinus strobus and Pinus banksiana. New
Phytologist 99: 555-563.

Riederer M. 1989. The cuticles of the conifers. In: Schulze E-D, Lange OL, Oren R
(eds.) Forest Decline and Air Pollution. Ecological Studies, vol 77. Springer-Verlag,
Berlin, Heidelberg: 158-191.

Riederer M, Jetter R, Markstaddter C, Schreiber L. 1994. Air pollutants and the cuticle:
implications for plant physiology. In: Percy KE, Cape IN, Jagels R, Simpson CJ
(eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36. Springer-
Verlag, Berlin, Heidelberg: 107-111.

Rinallo C, Raddi P, Gellini R, di Lonardo V. 1986. Effects of simulated acid deposition
on the surface structure of Norway spruce and silver fir needles. Eur. J. For. Path.
16: 440-446.

Roberts TM, Blank LW. Effects of air pollution on crops and trees. NSCA 51th Annual
Conference 1 — 4 october 1984. National Society for Clean Air, Brighton.

Rook DA, Hellmers H, Hesketh JD. 1971. Stomata and cuticular surfaces of Pinus
radiata needles as seen with scanning electron microscope. Journal of the Arizona
Academy of Science 6: 222-224.

Roots O, Frey T, Kirjanen I, Kohv N, Kért M. 1997. Air monitoring and precipitation
chemistry. In: Roots O, Talkop R (eds.) Estonian Environmental Monitoring 1996.
Environment Information Centre, Tallinn: 10-13.

Sauter JJ, Kammerbauer H, Pambor L, Hock B. 1987. Evidence for the accelerated
micromorphological degradation of epistomatal waxes in Norway spruce by motor
vehicle emissions. Eur. J. For. Path. 17: 444-448.

Scherbatskoy T. 1994. Leaf cuticles as mediators of environmental influences: new
development in the use of isolated cuticles. In: Percy KE, Cape JN, Jagels R,
Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series, vol G 36.
Springer-Verlag, Berlin, Heidelberg: 149-163.

Schoénherr J, Schmitt HW. 1979. Water permeability of plant cuticles. Planta 144: 391~
400.

Schreiber L. 1994. Comparative investigations of cuticular permeability of conifer
needles from healthy and damaged trees. New Phytologist 128: 251-261.

Sowell JB. 1985. Winter water relations of trees at alpine timberline. In: Turner H,
Tranquillini W (eds.) Establishment and Tending of Subalpine Forests: Research and
Management, vol 270. Eidg. Anst. Forstl. Versuchswes., Berlin: 71-77.

48



Sowell JB, McNulty SP, Schilling BK. 1996. The role of stem recharge in reducing the
winter desiccation of Picea engelmannii (Pinaceae) needles at Alpine timberline.
Amer. J. Bot. 83: 1351-1355.

Staszewski T, Godzik S, Poborski P. 1994. Physico-chemical characteristics of pine
needle surfaces exposed to different air pollution sources. In: Percy KE, Cape JN,
Jagels R, Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO ASI Series,
vol G 36. Springer-Verlag, Berlin, Heidelberg: 341-349.

Tenberge KB. 1992. Ultrastructure and development of the outer epidermal wall of
spruce (Picea abies) needles. Can. J. Bot. 70: 1467-1487.

Thair BW, Lister GR. 1975. The distribution and fine structure of the epicuticular leaf
wax of Pseudotsuga menziesii. Can. J, Bot. 53: 1063-1071.

Thompson EB, Leyton L. 1971. Method for measuring the leaf surface area of complex
shoots. Nature (London): 229:572.

Tranquillini W. 1979. Physiological Ecology of the Alpine Timberline. Ecological
Studies, vol 31. Springer-Verlag, Berlin.

Tranquillini W. 1982. Frost-drought and its ecological significance. In: Lange OL,
Nobel PS, Osmond CB, Ziegler H (eds.) Encyclopedia of Plant Physiology. Physio-
logical Plant Ecology II. Vol 12 B. Springer-Verlag, Berlin, Heidelberg, New York:
379-400.

Trimbacher C, Eckmullner O. 1997. A method for quantifying changes in the epicuticu-
lar wax structure of Norway spruce needles. Eur. J. For. Path. 27: 83-93.

Tuomisto H. 1988. Use of Picea abies needles as indicators of air pollution — epicu-
ticular wax morphology. Ann. Bot. Fennici 25:351-364.

Tuomisto H, Neuvonen S. 1993. How to quantify differences in epicuticular wax
morphology of Picea abies (L.) Karst. needles. New Phytologist 123; 787-799.

Turunen M, Huttunen S, Back J. 1994. Observations on the effects of acid rain treatment
on needle surfaces of Scots pine and Norway spruce seedlings. In: Percy KE, Cape
JN, Jagels R, Simpson CJ (eds.) Air Pollutants and the Leaf Cuticle, NATO ASI
Series, vol G 36. Springer-Verlag, Berlin, Heidelberg: 305-319.

van Gardingen PR, Grace J, Jeffree CE. 1991. Abrasive damage by wind to the needle
surfaces of Picea sitchensis (Bong.) Carr. and Pinus sylvestris L. Plant, Cell and
Environment 14: 185-193.

13 49



ABSTRACT

This thesis presents a detailed analysis of two components of water vapour
diffusion from the needles from Picea abies (L.) Karst. — water loss through
the stomatal antechambers and minimum water loss through the cuticle.

The dimensions of stomatal antechambers and the number of the stomata per
unit leaf area were determined in light and shade needles of 9...100-year-old
spruce trees. The results showed that despite the pronounced differences in
antechamber dimensions in sun and shade needles, the calculated resistance of
a single stomatal antechamber to water vapour diffusion was similar. Ante-
chamber resistance per unit of leaf area depends on stomata density. In the case
of fully opened stomata, the proportion of antechamber resistance exceeded a
third of the total resistance to water vapour diffusion.

The variability of minimum epidermal water losses has been studied by
direct measuring of water loss from the desiccating needles and by two indirect
methods which were used to evaluate the changes of the epicuticular wax layer.
The indirect methods were the droplet contact angle method showing the wet-
tability of the needle surface and the SEM studies showing the structure of
epicuticular wax. In all these cases variability between different needle age-
classes and positions in the tree crown were studied. Attention was also paid to
the influence of several air pollution situations occurring at various sites of
Estonia.

Needle wettability increased in the course of needle ageing. In the lower part
of the tree crown the increase of minimum epidermal conductance during
needle ageing was faster than in the upper crown. However, the needles from
two neighbouring trees showed larger differences in wettability than the trees
growing at sites with different air pollution load. Removal of wax decreased
wettability. Therefore I conclude that droplet contact angle method is not
suitable for monitoring air pollution in Estonia.

Epicuticular wax on current year shade needles was more degraded than in
sun needles. In half-year-old needles from adult spruces at 12 sites of Estonia
no crystalloid wax was found. Despite the different exposure of the study sites
to air pollution, the wax degradation from tubular into flattened structures at the
sites was similar. The observations of epicuticular wax structures of young
monoclonal spruces five years later showed slower degradation speed. How-
ever, great variability in wax structure within a sample and even within the
same needle was found. There was no correlation between wax degradation and
the overall air pollution level.

In the cause of needle ageing their minimum epidermal conductance in-
creased. The conductance of sun and shade needles of a forest tree was differ-
ent. At open sites there were no universal trends in correlation of minimum
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epidermal conductance and shoot position in the crown. At different study sites
the minimum epidermal conductance of needles was different. However, the
differences can not be explained by the air pollution. In ten shoots from the
same branch the value of this conductance differed threefold, ranging from 1.3
to 4.3 x 10° m s™". No correlation of minimum epidermal conductance and
needle water content was found. The variability may be explained by incom-
pletely closed stomata revealed by SEM on desiccating needles. The water loss
from these pores and the percentage of them causing the measured difference in
conductance were calculated. Since there are suspicions that minimum epider-
mal conductance may be influenced by air temperature and humidity only
sample series examined in the same conditions were compared.
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KUTIIKULA JA OHULOHE EESKAMBRITE
JUHTIVUS HARILIKU KUUSE (Picea abies) OKASTEL

Kokkuvote

Alates 1970. aastatest on tiheldatud Euroopa maades okaspuude massilist
suremist. Puude vanemate aastakidikude okkad pudenevad ning okaste keskmine
vanus viheneb. Néhtus on levinum saastatud Shuga piirkondades ning seda
seostatakse pohiliselt happevihmadega. Uheks kahjustusmehhanismiks on pee-
tud muutusi okaste veemajanduses. Seega osutus vajalikuks uurida veeauru
difusiooni okastest ning saada iilevaade difusiooniteedel olevate takistuste
suurustest ning varieeruvusest. Pohilist veeauru liiikumisteed 14bi 6hulohede on
vordlemisi hésti uuritud. Vihem on uuritud Shuldhede eeskambrite takistust.
Samas on teada, et hariliku kuuse (Picea abies) saasteainetundlikel kloonidel
on okkad viiksemad ja kergemad kui mittetundlikel kloonidel. Jarelikult vGivad
erineda ka nende okaste eeskambrite ehitus ning veeauru juhtivus. Sellealaseid
uurimusi pole seni aga tehtud.

Hariliku kuuse okaste vilispind allub vilism&judele mitme aasta jooksul.
Samaaegselt toimub selle kaudu ka pidev veeauru difusioon. Absoluutvéirtuselt
on kutikulaarne transpiratsioon kiill iile kiimne korra vidiksem stomataarsest
transpiratsioonist (Larcher 1995), kuid ta on pidev ka puule ebasobivate kliima-
tingimuste korral. Kui kutikulaarne transpiratsioon okastest mingil pohjusel
suureneb (nditeks Shu saasteainete toimel) voi ebasobiva kliima korral (niiteks
pikk talv, mille jooksul puu tiivi on pidevalt kiilmunud), v5ib veekadu okastest
muutuda letaalseks. Kutikulaarset veekadu on uuritud méestikus kasvavatel
okaspuudel. Vihem tihelepanu on pooratud selle veekao looduslikule varieeru-
vusele metsapiirkonnas. Samuti puuduvad andmed reaalselt vilisGhus eksistee-
rivate saasteainete mdjust veekao suurusele. Eespool toodut arvestades on kies-
olevas t66s pohitihelepanu koondatud hariliku kuuse kutikulaarse veekao uuri-
misele, eesmérgiga selgitada vilja selle varieeruvus soltuvalt looduslikest fakto-
ritest ning kasvukoha saastatusest. Samuti on piiiitud leida vastust kiisimusele,
kas ja millistel tingimustel voib liigne veekadu okastest pShjustada Eestis
kasvavate kuuskede kuivamist.

Vesi aurub taimelehtedest aururShu erinevuste tottu rakuvaheruumides ja
vilisShus. Veeauru liikumisele avaldatatav takistus jaotatakse soltuvalt pShjus-
tajast ja regulatsioonimehhanismist mitmeks osaks (jn. 1).

Piirkihi takistus (r,) on seotud viheliikuva Ghukihi tekkega lehepinna ldhe-
dal. Tuule kiirusel iile 3...5 m s on r, véirtus enamikul lehtedel viga viike.
Madalama tuulekiiruse korral séltub r, vddrtus lehe morfoloogiast — laiadel,
karvastel ning ebatasastel lehtedel on r, véirtus korgem. Okaspuude okkad on
kitsad ning seega on nende r, viike. Hariliku kuuse (Picea abies) okastel mo5-
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deti r, vddrtuseks 1 s cm™! juhul, kui tuule kiirus oli 0,25 m 7! ning 0,3 s cm’!
tuule kiirusel 1 m s™. Torkaval kuusel (Picea pungens) on mdddetud r,
0,46 s cm™ ning Sitka kuusel (Picea pungens) 0,12 s cm™ tuule kiirusel
0,35...1,5 m s~'. Nii madalad takistused ei avalda olulist mdju vee aurumisele
okastest. Paljud kGrrelised on oma lehti kokku rullides voimelised r, suurust
aktiivselt muutma. Okaspuuokastel sellist vGimet pole. Okaste r, sGltub nende
pakkimise tihedusest vorsel. Samas on vorse efektiivne suurus mdjutatud ka
teistest kasvutingimustest.

Ohuldhede takistus (r;) sdltub Shuldhede avatusest, mddtmetest ja tihedusest
lehepinnal, olles ainus osa kogutakistusest, mida taim aktiivselt reguleerib. Uhe
lehe koik oShuldhed pole iihtemoodi avatud. Enamiku Ghupilude laius jdib
maksimaalsest vdiksemaks. Sellest tulenev suurem r, avaldab rohkem mdju vee
aurumisele kui fotosiinteesile, sest viimase kogutakistusest moodustab enamuse
mesofiilli takistus. Veepuuduse korral sulguvad Shuldhed maksimaalselt, kuid
vahel pole see tiielik. Monel juhul on héiritud ShulShede regulatsioonimehha-
nism. Ka tolmuosakesed, vetikad ning seenehiiiifid vdivad mehhaaniliselt takis-
tada GhulShede tdielikku sulgumist.

Paljudel taimedel (sealhulgas enamusel okaspuudest) on GhulShe sulgrakud
stigaval epidermis. Sulgrakkude kohal olevat ruumi nimetatukse Shuldhe ees-
kambriks. Eeskambrid avaldavad veeauru difusioonile lisatakistust (rc,). Takis-
tuse suurus soltub eeskambrite suurusest ning Shuldhede tihedusest lehepinnal.
Okaspuude Shulohe eeskambrid on tdidetud epikutikulaarse vahakihiga, mille
tdiendavat moju r, vdidrtusele on raske hinnata. Sitka kuusel arvatakse ees-
kambri vahakiht suurendavat r,, suurust umbes kahekordseks. Valgus- ja varju-
okastel on erisuguse paksusega epiderm ning seega on ka nende ShulShe ees-
kambrid eri suurusega.

Kutikulaartakistuse (r) pohjustajaks on epidermi vilimine kutiniseerunud
kiht, mis enamikul taimedest on tShus kaitse liigse aurumise vastu. Liigiti kutii-
kula paksus ja keemiline koostis erinevad. Igihaljastel taimedel, mis peavad
taluma pikaajalist veepuudust, on kutiikula paks ja r, viirtus korge. Kutiikula
koosneb orgaanilistes lahustites lahustuvatest lipiididest ja lahustumatust polii-
meerist kutiinist. Enamikul taimeliikidest on sellessse kihti pdimunud poliisah-
hariididest koosnev vorgustik. Poliisahhariidid on kutiikula all oleva raku-
seinaga ilmselt tihenduses ning pohiliseks veeauru difusiooniteeks. Paljudel
liikidel (sealhulgas harilikul kuusel) ei ulatu poliisahhariidide vorgustik kutii-
kula vilispinnale. Seetdttu on nende liikide kutikulaartakistus kdrgem kui
liikidel, mille poliisahhariidide vorgustik ulatub kutiikula vilispinnani (nditeks
Picea sitchensis).

Harilikul kuusel nagu paljudel teistelgi okaspuudel on okaste pind kaetud
epikutikulaarse vahakihiga. KGige rohkem on vaha huldhe eeskambrites ning
vahetult nende iimber. Vaha hulk okastel on périlikult kindlaks méiratud. Epi-
kutikulaarse vaha koostisosad on keemiliselt piisivad ning ilmselt ei reageeri
otseselt saasteainetega. Vaha kui okaste biosiinteesi 15pp-produkt on Shuldhe
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sulgrakkude emarakkudel olemas juba enne punga puhkemist ning tema kogus
okka vananedes vidheneb monevorra. Samuti muutub veidi erinevate vaha-
komponentide osatdhtsus. Okka vananedes ning mitmete keskkonnafaktorite
toimel epikutikulaarse vahakihi vdlimus muutub. Skaneeriva elektronmikros-
koobiga on eristatud mitmesuguseid vahastruktuure. Vastpuhkenud hariliku
kuuse okaste eeskambrid on tdidetud pikkade, seest tiihjade vahatorukestega.
Okaste vananedes need torud kleepuvad kokku ja moodustavad vorgutaolise
moodustise. Hiljem kdmpub vaha veelgi kokku ning moodustab koorikuid.
Vahakihi algne ehitus kaob kiiremini saasteainete toimel. Hiidrofoobne vaha-
kiht okaste kutiikulal vihendab veekadu lébi okkapinna. Suurema takistusega
on noorte okaste kristalloidne ehk “pitsiline” vahakiht, sest ta pikendab oluliselt
difusioonitee pikkust. Vahaplaatidel, mille vahele jddvad I6hed, on viiksem
moju vee aurumisele.

Epikutikulaarse vahakihi struktuure uuritakse ka kaudselt kontaktnurga
meetodil. Lehepinnal oleva veetilga kontaknurk lehepinnaga néitab lehe mérgu-
vust ning sdltub lehepinna keemilistest omadustest ja karedusest. Epikutiku-
laarse vahakihi karedus vdheneb vaha ehituse lihtsustumisel. Mitmed isoleeri-
tud vahakomponendid médrguvad erinevas ulatuses. Kontaktnurga meetod on
lihtne ning biomonitooringus laialt kasutatav. Okaste kontaktnurk varieerub puu
vora piires. Vanemad okkad ja saastatud Ghus kasvavad okkad mérguvad
paremini. Okaste to6tlemine Os ja/voi happelise uduga suurendab samuti nende
marguvust. Paremini mérguvad okkad vdivad omakorda rohkem omastada vees
lahustuvaid saasteaineid. Kontaktnurga meetodi tulemustesse tuleb siiski
suhtuda moningase ettevaatusega. Kui okkapind vahakihi all on ebatasane, voib
vahakihi tiielik eemaldamine okaste mirgumist hoopiski vihendada. Samuti
voivad okkapinnale sattunud osakesed mdjutada okka kontaktnurka.

Kutikulaarset veekadu on kerge modta hiipostomataarsetel lehtedel — pérast
chulohedega lehe kiilje katmist vettpidava materjaliga saab veeaur liikuda
ainult 14bi lehe kutiikula. Kutiikula ldbilaskvust veeaurule ja teistele gaasidele
mdddetakse ka lehest eraldatud kutiikulal. Lehelt, mille mdlemal kiiljel on
ohuldhesid, on selliste dhuléhedeta kutiikulate saamine keeruline, kitsastelt
okastelt aga peaaegu vdimatu. Amfistomataarsetel lehtedel hinnatakse tavaliselt
kutiikula veeaurulidbilaskvust, modtes nende massi kadu pirast lehe taimelt
eemaldamist. Veeauru difusioonitakistuse viértuse arvutamiseks on vaja teada
ka keskkonna temperatuuri ja suhtelist niiskusesisaldust. Et selle meetodiga on
voimatu eraldada veekadu 14bi ShulShede ning kutiikula, soovitatakse termini
“kutikulaar-" asemel kasutada “pinna-" voi “vdhim epidermi-". Viimaste aastate
kirjanduses kasutatakse rohkem vihimat epidermijuhtivust g(min) kui -takistust
(g(min)=1/r,), sest juhtivus on vordeline transpiratsiooni intensiivsusega. Eri
autorite moddetud g(min) vidrtused perekonna Picea liikidel on koondatud
tabelisse 1. Eri toodes avaldatud g(min) véirtused varieeruvad, sdltudes uurin-
guks kasutatud meetodist. Enamik andmeid on arvutatud, kasutades iiksiku
vorse massi muutust ajas. Eri uuringutes on massimuutuste mootmiseks kasuta-
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tud erisugust ajavahemikku. Samuti pole vorsete hoiutingimused katse viltel
alati samad.

Kutiikula lébilaskvust mGjutavad mitmed kasvutingimused ning saasteained.
Kutiikula arengut takistab ebasobiv kliima — tuulepoolsel puupiiril on hariliku
kuuse okaste kutiikula paksuseks moddetud 30%, vorreldes orus kasvanud
okaste kutiikuli paksusega. Suurenenud veekadu okastest vdib olla iiheks kor-
gusliku puupiiri pShjuseks. Kampfzone (moondunud puudega ala kdorgusliku
puistupiiri ja puupiiri vahel) muld kiilmub talvel kuni 1 meetri siigavuselt
pikaks ajaks ning taimedel ei ole voimalik mulla vett omastada. Sel ajal soltub
taimede ellujdé@mine kudedes oleva vee hulgast ning aurumise ulatusest. Nendel
puudel, mille kutiikula ei ole piisavalt paks ning aurumine on seega kiillalt suur,
voib kevadeks tekkida veepuudus.

Kahjustunud v3&i kollaseks muutunud okaste veekadu on samuti suur.
Hariliku ménni okaste veepotentsiaal kevadel oli seda madalam, mida suurem
oli okastel oleva véivli hulk. Ka osooniga t66tlemine suurendas g(min) viér-
tust. Happelise udu (pH=3) mdjul okaste veepotentsiaal langes. Eriti suured
olid kasvuhoones happelise uduga toodeldud ning to6tlemata puude erinevused
kevadel piiksepaistel. Korgemal temperatuuril veeauru defitsiidi erinevus
okaste ja vilishu vahel suureneb ning transpiratsioon kasvab. Okaste sooje-
nemine varakevadel, kui muld on veel kiilmunud, pShjustab puude tidiendavat
kuivamist.

Vihima epidermijuhtivuse védrtusi on kasutatud okaspuude talvise vee-
majanduse modelleerimiseks. Sowell koos kaasautoritega niitas oma to0s, et
mudel, mis on tehtud, kasutades laboris saadud g(min) véirtust liigil Picea
engelmannii, ennustas tegelikkusest tunduvalt suuremat talvist veekadu. Sellist
tulemust seostati mudelis kasutatud kliimaandmete ebatidpsusega. Samas oleta-
sid autorid, et g(min) védrtus vdib madala temperatuuri ja kuiva Shu tottu
langeda. Vihim epidermijuhtivus v3ib soltuda ka kutiikula niiskusesisaldusest.
Mudeli tegemiseks on vaja teada veel okastesse juurdetuleva vee hulka. Tiivest
on vesi kittesaadav juhul, kui selle temperatuur on iile -4°C. Otsest vee
omastamist sulavast lumest, hidrmatisest ja udust 1idbi okka voi vorse telje pinna
on peetud tavaliselt voimatuks. Siiski demonstreeris Katz koos kaasautoritega,
et hariliku kuuse vérse telg imab 200 min jooksul pealepritsitud veest 80 mm®
1 g kuivmassi kohta. Imamine toimus libi telje koore médda parenhiiiimirakke
ksiileemini.

Kiesolevas t60s on pooratud tihelepanu pdhiliselt Ghuldhe eeskambritele
ning kutiikulale kui veeauru difusiooni takistajatele. Kummagi takistuse suurust
taim aktiivselt ei reguleeri, kuid mdlemad varieeruvad soltuvalt kasvutingi-
mustest. Samuti avaldavad mdlemad olulist m&ju taime veemajandusele
ddrmuslikus olukorras — ShulShede eeskambrid tiiesti avatud Shuldhe korral,
kutiikula veedefitsiidi ja/v5i 6hu saastatuse korral. Kiesolevas toos on veeauru
difusiooni maksimaalselt suletud ShulShede korral piiiitud hinnata otseste ja
kaudsete meetoditega alates 1984. aastast. Eriakirjanduses on selle aja jooksul
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joutud paljude véga oluliste tulemusteni, muutunud on seisukohad nii mitmeski

metoodikat puudutavas kiisimuses. Selleks on kaasa aidanud uuringuteks vaja-

liku aparatuuri pidev tdiustumine. Kiesolevate teeside kirjutamise ajaks

olemasolevaid teadmisi on kasutatud ka varasemate toode analiiiisil ning seega

ei lihti teesides esitatavad tulemused vahel artiklites leiduvatega.
Teesides uuritakse jidrgmisi probleeme:

1. Ohuldhe eeskambrite muutlikkus puuvora eri osades, eeskambrite suuruse
mdju nende poolt avaldatavale veeauru difusiooni takistusele.

2. Kontaktnurga meetodi sobivus Eesti saastatuse hindamiseks.

3. Epikutikulaarse vahakihi struktuuride muutlikkus vora eri osades, Ghu
saastatuse moju nendele struktuuridele.

4. Vihima epidermijuhtivuse muutlikkus okaste vananedes, eri voraosades
ning erisuguse Shusaastatuse korral.

5. Vihima epidermijuhtivuse muutlikuse pShjused.

To6s on kasutatud hariliku kuuse erivanuselisi vorseid Eesti eri paigust
(tabel 2; jn. 2A). Enamik uuringuid on tehtud looduses kasvavate tdiskasvanud
puude vorsetega. Monoklonaalsetel noortel puudel uuriti epikutikulaarse vaha-
kihi struktuure. Ohuldhe eeskambrite md6tmed leiti okka piki- ning ristldiku-
delt tehtud mikrofotodelt. Saadud tulemustest arvutati iihe eeskambri takistus
veeauru difusioonile (R.,). Ohuldhede pindtihedus loeti mikroskoobi all ning
kasutati Shulohe eeskambrite poolt okka pinnaiihikule tekitatava veeauru difu-
sioonitakistuse (re,) leidmiseks. Kontaktnurk médrati suurendusaparaadis hori-
sontaalselt oleva okka ning sellele asetatud veetilga suurendatud kujutiselt.
Kutiikula midrgumise moGtmiseks kasutati okkaid, millelt epikutikulaarne vaha-
kiht oli maha pestud.

Skaneeriva elekronmikroskoobiga uuriti epikutikulaarse vahakihi struktuure
ning Shuldhede avatust. Eri kasvukohtadest pirit tdiskasvanud puude okkad
kaeti kullaga otse katoodi all. Vahemaa proovi ja katoodi vahel oli 20 mm. Et
selline katmismeetod t5i endaga kaasa temperatuuritdusu, mis vdis epikutiku-
laarset vaha sulatada, siis paigutati teised proovid katoodist kaugemale ning
nende pind poorati katoodi suhtes nurga alla.

Eri kasvukohtadest pirit okaste epikutikulaarse vaha struktuure hinnati
viiepallise skaalaga (fotod artiklis II, jn. 2). Ohuldhede lahtiolekut uuriti mit-
metel erivanuselistel okastel. Enne kullaga katmist eemaldati eetriga nendel
okastel olev vahakiht. Harilikult uuriti vdhimat epidermijuhtivust, mddtes
kaalukadu okastest 4...14 tunni jooksul pirast katse algust. Samal ajal moodeti
ruumi temperatuur ning RH. Saadud tulemustest arvutati g(min). Juhtivuse
muutlikkus iihe oksa piires arvutati massikaokdveratest, mis saadi vorse kaalu-
misel iga 10 minuti tagant. Kogu selle katse jooksul olid need vdrsed kliima-
kambris (t = 22°C, RH = 45%). Uhe aastakiigu okaste vihimat epidermijuhti-
vust uuriti kahe ja poole aasta jooksul. Teisi okkaid mdddeti siigiseti. Ainult
g(min) md&tmine tiiskasvanud metsapuul toimus kevadel enne pungade puhke-
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mist. Okaste pindala mdddeti otseselt, kasutades 10 okast vorselt, voi klaas-
kuulikeste meetodil.

Eeskambrite mo6tmed iihe oksa piires ei varieerunud oluliselt. Ka olid iiks-
teisega sarnased samas kasvukohas kasvanud noorte puude eeskambrid. Erine-
vusi leiti tihe puu valgus- ja varjuokaste eeskambrite moGtmetes (tabel 3).
Samuti erinesid erivanuseliste puude eeskambrid. Koéige rohkem varieerus
eeskambrite siigavus, sdltudes epidermi paksusest. Uhe ShulGhe takistus vee-
auru difusioonile oli uuritud puudel sarnane, kuna pikemad ja laiemad kambrid
olid iihtlasi ka siigavamad (jn. 3). OhulShede pindtihedus pShjustas ry, véirtuste
rohkem kui kahekordse erinevuse.

Okaste mérgumine suurenes nende vananedes vora alaosas kiiremini kui iila-
osas (jn. 4). Eri kasvukohtades varieerus [ suurtes piirides (jn. 5). Kdige viik-
sem kontaktnurk oli iihel Vilsandi kuusel. Sama kasvukoha teise kuuse B oli
iks korgemaid moddetutest. Korvuti kasvavate puude mirgumine varieerus
mdnel juhul rohkem kui eri kasvukohtade oma. Olulisi erinevusi uuritud kasvu-
kohtade okaste mérgumises ei leitud. Epikutikulaarse vahakihi eemaldamine
okastelt vihendas nende mirgumist (jn. 6).

Noore okka eeskambrid sisaldavad amorfsete vahatorukeste struktuuri, mida
kirjanduses nimetatakse kristalloidseks. Metsapuu viimase aasta valgusokastel
oli vahakiht kristalloidsem ehk “pitsilisem” kui varjuokastel (jn. 7A; B). Okaste
vananedes kleepus nende vahakiht kokku ning vanematel valgus- ja varju-
okastel vaha ehituse erinevusi enam ei tidheldatud. Kidesolevas t66s loobuti
vahakihi vélimuse hindamisel statistika kasutamisest. Korvuti olevate ees-
kambrite vahakiht vGis olla vdga erinev (artikkel II, jn. 3). Kdige rohkem
varieerus vaha vilimus viimase aastakidigu okastel. Vanemate okaste eeskamb-
rites olev vahakiht oli iihtlasema vilispinnaga. Monel juhul oli vorsesisene
vaha vilimuse muutlikkus sama suur kui erinevatel puudel (artikkel I, tabel 3).
Seetdttu kasutati erinevate kasvukohtade okaste vahakihi kirjeldamiseks ainult
eri eeskambrite vahale antud hindepallide keskmisi viirtusi. Uheltki loodusli-
kult kasvavalt tdiskasvanud puult ei leitud tdiesti kristalloidset vaha. Noortel
monoklonaalsetel puudel oli kahe viimase aastakdigu vaha paremas olukorras
kui samavanuselistel tdiskasvanud puu okastel. Mdlemal juhul erinesid eri
kasvukohtades peamiselt kahe viimase aastakdigu okkad. Vanemate okaste
vahakiht oli k&ikides kasvukohtades iihesugune. Eri kasvukohtade vahakihi
ehituses ning kadumise kiiruses ei leitud olulisi erinevusi.

Ilma epikutikulaarse vahakihita huldhe uuringud SEM-i abil niitasid, et
pérast kuivamist oli enamik okkal olevaid Ghuldhesid suletud. Siiski j4i monel
juhul Shuldhe osaliselt avatuks ning Shuldhe sulgrakkude vahel v&is niha
0,2..0,3 um laiust pragu. Lahti jisnud ShulShede arvu okka pinnaiihikul oli
vOimatu médrata, sest enamik Shuldhe eeskambreid polnud mikroskoobi
vaateviljas otse.



Esimestel kuivamise tundidel oli veekadu okastest kiire. Umbes kolme tunni
pdrast muutus kaalukadu aeglasemaks ShulShede maksimaalse sulgumise t6ttu
(jn. 8). Ometi jétkus kogu 48-tunnise katse kiigus okaste juhtivuse (g) langus.
Selline pidev g langus tekitab kiisimuse, milline ajavahemik iildse sobib vihima
epidermijuhtivuse g(min) mdotmiseks. Eelnevates katsetes olime selleks kasuta-
nud tavaliselt ajavahemikku 4...14 tunnini pérast vorse 16ikamist. Et esialgne kiire
kaalukadu on selleks ajaks 16ppenud ning okaste veesisaldus on samas veel kiillalt
korge, tundub see olevat parim ajavahemik g(min) m&Gtmiseks. Vihima epi-
dermijuhtivuse vidrtused olid lognormaalse jaotusega (artikkel, V jn. 3). Seega
kasutati statistilisel analiiiisil andmete logaritmilist teisendust. T66s on esitatud
iga katseseeria kohta erinevate proovide g(min) véirtuste geomeetriline keskmine.
Uhe oksa eri vorsete g varieerus suures ulatuses (artikkel VI, jn. 3). Vihim
epidermijuhtivus j&i vahemikku 1,3 ja 4,3 x 10° ms™ geomeetrilise keskmisega
2,26 x 10° m s™', Vorse g(min) virtuse ning vorset iseloomustavate arvuliste
tunnuste lineaarset seost ei leitud (tabel 4). Okaste vananedes nende vihim epi-
dermijuhtivus kasvab (artikkel V, jn. 2). Uhe aastakiigu okaste uurimine mitme
aasta jooksul niitas, et g(min) pideva téusu kiigus sellel ajavahemikul oli ka
lithikesi perioode, mille viltel g(min) langes (artikkel V, jn. 4). Nimetatud g(min)
vadrtuse koikumisi ei olnud vdimalik seletada labori Ghutemperatuuri ega RH
muutustega. Metsas kasvava puu erivanuselistel valgusokastel oli g(min) kdrgem
kui sama aastakiigu varjuokastel. Okaste vananedes kasvas g(min) mélemat tiitipi
okastel vordse kiirusega. Koikidel uuritud prooviokstel suurenes vihim epidermi-
juhtivus pérast epikutikulaarse vahakihi eemaldamist. Statistiliselt oluline oli see
muutus noorematel (C ja C+1) okastel. Ka ilma epikutikulaarse vahata kasvas
g(min) okaste vananedes, kuigi statistiliselt usaldusviérne oli see muutus ainult
varjuokastel. Avamaastikul kasvavate kuuskede okaste g(min) vértus ei soltunud
okaste kasvukohast puu voras (artikkel V, jn. 1). Kasvukoha ilmakaar avaldas kiill
molemal uuritud puul mGju viimase aasta okaste g(min) véirtusele, kuid erine-
vatel puudel oli see mdju vastupidine. Samuti ei leitud sdltuvust vihima epidermi-
juhtivuse ja Shulohede pindtiheduse vahel. Sellest voib jireldada, et Ghuldhe sulg-
rakkude vilispinna kaudu ei toimu oluliselt suuremat veekadu kui 14bi kutiikula.

Eri kasvukohtades mdddetud g(min) viirtused on esitatud tabelis 4. Viimase
aasta okastel oli g(min) kdige korgem Alskas (prooviala nr. 12), C+3 okastel
Tipus (prooviala nr. 9). Vihima epidermijuhtivuse muutumise kiirus okaste
vananedes (C+3/C) oli kdige kdrgem Tipus (prooviala nr. 9) ning kdige madalam
Vigalas ja Alskas (proovialad nr. 5 ja 12). K6ik nimetatud kasvukohad asuvad
suurematest Shusaasteallikatest kaugel ning nende ldhedal ei ole nimetamisviarset
to6stust. Lumega sadenes kdikides nendes piirkondades 0,10 kuni 0,15 g sulfaat-
ioone ruutmeetrile (jn. 2B). Piirkondades, mille Ghusaastatus eeldati olevat kdr-
gem — proovialal nr. 7 (Rakkes, 3 km kaugusel lubjatehasest) ning proovialal
nr. 4 (Kiviolis, 2 km kaugusel pdlevkivikeemiakombinaadist) — polnud okaste
g(min) véirtus oluliselt kdrgem kui teistes kasvukohtades.
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Ohuldhe sulgrakkude kohal olevad eeskambrid avaldavad lehe gaasivahetu-
sele tdiendavat takistust. Valgus- ja varjuokastel iihe eeskambri avaldatav Ry, ei
erinenud. Olulised r, vddrtuste erinevused olid seotud GhulShede pindtihedu-
sega. Jarelikult tuleb r;, mdju hindamisel kogutakistusele poorata pohitihele-
panu GhulShede pindtiheduse viirtusele. Ohuldhede pindtihedus s5ltub tavali-
selt okaste valgustingimustest. Samas on Shuldhede pindtihedus noorte puude
okastel sama madal kui tdiskasvanud puu varjuokastel.

Eeskambrites olev epikutikulaarne vaha suurendab nende takistust veeaurule
umbes kaks korda. Uurimaks r, osatdhtsust kogu veeauru difusioonitakistuses,
arvutati transpiratsiooni intensiivsus takistuse eri komponentide olemasolu
puhul (jn. 11). Arvutused niitasid, et hésti avatud 6huldhede korral on Shu-
eeskambrite takistus transpiratsioonile oluline. Kui 6hulGhe oli lahti 4 x 10° m,
siis rq, moodustas umbes poole kogu transpiratsioonitakistusest. Ohuldhe sulgu-
des eeskambrite osatihtsus vihenes. Kui Shupilu laius oli 0,25 x 10° m, moo-
dustas ry, ainult umbes 13% kogu transpiratsioonitakistusest

CO, omastamisele mdjub eeskambrite takistus vidhem kui transpiratsioonile,
sest CO, difusiooni mdjutab oluliselt mesofiilli takistus. Seega voib eeskamb-
reid vaadelda kui mehhanismi, mis tdstab taime veekasutuse kasutegurit. Sama
iilesannet tiidab ka Shuldhede mittetiielik avanemine. OhulShe eeskambrite
osatdhtsus taime veemajanduses muutub viga oluliseks juhul, kui ShulShed
saavad viga vGi kui nende regulatsioonimehhanism kahjustub.

Hariliku kuuse viimase aastakdigu okaste kontaktnurk B on eri autorite
andmetel vahemikus 48...105°. Nii vidhe mirgusid kéesolevas t60s ainult iihe
Vilsandis kasvava puu (prooviala nr. 15) kuuseokkad. K&ikidel teistel puudel
oli B vairtus 110...125°. Kirjanduses on andmeid, et okaspuude véra iilaosas on
okaste mirguvust vidiksem kui alaosas. Kidesolevas t66s viimase aastakidigu
okaste mirguvus puu piires oluliselt ei varieerunud. Vora alaosas suurenes
okaste mérguvus nende vananedes kiiremini kui puu iilaosas. Selliseid tulemusi
on raske seletada, sest vora iilaosas on otsese piikesekiirguse ning tuule mdju
okastele suurem. Molemad nimetatud tegurid kiirendavad epikutikulaarse
vahakihi struktuuride hidvimist. Tegureid, mis pShjustavad vora alaosa okaste
suuremat mérguvust, on raske oletada.

Arvamused Shu saastatuse mdjust okaste kontaktnurgale on vastandlikud.
Mitmes t60s viidetakse, et O; ja/vdi happeline udu suurendab kliimakambris
kasvavate okaste mirguvust. Samal ajal ei leia teised autorid sdltuvust Shu
saastatuse ning okaste kontaktnurga vahel. Peale O; ja sademete happelisuse
voivad looduslikes tingimustes kasvavate okaste miarguvust mdjutada okastele
sadenevad tahked osakesed (kaasa arvatud tolm). Okaste B sdltub ka puu vanu-
sest. Eesti eri piirkondades kasvavate okaste midrgumise médtmine ei niidanud
B ja kasvukoha Shu saastatuse seost. Kontaknurga m6Stmise tulemused viivad
samale arvamusele, mida on esitanud dr. Jagels: okaste kontaktnurga mdGtmine
on kasutatav pikaajaliste muutuste jilgimiseks iihes piirkonnas samadel puudel.
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Eri puude ning kasvukohtade mirguvuse erinevusi on raske interpreteerida, sest
mitmesugused looduslikud tegurid vdivad varjutada Shu saastatuse voimalikku
mdju. Kogutud andmete seletamisel tekkivate raskuste niiteks on tulemused,
mis saadi uurides B suurust okastel, mille epikutikulaaarne vahakiht oli eemal-
datud. Pirast vahakihi eemaldamist okaste mérguvus vihenes. Sellise tulemuse
pOhjustajaks on kirjanduse andmetel okkapinna suurem karedus vorreldes epi-
kutikulaarse vahakihiga. Ometi ei ndita SEM-i abil saadud fotod vahata okastel
mingeid olulisi ebatasasusi, vorreldes epikutikulaarse vahakihi tekitatutega.

Tédnu tehnika arengule on viimastel aastakiimnetel lehtede vilispinda palju
uuritud. Esimesed sellealased t66d tehti 1970. aastatel. Kasutatava tehnika tase
mdjutab saadavaid tulemusi oluliselt. Preparaadi iilekuumutamine kullaga kat-
misel vib sulatada lehtedel olevat vahakihti. Samasugust m&ju vdib avaldada
ka liiga korge kiirenduspinge mikroskoobis. Varajasemates uuringutes olid sel-
lised artefaktid tavalised ning seega tuleb nende tulemustesse suhtuda kriitili-
selt. Monel juhul oli kokkusulanud vahakiht nii sarnane epidermiga, et seda
peeti ohuldhet katvaks membraaniks. Sama aparatuuriga, mida kasutati kées-
oleva t60 tegemiseks, on saadud ka tiiesti kristalloidse vaha kujutisi. Sellegi-
poolest jédidb piisima kahtlus, et vihemalt eri kasvukohtadest pirit tdiskasvanud
puude epikutikulaarne vahakiht on proovide tegemise kidigus liiga kuumenenud.
Eri toode kdigus on leitud epikutikulaarse vaha plaatjaid moodustisi, mida
peetakse sageli vaha loodusliku havinemise tulemuseks. Samasugused plaadid
tekkivad ka vahakihi mehhaanilisel vigastamisel. Oma t66s leidsime selliseid
“plaate” proovideit, mille temperatuur kullaga katmise kiigus tdusis iile 60°C.

SEM-iga uuritakse tavaliselt saasteainete pohjustatud muutusi epikutiku-
laarse vaha ehituses. Esialgse vahastruktuuri hdvimine okaste vananedes on
toestatud paljudes toodes. Hoopis vihem on teada vahastruktuuride loodusli-
kust muutlikkusest. V. S. Kimi (1985) andmetel on vora 16unapoolsetel okastel
rohkem kokkusulanud vahamoodustisi kui p&hjapoolsetel. Sama uurimuse
kohaselt oli vahastruktuur vora iilaosas rohkem kahjustunud kui alaosas.
Giinthardt-Goerg nditas oma to0s, et varjuokaste vaha kokkukdmpumine on
umbes kuu aega varajasem kui valgusokaste oma. Meie t66 tulemused néitasid
viimase aastakidigu okaste vahakihi ehituse erinevusi: varjuokastel oli ndha
vihem “vahapitse” kui valgusokastel. Vanemate okaste vahakihis erinevusi ei
leitud. Tulemuste lahknemine vdib olla pShjustatud vora mikrokliima erine-
vustest. Vahakihi vilimuse muutus vdib olla tingitud limmastiku olemasolust
mullas, tuulest ja piikesekiirgusest. Otsese piikesekiirguse kdes olevate okaste
temperatuur vdib tdusta oluliselt iile Shutemperatuuri. Vaha eri komponentide
sulamistemperatuur jaib vahemikku 45...60°C. Seega on tiiesti voimalik, et
otsene piikesekiirgus soojendab okkaid sedavord, et mdned vahakomponendid
sulavad ning vahastruktuurid kleepuvad kokku. Samas pole epikutikulaarse
vahakihi ehitus ka eri puude okastel alati samasugune.

Vahakihi vilimuse suured erinevused tekitavad raskusi Shu saastatuse mGju
hindamisel. Suurem “pitsilise” vahakihi olemasolu monoklonaalsetel puudel
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erinevalt tdiskasvanutest voib olla pdhjustatud puude erinevast vanusest voi
muutustest metoodikas. Samal ajal v5ib see olla tingitud Shu saastatuse vihene-
misest Eestis uuringutevahelisel perioodil. Tédiskasvanud puid uuriti 1988. aas-
tal, monoklonaalseid puid 1993. aastal. Ajavahemikul 1980...1992 vihenes
Eestis ohku paisatud sulfaatioonide kogus 40%. Erinevate kasvukohtade vaha-
struktuurid varieerusid kahe viimase aastakdigu okastel. Siiski on saadud
tulemusi raske seletada. Niiteks oli monoklonaalsete kuuskede okastel, mis
kasvasid korge vaidvlisaastega piirkonnas (prooviala nr. 4) epikutikulaarses
vahakihis rohkem kristalloidset struktuuri kui piirkondades, kus oluline dhu-
saaste puudus (prooviala nr. 1 ja 9). Saadud tulemustest voib jireldada, et epi-
kutikulaarse vahakihi kasutamine Shu saastatuse hindamiseks pole Eesti oludes
pShjendatud.

Juhtivuse pidevat langust 48 tunni jooksul alates katse algusest on raske
seletada. Pikaajaline g langus toob kaasa probleemi laborist kaugemal asuvate
okaste uurimisel, sest kui méiérata okaste veekadu hilisemal ajavahemikul, on
g(min) vadrtus ilmselt vdiksem kui 4...14 tunni jooksul miiratust. Juhtivuse
arvutamisel on voetud eelduseks, et okaste RWC on 100%. Arvutused néitasid,
et tegeliku RWC viirtuse arvestamine g(min) arvutamisel suurendab 14 tunni
moddudes g(min) védrtust kuni 5%. Seega ei saa RWC véirtuse muutumist
pidada juhtivuse langemise pShjuseks. Kerstiens (1996) oletas, et g(min) véir-
tusele mdjub kutiikula veesisaldus. Kiesolevas to6s tehtud katsed ei ndidanud
erinevate okaste g(min) ja veesisalduse seost.

Kaikide uuritud C-okaste g(min) varieerus vahemikus 0,9...4,5 x 10° m s,
Jjdades samasse vahemikku teiste autorite tulemustega. Kiimnel iihe oksa vorsel
moddeti g(min) vahemikus 1,3...4,3 x 10 m s, mis niitas, et iihe oksa piires
on g(min) muutlikkus peaaegu sama suur kui kdikide uvuritud puude ning
kasvukohtade puhul. Sellist muutlikkust iihe oksa piires on raske seletada.
A. Laisa (Laisk et al., 1980) t66 tulemustest voib jireldada, et kdik ShulShed ei
sulgu iiheaegselt. Ilma epikutikulaarse vahakihita okaste uurimine SEM-iga
nditas, et osa GhulShesid ei sulgu tiielikult ka pirast 66pdevast kuivamist. Osa-
liselt lahtijddva Shulohe mdju hindamiseks okaste veemajandusele arvutati tema
juhtivus (G;). Hiljem arvutati osaliselt lahtijainud GShuldhede vajalik arv
okkapinnal, mis tagaks kiimne vdrse uurimisel saadud g(min) erinevuse (artik-
kel VI, jn. 5). Selgus, et umbes 6,5% varjuokka Shulhedest peab jiima ava-
tuks 0,2 um, et pohjustada g(min) muutlikkus, mis leiti iihe oksa vorsete uuri-
misel. Kuna valgusokastel Ghuldhede pindtihedus on suurem, on seal vajalike
lahtiste ShulShede suhtarv viiksem. Erinev mittetdielikult sulguvate Shuldhede
osatéhtsus vorsetel vdib olla kogutud andmete lognormaalse jaotuvuse pdhju-
seks.

Okaste vananedes nende g(min) tduseb. Tavaliselt on seda seostatud epikuti-
kulaarse vahakihi vananemisega. Mitmeaastane katse iihe aastakiigu okastega
ei lubanud oletada iihtegi ajavahemikku (ega seega ka kliimafaktorit), mis oleks
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g(min) suurust mojutanud rohkem kui teised. Ilma epikutikulaarse vahakihita
okaste g(min) tGusis samuti okaste vananedes. Seega tuleb oletada, et peale
epikutikulaarse vaha muutuste on veel mingi mehhanism, mis suurendab vane-
mate okaste g(min) védrtust. Selleks vGivad olla okaste kutiikula enda muutu-
sed. Samuti voib okaste vananedes tGusta osaliselt lahtijdédvate Ghulohede arv.

Kirjandusest on teada, et tuulele avatud ning tuule eest kaitstud okaste
g(min) erineb. Metsapuu valgusokaste korgem g(min), vorreldes sama puu
varjuokastega on ilmselt pohjustatud valgusokastele langevast suuremast
pdikesekiirgusest. Lagedal kasvava kuuse eri korgustele ning vora kiilgedele
mdjuv tuul ning péikesekiirgus erinevad samuti. Ometi ei erinenud oluliselt
lagedal kasvava puu eri piirkondadest périt okaste g(min). Jirelikult ei mGjuta
mikrokliima erinevused nende puude vorsete voimalikku veekadu kuivamise
kidigus.

Mitmed autorid on nédidanud, et happeline udu ja O; mdjutavad hariliku
kuuse okaste veemajandust. Samas viidab Schreiber (1994), et tervete ja kah-
justunud okaste kutiikula ldbilaskevGime gaasidele ei erine. Esialgsed uuringud
kolmes Eesti piirkonnas nditasid, et g(min) védrtus linnas (prooviala nr. 11)
kasvas kiiremini kui maal (prooviala nr. 8). Kdige kiirem oli g(min) tSus
toostuspiirkonnas (prooviala nr.4). Vihima epidermijuhtivuse médramine
12 proovialal iile Eesti ei ndidanud kasvukohtade g(min) véirtustes mingeid
erinevusi, mida saaks seostada Ghu saastatusega. Kasvukohtade g(min) abso-
luutviirtuste vordlemine on monevorra kiisitav seoses eespool kisitletud
raskustega metoodikas. Samal ajal ei mdjutanud eri kasvukohtade 6hu saastatus
ka g(min) muutuse kiirust vorse vananedes (arvutatud kui C+3 ja C okaste
g(min) viirtuste suhe).

Vihima epidermijuhtivuse véirtusi kasutatakse sageli okaspuude talvise
veemajanduse modelleerimisel. Kéesolevas t66s arvutati vdimalik veekadu
okastest mitmesuguste g(min) viértuste puhul (jn. 12). Uuritav vihima epi-
dermijuhtivuse vahemik oli sama, mis saadi kiimne sama oksa g(min) mddt-
misel. Mudelist selgub, et suhteliselt viike g(min) erinevus pShjustab suuri
muutusi okaste pikaajalises veekaos. Seega ei kirjelda tavaliselt mudelites
kasutatav mitme vorse keskmine g(min) kuigi hésti eri vorsete veesisaldust.
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JECOBEILEHWHHE

M 4 HI0J1b — ABryCT 1988

YK 630*161.1+581.821.1 : 582.47

KONNEJb A. T., BAUHHKKO K. X.

U3MEHYHUBOCTb H 3KOPH3HOJIOTHYECKAA POJIb
NPEABAPHUTEJIbUDBIX IBOPHKOB YCTbHLL XBOH
EJIU EBPONNEHCKOH

Hanaraorcs pesysibTaThl H3Y4YeHHS NpeaBapHTENbHBIX ABOPHKOB YCTBHIL Ha
XBOe pasHOBGIPACTHLIX eJsiefl eBPOMefCcKHX, a TaKXKe Ha XBOe PasjiHuHOH Mopdo-
CTPYKTVPHL. [lpHBeIeHbl pacyeTHble BeJHYHHB HX COMPOTHBJIEHHS AH(PY3HH BO-
asiHoro napa. PaccmaTpiBaeTcsi 3HaYHMOCTb NpefBaPHTENbHbLIX ABOPHKCB
YCTbIILL B Pery;iAUHH HHTEHCHBHOCTH TPaHCMHDALHH.

Y 1ucTbeB pacTeHHHM C KcepoMop(HOH CTPYKTYpOH yCTbHLA 4acTo rno-
CPYy3KeHBl B 3NHAEPMY, TaK 4TO Hajd HHMH ob6pasyercs yraybJeHHe, TaK Ha-
3bIBaeMblil IpeBapPUTEAbHbI ABOPHK yCTbHI [4]. YcTbHIA ¢ mpeABapHTeb-
HBIMH 1BOPHKaMU CBOICTBEHHBl H XBOe enH eBpomeiickou [12]. HaBectHo,
YTO [PeABApPHTE/NbHBE JBOPHKH YCTBHI, COCTABJSIOT ONpeleJeRHOe CONpo-
THBJIeHHE IH(OY3HH YIJIEKHCJIOro ra3a H3 aTtMoc(epsl B Me30(hHJI JHCTA H
BOASIHOrO napa B o6paTHOM HampaBjeHHH. Takum o6pa3oM, HX MOXKHO pac-
CMaTpHBATh KaK OAHH H3 (PaKTOPOB, Dery/Hpylolux (OTOCHHTe3 H TPaHC-
nupaunio. Cpein MaJOYHCAEHHBIX JIHTEPATYPHBIX HCTOYHHKOB, HNOCBSALUEH-
HBEIX H3YY€HHIO [IpeJBapHTE/IbHBIX JBOPHKOB YCTbHI, HMEETCS HeCKOJIbKO pa-
60T, B KOTODHIX CA€JaHa TIONBITKA OUEHHTh BeJHYHHY HX AHP(PY3HOHHOrO
CONIPOTHBJIEHHS M TaKUM 00pa3oM ONpeleNHTh 3HaYHMOCTh B 5KOJIOTHYECKOI
¢u3uoaorun pacrenuu [5, 11]. OxHaKO OTCYTCTBYIOT JaHHbIE 06 H3MEHUH-
BOCTH Pa3MepOB I1IpeiBAPHTENbHBEIX ABOPHKOB H O pa3Maxe 3KOMOP(OJIOTH-
4eckH 06YyC/IO0BJIEHHOU PEryJNsUHH (PH3HOJOTHYECKHX NMPOLIECCOB.

B nacTosimeii pa6ore paccMaTpHBaeTCsi H3MEHYHBOCTb DAa3MepoOB Npel-
BAPHTEJbHBIX ABOPHKOB YCTBHI{ €JH eBPONefiCKOM Ha XBoe DA3JHYHOHM MOp-
(OCTPYKTYPHl (TEHEBOH M CBETOBOH) H Ha XBOe JePeBbeB PA3HOro BO3pacta.
Taxxe npuBoisATCA pe3ysnbTaThl pacyeTa AUPQY3HOHHBIX CONMPOTHBJEHHI
NpenABapHTEJbHBIX ABOPHKOB H aHAJH3HDyeTCS HX BJHSIHHe HAa TPAHCMHpa-
LIHI0.

Marepnan H METOZHKA

O6beKkToM HcciaenoBaHHA CAYXKUAA CBETOBAasi M TeHeBas XBOS COOTBET-
CTBEHHO C BEPIUHHH M H3 HHXKHeil yacTi KpoHn 100-neTHero MojesbHOro
depeBa Hn3 pailoHa Boopemaackoii s3Kosornueckoil cranuuu (DcTOHCKas
CCP), a Takke XBOst H3 KPOH LIECTH OTAENbHO DACTYL(HX AepeBbeB 9—
66 net, HaxoAsAIKMXCs BOJIH3H 10J€BOH 6a3kl TOH 3Ke CTaHIHH.

Ot Kaxzaon npoGHOH BeTKH G6paju No OAHOMY nobery, a ¢ KakJIOro mo-
Gera nATb XBOHHOK, Ha KOTOPHIX MOJ W3MePHTeJbHEM MHKpockomom MH-1
¢ yBeauuenteM 40 nepecuuTRIBaJH YHCAO yCThUL. CUET yCThHIL BeJIH HAa KaXK-
AOM I'PaHH XBOMHOK Ha Tpex OTpe3Kax AJHHOH 1 mM. Ha cpesax Tex xe
XBOMHOK H3MepsH IWHMDHHY Kaxkaou rpamu. Jlis wu3MepeHHs: pasMepos
NpelBAPHTENbHbBIX ABOPHKOB H3rOTOBJISUIH BPeMEHHblE NpenapaThl nomnepeu-
HBIX CPE30B XBOHHOK H 3MMJepMHca. PasMepHl onpeesiyiH Ha yBeAHYEHHBIX
MiKpogoTtorpaduax. Ha npenaparax snujepMuca ANs MONYYEHHS SICHBIX
KOHTYPOB NpeABAaPHTE/bHbIX JBOPHKOB 3NMHKYTHKYJsPHEIK BOCK pacTBOPSJI
STHJIOBHM 3¢pupom. Cpeannue pasMephl MOJYYeHH, KaK NPaBHJIO, He MeHee
ueM H3 30 3aMepoB.

Hcxoast u3 aHaTOMHYeCKHX NapaMeTpOB, COMPOTHBJIEHHE YCTHHL Ii npei-
BApHTEJIbHbIX JBODHKOB K HCNapeHHIO mpoaHa/au3kpoBas Basre [5], xoro-
pein Habaiojas mpH  caerka 3ary6MeHHHIX ycTbHuax Zebrina pendula



Schnizl. Bocemb nOCTENOBAaTENbHBIX KOMIIOHEHTOB CONPOTHBJEHHA. [ipn
3TOM CONpOTHBJIEHHE NpeABAapPHTE/bHbIX NBOPHKOB COCTABJANO TOJLKO 2—
5% or cymmapuoro conpothBJeHHa. JIu u I'eutc [11] pasgenunn yerpuue
H npeABapHTEbHBIH ABOPHK XBOH COCHbI BEHMYTOBOH B IONEPEYHOM paspese
Ha 14 OTPe3KOB PA3JHYHOH reOMEeTPHYECKOH (DOPMH. YUHTHIBAs H3MEHYH-
BOCTb YCTBbHIL H 0COOEHHO HX NpexBapHTENbHBIX IBOPHKOB AdXKe Ha ONHOM
JIHCTE PacTeHHs, TaKas AETaJIbHOCTh HaM KaXXeTCsi HeONpaBLaHHOH.

ITo mameMy npeiCTaBJEHHIO, TeOMETPHYECKOE CTPOEHHE IpeABAPHTENb-
HOTO JBOPHKA €JIH eBPOMeiCcKoil l1eJecoo6pasHo pacCMaTPHBATh KaK COCTOS-
Ilee H3 ABYX reoMeTprueckHx ¢opm (pc. 1), a BoaHHKalomue npu AHPDY-

3HH TrasoB COMPOTHBJEHHA — H3 yeThIpex

- 1 KOMIIOHEHTOB: CONPOTHBJIEHHS BHEIHeH 3J1-
_ JENCOOOPA3HOH NMOPH [BOPHKA — r, Cy-
| i }Kalomeﬁc;(”sepmeﬁ YaCTH — 7.z, TIOPHl Y3-
KOH HHJKHell 4aCTH — 7., H CONPOTHBJICHHS

Ay A HHKHEro yriyGJeHHs — r,.

AHDDYSHOHHOTO CONPOTHBJEHHA KPYIJBIX
nop H MeJxHXx TpyOouek paspaGoTaubl B
HauaJjle Hauero sexa [6]:

|
|
| PacueTHble GOPMYJIBl L/ ONpPefesNeHHs
|
1

By- Hasa nopst r,—*/, Dd, (1)

G Hns Tpy6ru r,=41/Dnd?, (2)

rer{ - rae D — kospduunent nHdpdysun rasa
Tez (mns BomsiHoro mapa npu 14° D==0,24 cm?.
-.c™!), d — puaMerp nophl H [ — AAHHA

Tos TpyGoukH. Ilpu onpenenennn aupodysuu ra-
30B uepe3 MNOpPHl ¢ 3JJHICOOGPasHbIM OT-

BepctHeM B topmyay (1) cienyer Bkin-
yHTh 3(Q@QeKTHBHLIH AHaMeTp 3JJIHNca

Puc. 1. CxeMmaTuuecKoe H306paxe-
HHE  NPEeABAPHTEJNHLHOTO  ABOpPHKA
yCThHNA eqH eBponefckof.
YkasaHa JIOKaJH3alHA Pa3MHUHHX

(T. e. JHaMeTp Kpyra, NePHMETP KOTOPOro
COOTBETCTBYET NEPHMETPY NAHHOTO SJUIHI
ca), a B gopmyay (2) — nuiouans 3JJHN-
ca. B cayuae, Korna njauHa nojyoceii 3J-

KOMMOHEHTOB COMPOTHBJIEHHS

(QY3HH H 3aMepH, HCMOJb30BaHHHE

B pacyerax AH(Gy3HOHHOro COmpo-

THBJIEHHs. YCJIOBHbie 0GO3HaueHHA
CM. B TeKcTe H Tabauue

Jgunca Gojiee HJIH MeHee DaBHa, BMecTo d
B dopmyay (1) moxuo Braouuth (A+B)/
/4, rie A 4 B — pnHHa nosyoced 3JJIHNCA.
OGiee cOnpoTHBJEHHE IMPeIBapHTENBHOrO
JBOpHKA NOJy4aeTci CYMMHPOBAHHEM 3THX
KOMINIOHEHTOB., TaKHM cnoco60M MOXKHO PacCUHTATh CONpPOTHBJEeHHe AHDODY-
3HH Yepe3 OJHHOUHBIH NPeLBapHTeNbHbIH ABOPHK. OGOBIYHO CONPOTHBJIEHHE
BHPAXAIoT Ha eNHHHIY WJIOaAH JHcTa. JlJIA NOJYYEHHA 3TOH BEJHYMHH
CONpPOTHBJIEHME OAMHOYHOrO IPeJBapHTENBHOrC NBOPHKA Hal0 pasfielIuTh
Ha NOBEPXHOCTHYIO MJIOTHOCTb YCTBHIL,

Pe3ysibTaTH H 006CyXaeHHe

Anatomuueckoe cTpoenue npedsapurersrbly 080pUKOS U HOBEPXHOCTHAR
RAOTHOCTb ycTouy. JlaHHHE 06 aHATOMHYECKHX 3aMepax Npe/BapHTENbHBIX
IBOPHKOB NpHBefeHH B Tabuuue. OKasnBaeTcs, Go/blie BCEIO Pa3jiHYaeTCs
no pasmepaM riy6HHa TpefBapHTeJbHHX ABOPHKOB. IIpn 3TOM y CcBeTOBOH
XBOH CTaphix gepeBbeB ouH Ha 50—609% rayGxe, yem y HX TeHEBOH XBOH H
Yy CBETOBOH XBOH MOJIOAHX AepeBbeB. OcTaapHble pasMepH CPelH pasiiHY-
HBHIX P06 BaPbHPYIOT HAMHOTO MeHbIIe.

Kak noxasaJjo Hallle HCCIEAOBaHHe, B KDOHE B3POC/JOH eJiH CYLUIECTBYyeT
TecHas KOPpPEJSLHs MeXJLy MOBEPXHOCTHOM IUIOTHOCTbIO YCTBHLL M CBETOBHI-
MH YCJOBHAMH npouspactanus xBou [3]. Ho y monoamx nepeBbes, pacry-
I[MX HA OTKPHITOH MECTHOCTH, NOBEPXHOCTHAS NJIOTHOCTb YCTbHIl HAlOMHHAET
GoJbllle TEHEBYIO, €M CBETOBYIO XBOIO B3pOCJbIX JepeBbes B Jjecy. Cilefosa-
TeJIbHO, MOJKHO I0JIaraTh, 4TO y €JNH CYyUIeCTBYeT OHTOreHeTHYECKHH (ak-
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Pasmeput npedeapumensusix deopuxos ycmouy (107° z)n) U NOBBPXKOCIMHAR NAOMHOCML YCmbly,

Wm-Mm~
HAnuna 1upuna TayGaua
Tlosepx-
XBort BepxHelt HuxHehR pepxHeft HHXHER Bepxueft HHKHeR HOCTHas
4acTH A; | yactH As | vacTH By | wacTH By | wactH L, yactu Ly
JHepeso 1
Cserosas, ¢ BuCOTH |62,04-4,7a| 33,04-3,5 | 41,34-6,3 |16,31-2,3a]12,24-2,52/15,8+-1,9a
34 M (n=31)
Tenesas1, ¢ BbicOTH | 56,614-4,4 | 28,44-3,4 | 34,84-5,0 | 15,4+1,5 | 8,64-1,9 [12,64-1,8,
12 M (n=27)
JHepeso 2
C BHICOTH 2 M | 56,8 27,5 l 39,2 , 12,46 l 11,42 | 11,2 | 27,0
(n=38) R |
Jlepeso 3
C BBHICOTH 2 M 55,8 31,6 l 34,7 l 13,9 l 7,1 I 10,3 I 37,7
(n=30)

Ipumeqanue. [lepeao 1 — pacter B enbHUKe CAdAKHOM, BoapacT 100 ser; gepeso 2 — cBoSomHO pacTyusee,
BospacT 66 Jer; gepeso 3 -— cBI53RHO pactyuse, BI3pact 10 ser. 1A f-peaa | npuBefeHB CTAaHQapTHEE OT-
KJIOHEHHS CDERHHX BEJSHYHH. Be/IHYHHB, 0523HAYCHHbIE PAMTHYHMIMH OyKBamd, CTATHCTHUECKH DA3NHWHH Ha
yDpoBHe BepoATHoCTH 0,95. n — KOMTHYeCTBO l13ydeHHBIX MpPefBADHTE/IbHBX JBOPHKOB B PO ‘e,

TOP PeryJsillHH KOJIHYECTBAa YCTbHIL Ha eNHHHLY IVIOLIajH JIHCTA, CYLIECTBO-
BaHHE KOTOPOH y TPaBAHHCTHIX pacteHHH nokasaHo B pa6ore H. Tuxa [14].

AnaToMHYecKOe CTPOEHHE YCTHHIL NMATH COCEJIHHX H JIOUTH OLHOBO3pacT-
HbX (9—12 JieT) NepeBbeB NpaKkTHYeCKH He passnuaercs. [lostoMy B Ta6-
JIHlle MPHBEAEHbl NaHHBlEe JIHUIb AJA OLHOrO M3 HHX. OQHAKO HHAHBHAYaJIb-
HBle P43JIMYHA NOBEPXHOCTHOU IVIOTHOCTH YCThHI| Ha moberax 3THX JepeBb-
eB (32,2—45,5 ycToun Ha 1 MM?) MoryT GBITb MOYTH COH3MEDHMBI C H3MeHe-
HHEM 3TOH BEJHUHHH y NOGEroB OQHOrO JepeBa, PAacCTYIIHX B COBEPLIEHHO
PAa3JIHYHBIX CBETOBHIX YCJOBHfX.

Hupdysuonnoe cornporusasnue npedeapurensneix deopuxoe, Peayiabra-
TH pacyera CONPOTHBJeHHS AH(GQY3HH BOASTHOMY mapy uepes mpeaBapH-
TeJIbHbIE JBODHKH npeiacraBjeHb Ha pHc. 2. HecMoTpa Ha AOBOJILHO 3HAYH-
TeJIbHBIE PA3JIHYHS B Pa3Mepax NpeABapHTEJNbHHX JBOPHKOB OTAENBHBIX MO-
6eros (HampHMep, MeXAy CBETOBOH M TEHEBOH XBoell MOJeNbHOro Aepesa 1),
HX COTNPOTHBJIEHHE Pa3jHyaeTcsi OYeHb MaJo. DTO BHI3BaHO TeM, YTO Gosee
ri1y6okue npeaBapuTebHble JBODHKH OJHOBDEMEHHO H WIHDe, H AJHHHEeE.
YBeJuyeHHe UIHPHHBI H [JIHHBEL KOMIEHCHDYET yBeJHYeHHe CONPOTUBJIEHHS
32 cyer yBeJHUYeHHs My6HHB.. MaKCHMaJbHO® pas3/HyHe CONMPOTHBJIEHHS
TIpeABapHTE/bHBIX JBOPHKOB Yy H3YUEHHHIX JePeBbEB cocTaBiser okoso 30%
(2675—3754 c-cM~2).

B sxosioruyeckoM cMbiciie Goslee BaXKHHIM, 4eM CONPOTHBJIEHHE OTAEJb-
HBIX YCTBHU, SBJI€TCS CPeJlHee CONPOTHBJIEHHE JIHCTA, T. €. CONPOTHUBJIEHHE,
BBIPa)KEHHOE Ha IJIOLIAajb MOBEPXHOCTH. B ¢opMHpOBaHMH 3TOrO mapamer-
pa OTYeTJIHBO BHIpaxaeTcsi BJHSHHe BapbHPOBAHHs IOBEPXHOCTHOM MJOTHO-
CTH ycThHI (pHc. 2). 3a cyeT ee pa3NHYHS BEJHYHHA I, MOXET H3MEHHUThbCS
IBykpatHo: ot 0,64 1o 1,36 c-cm—t.

B npuBejeHHbIx pacuerax npeABapHTe/bHEE IBOPHKH pPaccMaTPHBAIOTCS
KaK cBoGoanbe s auddysHH rasos npoctpanctBa (pHc. 3, @, 6). Onuaxo
H3BECTHO, YTO Y XBOHHHIX OHH 3aIOJIHEHH OTJIOXEHHEM SNHKYTHKYJSPHOTO
Bocka [7, 9] (puc. 3, 8, 2). DTH BOCKOBble CTPYKTYDH YBENHUHBAIOT CONPO-
THBJIEHHE, HO HACKOJIbKO — ONpeJesHTh BecbMa TPYAHO. CleNaHHl JIHIIL OT-
AeJIbHBIE MONBITKH OLEHHTh BJHSHHE 3THX CTPYKTYpP Ha AHbdY3HIO rasos.
Taxk, Ixeddpu c coasr. [9] Ha ocuoBe MHKpodoTorpadHH, cae/laHHbIX cKa-
HHPYIOIIHM 3JEKTPOHHBIM MHKDOCKOIOM, NpPEAIOJOXKHJ, YTO BOCKOBEIE OT-
JIOXKEHHS B NPEABAPHTEJbHBIX JBOPHKAX €JIH CHTXHHCKOH YBEJHYHBAIOT CO-
TMPOTHBJIEHHE NPHMEPHO B 2 pasa. Onnako sta nudpa BecbMa NpPHOJIHIKEH-
Has. Kak noxasano B jajbHeALIHX paboTax, MHKPOCTPYKTypa 3MHKYTHKY-
JIAPHOTO BOCKa OYeHb H3MeHYHBAa. OHa 3aBHCHT OT BO3PACTa XBOH, BIHSHHS
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1 ) 2
Chemobar Tenebar
Xow  xbog
Horep depeda

Puc. 2. ConporuBnenne AHM(Y3HH BORSHOro napa vepes
npeABapHTeNbHHE NBOPHKH. ¢
JleBHe CTONGHKH — CONPOTHBJIEHHE OJIHOTO NPeABAapHTENb-
HOTo ABOPHKA (YKa3aHH KOMNOHEHTH COMpPOTHBJIEHHA), Npa-
Bble CTOJGHKH — COMPOTHBJIEHHE, BHpajKeHHOe Ha NOBepx-
HOCTb IVIOIXaAH XBOH

MeTeOpOJIOTHYECKHX (haKTOPOB H ypDOBHS 3arpsisHeHHs Bosayxa [8]. Te
«KpPHCTaJlJIHYeCKHe» MHKPOTPYOGOUYKH BOCK4, KAKHMH OHH INpPeACTaBJSJIHCE
Hdxeddpu c coaBT, c BO3pacTOM XBOH MOABEPraloTCs CJHsAHHIO, o6pasys
«amop@HHii» Bock (pHC. 3, 2). B ycnoBHAX aTMocdepHOro sarpsi3HeHHsi BOC-
KOBble NPOOKH B NpelBapHTEJbHHX ABOPHKAX MOABEPraloTCsl CHJIBHOH 3pO-
3HH. Bce 3TH saBjeHHs1 06513aTeJIbHO BJIHAIOT Ha CONPOTHBJIEHHE MNpeaBapH-
TeJbHbIX IBODHKOB H YCJOXHSIOT aHAaJIH3 HX BJIHSHHS Ha 3KOJOrHYeckHe
(YHKIHA XBOH.

Skosozuteckas 3HAYUMOCTs npedsapuTerbrbiy 080puxos. [IpensapH-
TeJIbHHE ABOPHKH YCTBHI[ COCTaB/ISIOT AOMOJIHHTE/bHOE CONPOTHBIIEHHe AH(D-
($y3HH YIJIeKHCJIOrO0 ra3a M BOASIHOrO Napa, BJHSAS TaKHM o6pa3oM Ha MH-
TEHCHBHOCTb ()OTOCHHTe3a H TPaHCIHHpaUHH. Il KOJHYECTBEHHOH OLEHKH
HX BJIHSIHHSA Ha 3TH MPOLECCH NMPHXOAHTCS YYHTHIBAThb H APYrHe KOMMOHEHTHI
CONpPOTHBJIEHUS JHOPY3HH.

ConpoTHBJeHHe YCTbHYHBEIX LieJied MOJKHO PacCyATaTh COracHo (opmy-
ge Bpayna u dckomba, moanduunHpoBanHon [lapnanrom u Barronepom
[13], yunTHBas rny6GuHy, AJHHY H IIHPHHY yCThbHYHHIX wejelf. Ha puc. 4
NpHBeeHH pe3yJbTaThl PacyeTOB TPAHCNIHPALHH Ha NPHMePe CBeTOBOH XBOH
MOZeJLHOro JepeBa 1, a Takike KpoMe CONPOTHBJIEHHS] YCTbHUHBIX LueJef
obluee CONPOTHBJEHHE YCTBHL H NpeABapHTeJbHHX ABOPHKOB. [lpH 3toM
aHaJoruyHo paccyxpenuio Ixkepdpu c coasT. [9] momyckaercs, yTo BOC-
KOBble CTPYKTYPH YBeJHYHBAIOT CONPOTHBJIEHHE NyCTHIX ABODHKOB BJBOE.
Ilpu cocTaBjieHHH pHC. 4 yYTeHO M CONPOTHBJIEHHe IOrPAHHYHOrO CJIOS MO-
Gera, ycTaHOBJIEHHOE HAMH IO CKOPOCTH HCHApeHHs BOAH C MOKPHTHX THII-
com noGero [2]. TlpexBapHTeJbHbHle ABOPHKH MOrYT OKa3HBaTh CyLIECT-
BEHHOE aHTHTPAHCIHPAUHOHHOE BJMSHHE JIHIIL B CAyyae OTKDHITHIX yCTbHL.
Tak, npH IIHpHHe YCTBHYHBIX IlleJleH 4 MKM XOJA NMpeABapUTeNbHHX ABOPH-
KoB GoJbllie MOJIOBHHH 06INEro COMpoTHBJEHHs. I1o Mepe 3aKpbITHS yCThHIL
ofluee COMPOTHBJIEHHe YBeJHYHBAETCS H J0JIS MPeABapHTeJBHBIX ABOPHKOB
yMeHbInaerca. Tak, ecH IMHPHHA YCTBHUHHX ienefi 0,25 MKM, TO yCTbHY-
HOe COMpOoTHBJIEHHe cocTaBisier 87, a CONPOTHBIEHHe NpeABapHTE.IbHBIX
JIBOPHKOB — 139 oT o6luero conmpOTHBJIEHHS.
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Pre. 3. YerbHila elln eBpomneicKofl TOA CKaHHPYIOUIHM 3JIEKTPOHHHIM MHKPOCKOIIOM: @ ~— pas-
pe3s YCTbHYHOrO amnapara. JNHKYTHKYJIAPHEIH BOCK pa3MasaH 1O NpeABapHTENbHOMY IBO-
PMKY DNPH paspe3aHHH XBOHHKH. ITyHKTHpHOlt JIHHHeH IOKa3aHO ouepTaHHe IPeABapHTENb-
MOTO JIBOpPHKA. 6 —BHA NpeABApHTENbHOrO JBOPHKAa cBepXy. Bock ynamen 3adupom.
£ — CTPYKTYPa «KPHCTaJUIHYeCKOro» BOCKa Ha TOJIbKO UTO PAaCHyCTHBILEHCS XBO€. 2 — CTPYK-
Typa «amop@Iioro» BOCKa B NpelBapKTeJbHOM RBOpHKe Ha 4-7etnefi xpoe. Jamna Gesbix
CTOJIGHKOB COOTBeTCTBYET 10 MKM.
dotorpadun cpesnann Ha COM «Tecna BS-300» B s1a60paTOpHH 3/71€KTPOHHOH MHKPOCKOITHH
Tannmuckoro mosHTeXIHyeckoro HHCTHTYTa ¥. Kamnasyc

Bompockl 3K0J0rHIecKoll 3HAUHMOCTH NPelBapHTENbHBIX JBOPHKOB pac-
cmartpuBajiHch B paborax X. Basbrepa [1], B. Jlapxepa [10] u Hxeddpn
c coast. [9]. Onx npuluIH K BHIBOAY, 4YTO NPCABAPUTENBHBIE JBOPHKH
TPaHCIMpalHIoO yMeHbIIAlOT B GoJblllefi Mepe, yeM (DOTOCHHTE3, NOCKOJBKY
Ha (OTOCHHTE3 OrpaHHYHBAIOILee BJIHSHHE OKAa3blBAaeT H BHYTPHJIHCTOBOE

Puc. 4. Perynsuns  HHTEHCHBHOCTH
TPaHCNHPANMH cBeTOBOro mobera ejH B
3aBHCHMOCTH OT CTeleHH OTKPHTOCTH
ycThHL: [ — NpeanoJiaraeMan TPaHCIA-
pauns, ecad Obl YCTbHLA HaXOAHJIHCh
Ha IOBEPXHOCTH XBOR; 2 — mpeAmoJa-
raeMasi TPaNCIHpalHA B clyyde OTCYT-
CTBHR YCTBHI, T. €. eCJIH NpeABapHTeb-
Hble ABOPHKH OTKPHBAJIHCh IPAMO B Me-
300HIN; —5 — TPaHCHHpAUKIO OrpaH:-
qMBAIOT BCe KOMIOHEHTH CONMpPOTHBIe-
HHR (cKkopoctb Berpa 1,0 (3); 0,2 M-
-c~1l (4); 0, T. e. aGCOMIOTIBIA LUTHIB
(5)). ¥YcnoBma pacycra: TeMmepatypa
BO3AyXa M XBOH 20°, OTHOCHTENbHas
BJaxknocth 609%, conporusJenne npea-
BApHTENbIIOr0 ABOPHKA BMECTe C BOCKO-

BHM HamoJiHenueM 2 ¢-cM~1 7 7 3 4 5§

Wupura Yensuyrol went. 10 m

HHITIEH,

TIPEHCTI, 22
N
~

conpoTuBJeHHe (conmpoTHBJeHHe Me3oduana). Takum o6pasoM, mpeaBapH-
TeJbHEIE JBOPHKH YMEHBINAIOT TPAHCIHPAIHOHHOE COOTHOILEHHE, T. €. KO-
JIHYECTBO NOTEPSHHOH pacTeHHeM BOJE Ha eJHHHIY 0Gpa30BaBILErocsi opra-
HHUECKOTO BellecTBa.

Hawm kaxercs, 4TO aTH THIOTE3Hl He OOBACHAIOT NOJHOCTBIO PO/ Hpes-
BapHTEJbHHX ABOPHKOB. B OTHOMEHHH TpaHCHHPalHH, (JOTOCHHTE3a H HX
COOTHOMICHHS] He HMeeT 3HAYEeHHs, H3MEeHSeTCH JIH CONPOTHBJIEHHE YCTbHY-
HOM INeJH HJH INPeABAPHTENbHOrO ABOPHKA.. [IpenBapHTeinHBle JBODHKH
MOXHO CKOpee BCEro pacCMAaTPHBATh KaK CBOEro poja {IPefOXPaHHUTENbHYIO
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cUcTeMy, KaK HEKOTOpPOoe HONOJHHTEJbHOE CONPOTHBJIEHHE, MNOAK/IOYEeHHOe
NOC1eA0BATENABHO K YCTbHUAM H 3alllHIialoliee pACTEHHE OT YPeSMepHOro
3achHIXaHHA B CJAy4ae «aBapHi» WJIH HealeKBATHOH PEryJslHH yCThbHYHBIX
meJielt.

BuiBoabi. 1. IlpenBapHTesbHBIe ABOPHKH YCTHHIL €lM eBpOIeiicKoli oka-
3bIBAIOT HAa IH(QQY3HIO BOASHOIO Napa 3HAYHTE/IBHOE BJMHHHME, O0COGEHHO
NpH OTKPHITBIX YCTbHLAX, OTPAHHYHBAs TeM CaMbiM HHTEHCHBHOCTb TpPaHC-
NHPALHH.

2. XotH pasMepH NpeIBAPHTEJbHBIX ABOPHKOB YCTBHI[ MOTYT H3MEHATh-
¢Sl B IOBOJIbHO LIHPOKHX Npefesax, ux obliee pacueTHOe CONPOTHB/AEHHE J0-
BOJIbHO KOHCTaHTHO. MOXHO NIpeAnosarath, YTO B AeHCTBHTEJbHOCTH H3-3a
PasaHyYmi CTPYKTYPH 3NHKYTHKYJASPHBHIX BOCKOBHEIX OTJIOXKEHHH peasibHoe
CONpPOTHBJIEHHE NPeABapUTEJbHHX JBOPHKOB HAMHOIO BHILE PacYeTHHX Be-
JIHUHH,

3. Bosbllle, 4eM H3MEHYHBOCTb pPasMepOB MNPefBaPHTEJbHHX JBOPHKOB
YCTBbHII, H2 CONpPOTHBJEHHe NH((DY3HH Ta30B MeXAy JIHCTOM H aTMOC(epoil
BJIHSI€T H3MEHYHBOCTDb II0OBEPXHOCTHON IJIOTHOCTH YCTBHIL.

JInreparypa

1. Bassrep I'. PacTHTeNbHOCTh 3€MHOro lapa. SKoJOro-hH3HONGTHYECKAH XapPaKTepPHCTH-

ka. T. 2. M.: ITporpecc, 1974. 422 c.

. Konneav A. KoHBekTHBHad Temvonmepeaana y mnoGeros em esponefickofi//Hss. AW

OCCP. Broaorus. 1982. T, 31. Ne 1. C. 37—44.

. Konneav A. T., Ppeid 4. M. HaMeHYHBOCTh XBOH €AH eBPOMEHCKOH B 3aBHCHMOCTH OT

PaAHAUHOHHOTrO pekHMa BHYTPH Kpouul//JlecoBesenne. 1084, Ne 3. C. 53--59.

. Jcay K. Aratomust ceMenunx pacTennii. Ku. 1. M.: Mup, 1980. 218 c.

. Bange G. G. J. On the quantitative explanation of stomatal transpiration//Acta Bot.

Neerl. 1953. V. 2. Ne 3. P. 255—297.

. Brown H., Escombe F. Static diffusion of gases and liquids in relation to the assi-

milation of carbon and translocation in plants//Phil. Trans. Roy. Soc. London. Ser.

B. 1900. V. 193. Llar. no [5].

Grill D. Rasterelektronmikroskopische Untersuchungen an Wachsstrukturen der Na-

deln von Picea abies (L.) Karsten//Micron. 1973. Ne 4. S. 146—154.

8. Hutiunen S., Laine K. Effects of air-borne pollutants on the surface wax structure of
Pinus sylvestris needles//Ann. Bot. Fenn. 1983, V. 20. Ne 1. P, 79—86.

9. Jeffree G. E., Johnson R. P. C., Jarvis P. G. Epicuticular wax in stomatal antecham-
bers of Sitka spruce and its effects on the diffusion of water vapour and carbon
dioxide//Planta (Berl.). 1971. V. 98. Ne 1. P. 1—10.

10. Larcher W. Transpiration and photosynthesis of detached leaves and shoots of
Quercus pubescens and Quercus ilex during dessication under standard conditions//
Bull. Res. Counc. Israel. 1960. V. 80. Ne 3. P. 213—224.

11. Lee R., Gates D. M. Diffusion resistance in leaves as related to their stomatal ana-
tomy and microstructure//Amer. J. Bot. 1964. V. 51. Ne 9. P. 963—975.

12. Marco H. F. The anatomy of spruce needles//J. Agric. Res. (Wash. DC). 1939.
V. 58. Ne 5. P, 257—268.

13, Parlange I.-Y., Waggoner P. E. Stomatal dimensions and resistance to diffusion//
Plant Physiol. 1970. V. 46. Ne 2. P. 337—342.

14. Tichs 1. Photosynthetic characteristics during ontogenesis of leaves. 7. Stomata den-
sity and sizes//Photosynthetica. 1982. V. 16. Ne 3. P. 375—471.

O Ut W N

N

Tapryckuit rocyaapcTBeHHEf IToctynuna 8 penaxumio
YHHBEpPCHTET 17.1V.1987

KOPPEL’ A. T.; VAINIKKO K. Kh.

VARIABILITY AND ECOLOGICAL SIGNIFICANCE OF STOMATAL
ANTECHAMBERS IN NORWAY SPRUCE

Variability of stomatal antechamber sizes and of the number of stomata per unit area
in Picea abies Karst. needles were determined. Light and shade needles of 9—100-year-old
spruce trees (the Estonian SSR) were analysed. Despite the pronounced fluctuations of
antechamber sizes in light and shade needles, the calculated resistance of them to water
vapour diffusion was similar. Resistance of stomatal antechambers depends on their num-
ber in the needle surface layer. The degree of stomatal opening affects both the antecham-
ber resistance and transpiration intensity. When stomata being fully opened, the percen-
tage of antechamber resistance may exceed a half of the total transpiration one.
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Abstract. The variability of cuticular transpiration resistance (r.) was investigated in
Picea abies. Needles of different crown positions, age, and air pollution load were
measured. Cuticular resistance declined gradually with the needle age, so that in
four-year-old needles it constituted about half of that in the current-year needles. In an
individual trec, the values of rc were much higher in the shade needles than in the sun
needles. The experiments in which wax was removed with ether revealed that the role of
epicuticular wax in the total r. decreased with needle age. In the current-year needles,
the resistance attributable to wax exceeded 409 of the total rc; in C+3 needles it was
as small as 18%. At the sites with polluted air the decrease in r. during needle ageing
was faster than at the control site. Calculations with wintertime air temperature and
humidity used in a model showed that damage resulting from decreased cuticular
resistance and consequent needle desiccation may appear after 22 days of continuously
frozen soil in the four-year-old needles from the polluted site. Sun and shade needles
from the control site can tolerate periods of permanent frost for 37 and 60 days,
respectively.

Key words: cuticular resistance, epicuticular wax, wintertime desiccation, Picea abies,
air pollution,

INTRODUCTION

The rate of cuticular transpiration is considerably lower than the rate
of stomatal transpiration, especially in xerophytes and conifers (Larcher,
1975). However, under extreme conditions small variations in wintertime
water economy taay have crucial effects on the survival of conifers, thus
playing the main role in determining both the altitudinal treeline in the
mountains and the polar timberline (Tranquillini, 1979, 1982). A similar
term ‘urban timberline’ has been proposed (Laine et al., 1984) for localities
where human impact is the most important stress factor determining the
growth of trees.

Cuticular resistance to water vapour diffusion (r.) decreases with
needle age (e.g., Fowler et al, 1980; Cape & Fowler, 1981). This
phenomenon has been attributed to the gradual degradation of the epi-
cuticular wax (Grill, 1973; Sauter & VoB, 1986). Air pollution and acid
rain increase the rate of wax erosion (Percy & Riding, 1978; Huttunen &
Il.gé;;. 1981; Crossley & Fowler, 1986; Rinallo et al., 1986; Schmitt et al.,

Thus it seems logical to assume that the rate of decrease in r. during
needle ageing could serve as an indicator of pollutant concentrations,

20



However, as Huttunen (1978) has stated, there may be great vari-
ability in cuticular resistance among individual trees. No investigations
are known to us in which cuticular resistance of sun and shade needles
has been studied on the same tree.

The aim of the present study was to investigate the variability of
resistance to cuticular transpiration in different parts of an individual
tree, the variability between trees of the same age, and the differences in
re between trees growing under different air pollution loads.

We have analysed the role of epicuticular wax and cuticle in total
cuticular resistance, and we have estimated the possible influence of the
age- and pollutant-induced decrease in r. on winter desiccation of needles.

MATERIAL AND METHODS

Sample trees. The data were gathered from the following four sources in
Estonia:

(1) a 100-year-old tree of 38 m in height growing in a closed canopy
stand in Roela 1 sample area, Vooremaa Ecological Station, 43 km north
of Tartu. The shoots for measurements were taken from the upper (30 m)
and lower (12 m) parts of the crown;

(2) five 12- to 15-year-old self-sown trees growing in a close group
in the open near the main laboratory of the Vooremaa Ecological Station,
2 km from site 1. The shoots were taken from the western side of the crown,
1 m above the ground. These trees were used to estimate the variation in
re amongst trees;

(3) an 80-year-old tree growing 2 km northwest of the Kivioli Oil-Shale
Chemical Plant, a region in which alkaline oil-shale dust is deposited. The
pH of snow water can reach 11.3 in this region (Laur & Mandre, 1987);

(4) a 35-year-old tree from a hedge in the northern part of Tartu, a site
with slight, complex air pollution (Frey et al., 1988).

Measurement procedure. Measurements were made on shoots of each of the
four age classes: current year (C), and three previous years (C+1, C+2,
and C+3). The measurements were made in the middle of May, two weeks
before budbreak. Thus the C needles were almost one year old, C+1
needles two years old, etc.

For each sample, r. was estimated on ten separate shoots. The twigs
were cut off from the tree, placed in a plastic bag, and taken to the
laboratory. The shoots were detached from the twig and hung in the open
air in the laboratory. The cut surfaces of the shoots were covered with
latex glue to prevent evaporation. Air humidity and temperature in the
room were measured with a ventilated psychrometer and the water vapour
pressure deficit was maintained at about 1.0 kPa. As the boundary layer
resistance at the air circulation rate in the laboratory (0.2—0.4 m-s~!)
was negligible as compared to cuticular resistance (Jarvis et al.,, 1976),
the cuticular resistance to water vapour diffusion was calculated as

re— (Qsat, Tn  Qsat, Ta X XtXAlAm,

where @sat is the saturating water vapour concentration at needle (Tn)
and air (Ta) temperature, RH—relative air humidity, Am—water loss,
I—time of the exposure, and A—the total needle surface area. Needle
temperature was considered to be equal to air temperature. It was assumed
that the stomata were closed completely and the cuticular phase of tran-
spiration was reached after 4 hours of desiccation. The water loss was
estimated by weighing the shoots on a torsion balance 4 hours after their
detachment and again 10 hours later. The accuracy of weighing was
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0.1 mg. Baig & Tranquillini (1980) have suggested that cuticular
transpiration should be measured after a 24-hour initial desiccation period.
We could not do this as by that time the shoots had started to shed
needles, especially the older shoots from the polluted sites.

Total needle surface area was estimated by the bead method (Thomp-
son & Leyton, 1971).

To determine the influence of epicuticular wax on r., the wax was
removed by rinsing the shoots in ethyl ether for 1 minute.

The number of stomata was counted under the microscope at 1 mm
intervals at the base, middle, and top of the four sides of the needles; five
needles constituted a sample. Stomatal density was expressed on the total
needle area basis.

RESULTS

Effect of needle age and position. In all the investigated trees the cuticular
resistance decreased with needle age (Fig. 1). In general, the values of r.
in the four-year-old needles were half those in the current-year needles.
There were pronounced differences in r. among shoots from different
crown positions in the forest-grown tree (Fig.1). The shade needles from
the crown base had much higher (X 1.6 to 2.2) resistance in all age classes
than the sun needles from the top of the crown.

o 30m

® 12m
600
e 400
200

C € C+2 €43

needle age
Fig. 1. Cuticular transpiration resistance of the shoots from the upper and the lower

part of the crown of the 100-year-old tree. Error bars: +SE,

Variability between the trees. There were large differences in the r. of
C-needles of the five open-grown trees, the values of r. varying from
65050, 62060, 44050, 430+=20 to 42030 s-cm™. On the average,
however, rc of the needles from young open-grown trees was closer to that
of the shade needles rather than to the sun needles of the forest-grown
adult tree (Fig. 2). There was no correlation between stomatal density and
cuticular resistance.
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20 40
stomata density, mm-1

Fig. 2. The relationship between r. and stomatal density in the current year sun

(open symbols) and shade needles (closed symbols) of the 100-year-old control tree

(1), 12—15-year-old trees (2), and a 35-year-old tree in a polluted area (3). Error
bars: =+SE.

Effect of epicuticular wax. In all the samples measured, removal of epi-
cuticular wax resulted in a decrease of the cuticular resistance (Fig. 3).
However, the differences in r. of the treated and untreated shoots de-
creased with needle age. The contribution of the wax layer to the total r¢ in
the C-needles was 44%, in the C+ 1 needles 33%, and in the C+43 needles
only 189%.

C € (s2 (3 C G1 (2 (43
needle age needle age

Fig. 3. Cuticular transpiration resistance of the shoots from Tartu (A) and from the oil-
shale region (B). Dots denote untreated shoots, open circles mark epicuticular wax
removed. The hatched area corresponds to the resistance of wax layer. Error bars: +SE.
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Effect of air pollution. Unfortunately, at present we lack exact quantitative
data on the deposition of air pollutants at the investigated sites. Pilot
studies have revealed a rather heavy alkaline dust deposition at the Kivioli
site and a slight alkaline deposition at the Tartu site.

At both sites, the rc values of C-needles (about 280290 s.cm™!)
were almost the same as the values of the sun needles of the control tree
from the Tartu site (Fig. 3). The decrease of r. with needle age, however,
was much more rapid in both polluted sites. In the control plot, r. of C4+3
needles decreased 1.9-fold as compared to the C-needles. At the Kivioli
site, the ratio was 2.7, and at the Tartu site, 3.6.

DISCUSSION

The general trend found in the present investigation—the decrease of
rc with the advancing of needle age—is consistent with earlier findings
(e.g. Fowler et al.,, 1980). This result may be explained by gradual
degradation of the epicuticular wax, as revealed in several other coniferous
species (e.g. in Jeffree et al.,, 1971; Grill, 1973). In Picea abies, the epi-
cuticular wax undergoes with ageing both chemical changes and reduction
in quantity (Giinthardt-Goerg, 1986).

The differences in rc of sun and shade needles are not easy to explain.
There may exist several processes which result in a more rapid degradation
of the epicuticular wax and/or the cuticle in more exposed leaves. In the
timberline ecotone the abrasion of cuticular wax by windborne ice crystals
resulted in a decrease of the cuticular resistance of the wind-exposed
needles of Picea engelmanni (Hadley & Smith, 1986). Baker & Hunt
(1986) have demonstrated that the mechanical impact of rain droplets can
cause the erosion of the crystalline wax structures of some species with
glaucous leaves. These effects may lead to bigger differences in r. of
older needles from different crown positions. In our case, the situation
was quite the opposite: the relative differences in r. of the sun and shade
needles were greater in younger needles (Fig. 1). One possible reason for
the higher resistance of shade needles could be their somewhat lower
stomata number per unit of the needle area. The stomata may close not
tightly enough and there may occur water vapour diffusion through the
stomatal apparatus during the desiccation experiment, which could be
higher than that of the non-stomatal epidermis. The lack of correlation
between stomatal density and r. (Fig. 2) shows that this mechanism did
not occur. We have no information on the differences in the diffusion
resistance of stomatal and non-stomatal parts of epidermis in conifers. It
has been shown that in Prunus laurocerosus, a species with hypostoma-
tous leaves, the cuticular conductance of the non-stomatal adaxial epidermis
is higher rather than lower than that of the stomatal-bearing abaxial
fpil?te]rmis (Meidner, 1986). This indicates that the stomata close very
ightly.

The decrease of cuticular resistance with age in the trees growing in
polluted areas was somewhat faster than in the control tree (Figs. 1, 3). In
order to compare the rate of the decrease in rc, a ratio was used that may
be called the ageing factor of r. (AF):

AF=r. (C—needles)/rc (C+3 needles).

The values of AF for the sun and shade needles of the control tree
were 1.9 and 2.2, respectively; for the city-grown tree, 3.6; and for the tree
from the alkaline-polluted site, 2.7.

. It has been demonstrated on several coniferous species that air pollu-
tion can cause an accelerated degradation of epicuticular wax structures
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(Fowler et al., 1980; Huttunen et al., 1981; Huttunen & Laine, 1981, 1983;
Crossley & Fowler, 1986; Sauter & VoB, 1986), thus increasing their
permeability to water vapour (Cape & Fowler, 1981). Alterations in the
wax structure have been observed after spraying the needles of Abies alba
and Picea abies with weak solutions of inorganic acids (Rinallo et al.,,
1986; Schmitt et al., 1987).

Our experiments with wax removal demonstrated that it was not only
epicuticular wax degradation that was responsible for the impairment of
cuticular transpiration resistance. The permeability of the cuticle per se
increased with needle age as well. However, the wax degradation was
much faster. Thus the share of the wax resistance (fwax—7c¢—7c, wax removed)
in the total cuticular resistance decreased significantly with needle age.
In C-needles, rwax contributed 44% of the total r.. Its share decreased to
41, 33, and 17% in C+1, C+2, and C+3 needles, respectively.

Model calculations of the wintertime water losses from the needles
were made in order to evaluate the physiological significance of the
decrease in r. on the whole-tree level. For the driving force of transpira-
tion the daily values of absolute air humidity and air temperature,
averaged for January and February, 1984, were used (Meteoposoruue-
CKHH ..., 1985). The initial conditions for the calculations were the follow-
ing: the initial needle water content—117.5%, needle specific area—
50 mm?.- mg~! (d.w.). Needle temperature was taken equal to air tem-
perature, The criteria for needle water content, leading to its sublethal
damage and irreversible desiccation, were defined as the average values
for Picea abies during the winter months according to Pisek & Larcher
(1954).

Under these conditions the water content of the shade needles for the
control tree (r¢=500 s.cm~!) would approach the limit of drought resis-
tance after 47 days of permanent frost, and after 60 days the needles would
desiccate to the critical damage level (Fig.4). For the sun shoots of the
control tree and shade C needles of the polluted trees (rc=300 s.cm™!)
these levels would be exceeded in 27 and 37 days, respectively. For C+3
needles of the polluted tree (rc=180 s:-cm~!) the initial damage would
occur after 17 days and the critical limit of desiccation would be reached
after 22 frosty days.

e 100

re=300

10 30 50
number of days after stem freezing

Fig. 4. Desiccation of needles with different r. during a period of continuously frozen soil.
The hatched area denotes the region of sublethal damage as defined by Pisek & Larcher
(1954).
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The above calculations are extremely simplified. In sunny and calm
days the temperature of sunlit needles may rise about 7 to 8°C above the
ambient air temperature (Christersson & Sandstedt, 1978), thus increasing
drastically the driving force of transpiration. Hence, our estimation of the
decrease of the needle water content may be considerably underestimated,
especially for the exposed parts of the crown. On the other hand, the snow
and hoarfrost, covering the shoots for extensive periods, may serve as
protection against desiccation.

The decreased cuticular resistance of sun needles from the upper part
of the tree combined with the high evaporation demand may be one of the
mechanisms that lead to the well-known top-drying of conifers.

Huttunen (1978) has found great differences in air pollution effects of
different provenances and even individual trees of Pinus sylvestris and
Picea abies. We have noticed the high individual variability of trees with
respect to their r., which may be one of the factors causing selective
desiccation damage. This variability makes difficult to use r. of randomly
sampled self-sown trees as an indicator of the air pollution level. Further
experiments with clone material are needed to evaluate this possibility.
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CMA‘IMBAEMOCTDb XBOH KAK MHIHKANHOHMMBIA NPH3HMAK
3ATPSIBHEMHOCTH BO3AVXA

3azpazuenue, XG0K, INUKYMUKYAKPHBIE BOCK, eb eGPONECcKas, COCHA OGbIKHOBEHHAS,
cMauueaemMocme.

MoBepxHocTb NHCTbeB GOJIBIIBHCTBA PACTEHHH MOKPHTA CJIOEM STHKYTHKYJISPHOTO BOCK3, WTO CIYKWT
GapbepoM MEXIY KYTHKYJIOH H OKpyXajoiled cpeaoit. JToT ciofi TOMNNE y KCepOMOD(MHBIX pacTeHWH,
H ero OCHOBHOH (YHKIHe#l CYHTAIOT yMEHblEHHE HCMapeis BOAN H3 JIKCTbeB [5, 6]. ¥V xBounmx,
06HYHO y MOJIOZIOH XBOW, BOCKOBOH CJIOfi OTHOCHTENbLHO TONCTHA M AMEET KPHCTANIHYECKYIO CTPYRTYpY.
OCHOBHHE KOMIOHEHTH BOCKA — RJKOTONH, CJOXHHE 5GHDH, aIbJerHis H XHphHe Kuciorw [10, 11].
Co cTapenHeM XBOH BOCKOBOW CJIOH TEDSET CBOIO NMEPBOHAUANbLHYIO CTPYKTYPY, HEKOTOpHE KOMTIOHEHTH
YHOCSTCR MJIH HCrapsioTcd. Takou perpapupoBaHHHi BOCKOBOH CNOA He B COCTOSHHH [OJMHOCTBIO
BHINO/JIKATb CBOYO q)yHKLIHIO, H MOTepH BOAKW H3 XBOH YBEJIHYHBAIOTCH. CKOPOC‘I‘I: AerpagauHHd BoOCKa
3aBHCHT OT MHOTHX KJIHMAaTHuecKHX (axtopoB. Ocolenno OHCTpO aerpafiHpyeT BOCK B YCJOBHSIX
3arps3nensocTH Bosmyxa [5, 24].

VUHTHBAS BHILIEU3/IOKEHHOE, HEKOTOPHE 3apybexubie yueHHE HCTONb3YIOT H3MEHEHHEe CTPYKTYPH
SMHKYTHKYJSPHOTO BOCKOBOTO CJIOS Y XBOMHBIX KaK HMHIWKAllHOHHBWH NPH3HAK 3arps3HEHHOCTH BO3fyXa.
B JuTeparype H3BeCTHH pa3Hble METOAH M3YUCHNS COCTOSHHS SIMKYTMKYNSPHOFO BOCKA Ha XBOE.
Hexoropele aBTOpB M3Y4alOT €ro MOA 3N1eKTPOHHBIM MHKPOCKONOM [16, 19. 21—23], apyrue HcnonbsylOT
XOCREHHHE METOAH: ONpefieJieliie XHMHYECKOH CTPYKTYpH Bocka [11, 12], namepcnne motepn BOmH M3
XBOM NpH 3aKpPHTHX ycTbulax [21], a TakXe H3yueHHe CMaujBAaEMOCTH MOBEpPXHOCTH XBOM. Ilocnepnnn
MSTOR NpeacTaenser co6ofl HaMepeHHe yIJla MeXAy NMOBEPXHOCTHID XBOW H HAXOAJUWeHics HA Heil karvteil
soau [4, 18]. DTor MeTon Gbn n3bpan b HacTosumedi pafioTe, Tak Kak OH OTBEYAET MHOPHM TpeGOBAHMAM,
npenpsanseMbM K HHAMKaLun cpefni. On mpoct, e TpeflyeT C/IOXHOH amnapaTypH, pafiory moxwHo
NPOBOAHTL C ﬁoﬂblIlHM KOJIHYECTBOM l’lp06 B NOJIEBHIX YC/NOBHSX.

MeToaMKy HiS HM3MepPEHWS CMAYMBaEMOCTH TOBEPXHOCTH JHCTbeB paspaGoran T. E. ®orr [8].
CMauHBaeMOCTb TIOBEPXHOCTH 33BMCHT OT IUEPOXOBATOCTH M XMMHUECKMX CBOHCTB jmcra [9, 14], T. e.
OT MOp(OJIOFHUECKOR CTPYKTYPH SIMKYTHKYASPHOTO BOCKA H €0 XHMAueckoro coctasa. Yem puixiee
CTPYXTYypa, TeM Gonbiue ocTaeTcs BO37yXa MexXAay BOCKOM H XHAKOCTbIO, TEM MEHbLlEe CMauYHBAEeMOCTDb
xson. Kax mpaBuiio, y ruapodo6HHX pacTenmii CMbiBaHHE CJIOS SMHMKYTHKYJISDHOTO BOCKa C YJOBEPXHOCTH
JIMCTa YBCNHYHMBAET CMAuHBAEMOCTb, 3 y FHAPO(PHAbHHIX — yMeHbilaeT ee [9, 13].

INoBBlIEHHE CMAYHBAEMOCTH MOBEPXHOCTH YBEJIHYWBAET BO3MOXHBIM KOHTAKT PacTBOPEHHBHIX B BOLE
3arpu3nu’reneﬁ C JIACTOM H TeéM CaMbiM TNOBHIUIAET PHCK HX BDBAeﬁC’I'BHH Ha JIHCT, & TaKXe MO3BOJSET
uM GHCTpee NoOnacTb B TKAHK AKCThes [2, 7]. Beicokas cMauHBeMOCTH MOBEPXHOCTH XBOH HITH JIMCTbEB
MOXET CTaTb AOMNOJIHHTEJbHOH MNPHYHHOH SHGMEBEIH.KH AepeBb€B B NPOMBLUUIEHHHX paﬁOHBX. Tax kax

Pnc. 1. Onpepenenne cMa4YHBaeMOCTH

§ y ruapodmnbHux (4) H raapodobHbIX
pacrennn (B)
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Puc. 2. CmaunBaemOCTb XBOHHOK efNH na
Bucote 2 M (A), 10 M (5) n 18 M (B).
Mpo6u B3sTH c eaw, pacTyweii B6AN3N
BoopeMaackoif 3KOCTanlUHH B XOpOWHX CBe-
TOBWX Yycnosusx. Ha rpaduke noxasann
cpeanne ownbku npob

10 A

maqgu

120

S I B B
12 3 %5 b
Bospacm zbou,nem

B DCTOMHH eab eBponeiickas nospempena B GonbHiel Mepe, weM ApyrHe XBOAHbIE, TO OCHOBHOEC BHHMAlHE
B mMacTosiueit pafore yaeneno 3ToA nopoge. B0 H3yueno NpHPOAIOE BapbHE c ™
XBOH M pa3/iHiiMe B ee CMAUHBAEMOCTH NPN pa3ublX ypoBHAX 3arpaanenus. K coxaseumio, B antepatype
Mbi HE HAWWM MATEpHAsIoB 00 W3yueHHH CMauHBAEMOCTH XBOH €AH €BpONciickoR B Apyrux padonax
EBponk, NHO3TOMY CcpaBlenHe CBOMX AAHHLIX C Pe3yNbTATAMH JPYrnX ABTOPOB MpORENEH0 Mo cocne

ofuikHoBe HHOIL,
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Puc. 3. BnHsuune 3NMHKYTHKY/NISPHOro BOCKa 118 CMAuHBa-
eMOCTb» XBOMHOK Tpex BeTsedl oaHofi esnn B [laranamaackom
nanpwmadTHOM 3aKasuuke: 1 —3 — ¢ Bockom; 4—6 — Bock yaa-
neu

Matepuan u MeToauxs

Mpobu xBon enn esponefickofi # cocubl OGLKMOBEHHOR B3ATH C AepeBbes, pacTylux BOAH3N
Boopemaackon 3xosnorHueckoft cTmiun TapTycKOro yHHBEPCITETa, a TAKXE B NPOMbILVIEHHOM pafone
Kusnbian (. Tapry) 8 [Maranamaackom nanawadtiiom 3axasHuxe u Bunc roc: Bce
npobit XBOK B3NTHI C ABYXMETPOBOH BHICOTH y 20-neTnx u Gonee crapuix JepeBbes, PACTYUIHX B XOPOUIHX
CBETOBMWX YCN0BUSX. [ YCTAHOBAEIMUS BAPbIPOBAIIMS CMAY TH B Kp NPOCTPANCTBE Y OAHOTO
nepesa npoGw BIRTH C pasibix BHICOTHHX cnoes. Bece npo6u colpanbi B CyXyld noropy.

Xopotwne 0630pH 0 METOAHKE HCC. cMa v npuaenenm H. K. Anamom [3], a
Takxe JIx. T. Maprusom n B. E. JIxyuunepom [20]. Ecnam paubure cMauHBAREMOCTb HM3IMEPSAH Y
BEPTHRANLNG pACROnOXKemibX nucthes [8, 18], To cenuac B GOAbMIMICTBE CAYuAeB M3MEPSIOT yroa
MeXAY TOPHIONTJILIILIM JIMCTOM H 1axoaswefics ua weM xawiefi XHAKOCTH.

B namion pnGoTe XBOMIIKM 3NKPENHUAH TOPHIOHTAJILHO M 1A HHX UANOCHAH LINPHUEM KaruK

AHCTHASIME BoAb 06n 1—3 mxa. Jlns uamepenns yrna usobpaxeHne XBOM CMPOEUHPOBAIK
AHANPOEKTOPOM Ha 2KpaH. Yroa Mexay xaonelt BOAb W MOBEPXHOCTbLIO XBOH H3MEPUTH YIJ/IOMEpPOM
(puc. 1). as Toro utobu ci s Gbina cop pHa ¢ p M YriOM, ONpEeAReAIH yroa
f. Uc bifi MHOPMMM HCC. TeJSMH TOK HA3BIBaeMbil KOMTAKTHHA yron a B 3TOM aayuae

BHMHCASETCS Tax: o == 180°—.

B 1uexoTOpbIX ONBITAX 3NMKYTHKYNApHbA BOCK YAANSAH C MOBEPXHOCTH XBOM 3THNOBMM 3dHPOM B
reyene 10 mun. Bo naGexanne cayuafnofi owmbku B xBxmofi npoGe suuucnann cpeawnit yron s
JIECATH XBOWHOK.

ConpoTupaenne KyTHKYASpioA Tp paiHH psan Ha 4-M W 14-M yacy nocne oTpesanns
noera OT nepesd, YuYMTHIBAS MOTEPIO MACCH NA EMNNHUY NAOWAAN XBOW. B To Xe Bpems yunTHBANH
TeMAEpaTypy W BAAXHOCTb BO3AYXa B AaGOpaTOPHH.

PesyastaTtot

B cBaan ¢ Tem, uTO CBenEHHN O CMAMMBNEMOCTH XBOM €N eBpONEACKOA B JIMTEpATYpE OTCYTCTBYIOT,
NpOBE/H PAR OIILITOB QAR YTOUMEHNS METOAMKH. Buauane uayyanm cmaum Tb BepxHedl W HuXueit
rpann xsoM. Ona oxaszanach caepywoweii:
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Puc. 4. CmaunBaeMocTb XBOMHOK cocHubi: [, 2 — BGan3an Boopemaackoit
akoctanuun; 3 — B r. Tapty (/—3 —c Bockom), 4 — Bock yaajeH

. Tapry)
BoapacT roanuHoro mnpmpocra, aet Bepxnss rpaub, §° Huxusa rpanp, p°
1 126 127
2 129 129
3 134 132
4 144 139
5 144 140

PasHHubl B CMAYHBAEMOCTH BEpXHeR M IIHXHeA Tpanu XBOH He ofHapyXeHo, HOITOMY HeoGXOAMMOCTH
H3MepeHHs cmauHBaeMocTH ofenx rpauedt ornana [13, 25]. Ilosguee H3yua/H TO/MBLKO AlATOMHUYECKH
BepxHHe TpaHH XBOH ejH.

HecmoTps Ha To uTO cMaun Tb XBOH C P i BHCOTH B KpoHe pa3nuuaercs, ue ofunapyxexo
NpAMOH 3aBHCHMOCTH 3TOH BEJHYHHM OT BHCOTH NpHKpemsenns xson. Co cTapenHem XxBon ee
CMauHBAEMOCTb YBEJHUHBAETCS Ha BCex Bbicotax (pHC. 2). Y XBOM C yHaneHHHM BOCKOM TakKoe
BO3pacTHOe H3MeHeHHe 3HAUHTENbHO yMeHbiaeTcs. [Ipu 3ToM nouTn BOo BCex cnyuasx yganeine
BOCKA NPHBOAHT K YMEHbUIEHHIO, a He K YBEJHYEHHIO CMauHBaeMoCTH xBOH. ChibHee MeHSeTcs npu
yAaAeHHH BOCKa rHApodoGHOCTb cTapoii XBOH (pHC. 3). Takol Xe pe3yiAbTaT noayueH npH HCCaea0BaHHH
XBOH COCHM (pHc. 4).

B npnpoae cmMauMBaeMOCTb — BecbMa BapHalesibHuii napameTp, y noGeros cocennx AepeabeB M
Aaxe pa3HHX MPHUPOCTOB OAHOrO [epeBa OHA MOXET pa3/HYaTbCA [0BONbHO 3HauuTeablio. [dns
YCTAHOBJ/IENIHS HPHUHHB 3TOTO SBJIEHHS KPOME CMAUHBAEMOCTH H3MEPSUIH KYTHKY/ISPHYIO TPaHCIHpauHio
XBOH:
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Puc. 5. CMauHBaeMOCTb XBOMHOK €JIH W3 pasHuiX paioHOB Dcrounu: / — Buacananckuu
3anoseannk; 2 — [laranamaackun nanguwadTHRhi 3aka3nuk; 3 — Boopemaa; 4—6 —
cnaHuexumuyeckun koMmOnuat B Kusubuin; 5§ — r. Tapry

1
Bo3pucT roaMumoro npupocta, net  CmaumsaeMoctb, B°  KyTHKynspHoe conpotHBrenve R, c-cM

2 119 379
2 132 347
2 127 306
3 120 104
3 128 107
3 138 211

Kax BMao, KOppe/ifiHA MEXAY KYTHKYJ/ISiDHRIM COTPOTHBJIEHHEM M  CMAauHBAEeMOCTBIO cKopee
MO3MTHENAS, YeM HEraTHBHAS.

HecrioTps na lleoanHakoBoe 3arpsslellie ro3flyxa, CylUecTBEMIIBX Da3AHYHH B CMauHBAEMOCTH XBOH
# puaMbX pamonax IcToniu lle oOHapyxeHo (pHC. 5). 3HAUHTE/IbHO OTJAHHAETCH M0 CMAyMBAEMOCTH
TOJIbKO XBOS € O. Buacamam.

Ob6cyxneqve

Ha nposeperiion paGoTht clieAyeT, uUTO MO CMAYHBAEMOCTH XBOMHOK OfiHOoro noGera Henb3s CyAMTb
0 CMAYyMBAEMOCTH ADYTHX XBOHHOK AepeBa. Pas/iuume B CMAUMBIEMOCTH XBOMHOK B TPEAENaX OAHOrO
noGera HE3NMAYHTE/ILHO H OITOMY UPHUMHOM FETEPOrEHHOCTH MeKAy BETBAMH B TNpEAe]ax ORHOro
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nAepesa MOXeT GbTb MX PaJIHYHAS IKCMIOBHUNE NO OTHOWIEHHIO K COIHEYHOR PajHALHMH, BETPY, ACNO3HUHH
NbIH H APYTHM BHEIIHHM BO3AeACTBHSM. Bce yKazauHbie NPHUMHB BH3MBAIOT HIMEHEHHE CTPYKTYPH
H XHMItueckoro coctasa socka [7, 15, 17]. Co cTapeHHeM XBOH 3NHKYTHKY/NSPHHR BOCK BHBETPHBAeTCH,
ero xuMnueckHf coctsB H MOpdOCTPYKTYpa HaMensioTcs. OueBHAHO, 3TH HIMEHENHS NPNBOAST K TOMY,
YTO cTapHe KBOHHKH CMauHBAlOTCH JAyume. Paznnune B ruapodoGHOCTH XBOM OAMOBO3PACTHHIX, PSAOM
PacTyWiHX AepeBbeB MOXeT GhTb BH3BAHO reHETHuECKOA 6 ThbIO Dna yctpanenns

reHeTHueckH obGycnoBnentoh BapHabenbHOCTH L. p p Tb ONBITH Ha KJIOHOBOM MaTepHaie.

Cnenyer ofpaTuTb BHHMaHHe Ha (aKT, YTO XyXe CMAUHBAIOTCB Te XBOMHKH, Y KOTOPWX BOCK CMHT
KN KYTHKYNSpHOE CONPOTHBJEHME He ouenb Bhicoxoe. Ecam BasTh 3a ocuosy, 4TO KyTHKy/AspHoe
COnpoTHaNeHKe BABHCHT PEACTBEHHO OT TONLIHHM H CMENOCTH MOKPHBAIOIEro BOCKOBOTO
CNORk, TO MOXHO NpeAnoNaraTs, YTO 3NHKYTHKY/NSPHHIA BOCK CMAauHBaeTCR — KaK y eaH esponeRcKoi,
TAK H y COCHbl OGbIKHOBeHHOR — nyuwse, ueM KyTHKyna. IlpaBuabHocTb TakoR TEOPHH NPHBOAHMT K
COMHEHHIO B BO3MOXHOCTH YNOTpeG/IEHHR CMAuHBAEMOCTH XBOH B KSUeCTBE HHAHKATOPa 3arps3Henus
po3fiyxa. Ha 3to yxa3awBaoT H AaHHHe, NOayueHIHE H3 MECT C Pa3HbM YPOBHEM 3arpS3HEHMHOCTH B
3ctonnn.

Haun peaya»TBThi oranvawrca ot pesynsbtatos [x. H. Kefina [4]. Tax xax MeToanxa B obenx
pa6oTax ONHMAKOBAS, TO 3HAUNTEJILHO Jywluas CMAaUHBAEMOCTb XBOM COCHH o6nKHOBeHHOR B DCTOHHH
no cpasnenHio ¢ AepesbaMu Lleirrpanbnofi BeankoGpHTalnun MOXeT GbTb BbLIJBAHA KJIH FeHETHUECKHMH
pPalIHUHEMH, H/H, €CAH BCe-TAKH HCNONb3OBATL TEOPHIO O NPHTOAHOCTH CMAauYHBAEMOCTH B KRueCTBe
HHAHKATOPA 3arps3HeHHs, CyWecTBeHHo Gonbied 3arpa3HeHHOCTbIO BO3ayxka B DcTonnH. B ceete taxoi
TEOPHH MOXHO OFbSCHHTb H KH3KYK) CMAUHBAEMOCTb XBOH e1M Ha 0. Buacanau. DToT ocTpoB — camoe
YAA/ICHHOE MECTO OT CYMWIH B 3CTOMHH, H UHCTOTY €ro aTMochepn OTMEuanH MHorHe yuexne [1].

Henbas, ofHaKxo, NOJIHOCTBIO HCKJIIOUHTL TOFO, YTO HA MOJIOAYW XBOIO AERACTBYET 3arpsaHeliHe,
Hapyuiaioiliee CTPYKTypy 80CKa Ha X80e, H Moc/eayiouwe pacTHbie WiH JIONOJ/IHHT eNbHBIM
aarpsaBHeHHEM H3MEHEHHS TMOYTH He Mposs. Tca. [lns nposepkH AaimoR rHNoTe3W  KeoGXORMMBI
cneunansume sxcnepumentH. Ho peayabTatam nansod paGoTh MOXHO 3aK/IIOUHTb, YTO CMauHBAEMOCTDb
NPHPOAHOr0 MAaTEpHa/Na XBOH €NH eBponeAcXofi M cochsi 0OnK R B y OCTOHHH HeJb3s
NPHMEHNTb NPH HHAHKAUHH YPOBHR 3arpN3HEHHOCTH.

BuBoab. 1. CMayHBaeMoCTb XBOH Xax ¥y enn eBponefickoll, Tax H y cocHn o6nKnoBenHoR ynyuiuaeTcs
co cTapeHHeM XBOH. XOpOIIBS CMAuHBAeMOCTb CTAHOBHTCA AONONHHTENbHHM dakTopoM 3abonesanns B
sarpsanenHofil  aTmoccepe.

2. CpaBHenHe HBHINX ABHHBIK C ABHHHMH H3 3apy6exHOR AHTepaTypH MOKa3blBAET, YTO XBOHHKH
COCHW B JCTOHHH CMAuHBAIOTCR ropa3fo ayudiue, uem B BesnxoGputannu. Ipnunnoh 3toro moryr Outh
An6o reHeTHYECKHEe paanHuug, anGo Gonburee 3arpssnenne aTMocepw B ICTOHHH.

3. Xyxe cMauHBA1OTCS KBOMHKH, Y KOTOPHX 3NHKYTHKYASpubiA Bock cMuT. KyTHxyna crapoft xBon
Gosiee ruppogobua, uem Bock.

4. Cma Th B pafionax ¢ p: aarp B OCTOHHH CYLIECTBEHHO He
pa3sHuaeTcs, NO3TOMY CMAaYHBAEMOCTb HENb3B HCNOAB30BATL B KayecTBe MHHAHKATOPa 3arpA3HEHHs
BO3/YXa.
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WETTABILITY OF NEEDLES AS AN INDICATOR OF AIR POLLUTION

Wettability of needles in Picea abies L. and Pinus sylvestris L., growing in regions of various
pollution in Estonia, is considered. The contact angle between the surface of a need:ie and a water
drop is mostly influenced by structure and chemical composition of epicuticular wax. Wi.h aging the
wax is destroyed, the needles become more hydrophylic. The needles, in which wax is ..moved off
with ethyl ether, are wetted poorer. Wettability of needles is a variable parameter, therefore it cann’t
be used in indicating the pollution level in Estonia. Possible reasons of a gap between the data obtained
and given in literature are discussed.
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TEPMOOHHAMHYECKHE TNOKA3ATEJIH BJIATOOBECIIEYMEHHOCTH [NEPEBA

Cocra ofbikioseunas, mepmodunamuveckuid nodxod, @o0Hbie nomeryuaisl U nOMoxu
8 depese, 3anacvt 60du 6 nowée.

. IprMerienne TepMOMINAMHYECKOTO TMOAXOAA NPH HM3yyeHHH ANHAMHKM BOJHOrO oOMeHa pnaeT Boa-
MOXHOCTb DUCKPHTh MHOTHE BaxHbie 0cofeHHOCTH 3Toro mpouecca. OAHHM H3 Bonpocos, Tpe6ylommx
AETANbHOrO paccMOTpeHns, sBasercs Bonpoc o6 oueHxe BrarooGecnedeHHOCTH pacTeHMk no Tep-
MOAHHAMHYECKHM rnoxalaTe/isM. OGpuHO 0GecneueHHOCTb pAacTeHHH NOUYBEHHOR Biarof OLEHHBAIOT NO
BeJIHUHHE BAaXHOCTH nousw. P. Cnefuep [8], a B manbuehwem  npyrue astopw [15, 16] noxasanu,
4TO 3TA ouenka MoxeT Ourb Gonee TOUHOW, €CiM B KAYECTBE NOKAJATENR HCNONB3OBATH €OTBET®
CAMOro pacTeHHs.

Mcxons M3 TepMONHHAaMHYECKHX NpPEACTABICHHH, ABHXEHHE BOAbI B CHCTEME NOYBA—PaCTEHHE—aT-
mMocepa (IIPA) HPOHCXOAMT NO rpafHEHTY BOAHOro notexuuana (W); npu 3Tom, uem OGosbiue Ha
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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.

Key words: air pollution, cloned trees, epicuticular wax, Picea abies, variability

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

25

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 et al. 1984),
ozone (Ojanperd & Huttunen 1989), traffic ex-
haust gases (Sauter et 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: Késmu. 4: Kividli. 5: Vigala. 6: Vaatsa. 7:
Rakke. 8: Voore. 9: Tipu. 10: Aakre. 11: Tartu. 12:
Alska. 13: Haanja. 14: Véarska.

Way. 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 & Vof 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 er 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 er 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 imnact 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
Ton 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
x 3 000 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 stoinatal
antechambers from each neele. 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. Kéasmu (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. Kividli (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)
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)
12. Alska (A, B)
13. Haanja (A)
14, Vérska (A, B)

Average for Estonia

Small village in the Paganamaa Landscape Reserve, NAP
Sparsely populated agricultural area, NAP
Opening in the centre of a forest, NAP

64 (S)°
22 (8)
22 ()
13 (9)

17 (Sy
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Fig. 2. Examples of epicuticular wax structure repre-
senting an arbitrary scale for estimating wax degrada-

"I tion. Degradation classes 1 (A), 2 (B), 3 (C), 4 (D) and

3

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 19861989 the average sulphur depo-
sition for Estonia was 17 kg ha-'yr' according to Frey ez 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

5 (E). White bars = 10 pm.

and gaseous pollutants was 609.3 thousand tonnes in 1990
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

e}

C+4

w

Kasmu
Kiviéli
Vigala
Vaatsa
Rakke
Voore
Tipu
Aakre
Tartu
Alska
Haanja
Vérska

NEROONDOONODNAEO

PO WORAEDO

[S 04, I I N I & IS B - S I |
MO OO OG

a oo,

Epicuticular wax structure of Norway spruce in Estonia

269

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 o0 estimates.

Needle age class

Site C C+1 C+2 C+3
Putkaste 3 4 4 5
Nova 3 3 4 4
Kéasmu 2 3 4 4
Kividli 2 2 5 5
Vigala 2 4 4 4
Voore 2 3 4 4
Tipu 3 3 4 3
Tartu 3 3 3 3
Alska 2 3 4 3
Véarska 3 3 4 4

Table 3. Variability of epicuticular wax within the shoot and between trees from the same site (Kasmu) 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)
o] 2 1.9 (0.6, 8) 1.6 (0.8, 11) 1.7 (0.7, 19)
c 3 1.7 (0.7, 9) 4.0(0.0, 12) 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 pm.

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 pm.

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 arca
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 cmissions 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 pm.

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
(Xivi 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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Minimum epidermal conductance (g,) of Picea abies (L.) H. Karst. needles was esti-
mated for various positions and age classes. The values of g, showed a lognormal
distribution. There were no universal trends in correlation between g, and shoot posi-
tion in the crown. The values of g, increased significantly in the course of needle
ageing. All sample series displayed high variability, which may be caused by differ-
ences in stomatal closure and/or in cuticular conductance sensu stricto.
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Picea abies

INTRODUCTION

Cuticular transpiration constitutes only a small
part of water losses from conifer needles. How-
ever, in extreme conditions cuticular water loss
may play an important role in the water economy
of conifers. It has been shown that transpiration
through the needle surface can determine the sur-
vival of conifers at the alpine timberline (Baig &
Tranquillini 1974) orin polluted areas (Barnes &
Davison 1988). Due to many methods-related dif-
ficulties in measuring the cuticular conductance
of amphistomatal leaves or needles “minimum
epidermal conductance” (g,,) is a more correct
term to use when values are calculated from leaf
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weight-loss curves in desiccation experiments
(van Gardingen et al. 1991). The value of g,
changes in time and is influenced by temperature
and cuticle water content (Kerstiens 1994).

The values of g.;, for conifer needles are close-
ly related to the quantity and structure of epicuticu-
lar wax. Koppel and Heinsoo (1994) showed that
removal of epicuticular wax from Norway spruce
(Picea abies (L.) H. Karst.) needles can increase
&min DY up to 44%. The quantity and structure of
epicuticular wax of conifer needles has been wide-
ly investigated. Epicuticular wax on newly formed
needles has a microcystalline fine structure. With
needle ageing wax degrades and forms fused tubes
and platelets (e.g., Huttunen & Laine 1983, Ber-
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madinger et al. 1988). At the same time gp;, of
older needles increases (Hadley & Smith 1994,
Schreiber 1994).

Airpollution accelerates the rate of wax “age-
ing” (e.g., Crossley & Fowler 1986, Sauter & Vo8
1986). Changes in epicuticular wax structure may
be caused also by the micromechanical action of
precipitation, and wind and dust particles (Gfint-
hardt-Goerg 1994). It has been shown that wax
structure may vary on different needle sides of
tr.e same needle (Giinthardt-Goerg 1994), or on
the needles of the tame age class, collected from
different crown positions (Kim 1985). Unfavour-
able climatic conditions may also harm cuticle de-
velopment and the layer of epicuticular wax of
newly formed leaves. In tobacco (Nicotiana taba-
cum L.) the biosynthesis of epicuticular wax is
affected by UV-radiation (Barnes et al. 1994). The
influence of wind on cuticle development and g,
has been reported for several deciduous trees
growing in upland hills (Hoad et al. 1994) and for
conifers growing at timberline (Baig & Tranquil-
lini 1976, van Gardingen et al. 1991).

In conifer species the values of measured g,
vary on a large scale even in experiments with
one species (reviewed by Kerstiens 1996). At the
same time the mean values of g, for one species
may show very high standard errors in one exper-
iment(e.g., Hadley & Smith 1990, Koppel & Hein-
s00 1994). This variability may cause problems
when the values of g, are used for modelling
wintertime water loss from needles. The aim of
this study was to analyse the spatial variability of
minimum epidermal conductance within the
crown of Norway spruce and to estimate changes
in g, during needle ageing.

MATERIAL AND METHODS
Sample trees

Shoots for investigation were collected from three approxi-
mately 70-year-old spruces growing in an open site close to
the Vooremaa Ecological Station, Central Estonia. Two trees
(Nr. 1 and 2) were used for studying the variability of gma
within the crown. The study was carried out on current-
year shoots(C) and on two-year-old (C + 2) shoots in au-
tumn 1995. The shoots were collected from the top (30 m),
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middle (14 m) and bottom (2 m) of the crown, both from
the northern and southern sides of the tree. Six shoots were
sampled from distal and proximal branch parts for each
height/year class. The branches were severed and taken to
the laboratory in plastic bags.

One tree (Nr. 3) was used to study changes in g, dur-
ing needle ageing. One cohort of shoots (sprouting at the
end of May 1985) was monitored through two and half years
(from June 1985 until October 1987). In the same tree
of shoots was estimated for four previous year classes in
spring before budbreak(marked as C+ 1, C+2,C + 3 and
C + 4). For this, shoots were collected from the height lev-
els of 6 m and 18 m (eastern side) as well as 2 m (eastern
and western sides). Sample size was ten shoots per age class/
position.

Measurement of minimum epidermal conduct-
ance (g

The shoots were detached from the branch in the laboratory
and the cut surface of the twig was covered with latex glue
to prevent evaporation. The shoots were hung up in a closed
room atdim light. Air humidity and temperature were meas-
ured with a ventilated Assmann psychrometer. Needle tem-
perature was considered to be equal to air temperature. It
was assumed that stomata were closed after 4 hours of des-
iccation. The values of g, were calculated over the period
4—14 hours from the beginning of the experiment. Total
needle surface area was estimated by the glass bead method
(Thompson & Leyton 1971).
Minimum epidermal conductance was calculated as:

8min = Am,((gsalTn- gm‘l’: X RH) XtX S)v

where Am is water loss in the period,  is the saturat-
ing water vapour concentration at a given needle (Tn) and
air (Ta) temperature, RH is relative air humidity, ¢ is the
length of the period, and § is the total needle surface area.
The surface area of needles was many times larger than that
of the twig. Therefore the water loss through the twig bark
was assumed to be negligible. For statistical analysis SAS
System GLM procedure for classes was used.

RESULTS
Data distribution

Analysis of g, demonstrated a lognormal data
distribution. Therefore the geometric mean of non-
transformed data was used instead of the arith-
metic mean. For statisticai analysis lognormal
transformation of the data was used.
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Spatial variability of  in the crown
Statistical analysis showed that there were no uni-
versal trends in correlation between shoot posi-
tion in the crown and g, (Table 1). In tree Nr. 1
shoots taken from the northern side of the tree
had larger values of g, compared to those taken
from the southern side. In tree Nr. 2, the results
were the opposite. The role of the quadrant was
significant only for C-needles. Analysis of the joint
effect of several factors did not reveal any gen-
eral trends either.

The mean values of g, for tree Nr. | are used
to describe the behaviour of minimum conduc-
tivity in the tree crown (Fig. 1). The mean values
of gmin for C-needles within the crown of this tree
varied in the range 1.7-4.3 x 10-*m s !. The val-
ues of g, in C + 2 needles were always about
twice as large.

Needle age and g,

Minimum conductance of needles increased stead-
ily during needle ageing (Fig. 2). According to
statistical analysis, the largest differences in g,
occurred during the third growing period of nee-
dles. Differences between g,,;,,of C+ 1and C + 2
as well as between C + 3 and C + 4 needles were
not statistically significant. The distribution his-
tograms of g, showed a significantly higher vari-
ability in older age classes. The frequency class
with the largest number of measurements was al-
most the same for all age groups. However, for
older shoots the distribution curves extended to-
wards higher g, values (Fig. 3).

The study of g, needles over two years dem-
onstrated that g, declined rapidly in the first
weeks after budbreak. Afterwards g, increased
steadily with needle ageing. At the same time large
fluctuations of g, occurred against the back-
ground of this increase. For example, in April
1986, g.... Was about twice as high as in March
1986. In May 1986, g, dropped to the level of
March (Fig. 4). The variability of g,,;, did not cor-
relate with water vapour deficit calculated from
air climate parameters of the laboratory.

3
o]
“n
E
° a———-——.—__.'h%—'
» bottom
i middie
(=2}
Nd top
Position
C+2
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E
o e
x bottom
middie
Position

Fig. 1. Pattern of minimum transpiration conductance
of C and C + 2 shoots in the crown of tree Nr. 1. Height:
2 m (bottom), 14 m (middle) and 30 m (top); position:
northern distal (Nd), northern proximal (Np), southern
proximal (Sp) and southern distal (Sd).

Table 1. Influence of various factors on g of trees
Nr.1 and 2. C: current-year needles; C + 2: two-year-
old needles. Quadrant: northern vs. southern side of
the tree; distance: distal vs. proximal part of the branch;
age: C versus C + 2 needles. ***=p < 0.005; " =p<
0.01; n.s. = not significant.

Tree Nr. 1 Tree Nr. 2
c+2 c c+2 [
Factors:
Height n.s. ns. n.s. b
Quadrant o - n.s.
Position n.s. ns. . b
Age
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b
b
Cat C+2 C+3 C+4

Age class

Fig. 2. Changes in g,., during needle ageing in tree
Nr. 3. Bars:  S.E. (n = 40). Columns with different
marks are statistically different (p < 0.05; Bonferroni
T-test).

DISCUSSION

Baur (1997) showed that water permeability and
organic solute mobility in nonstomatal plant cuti-
cles are characterised by lognormal distribution.
Normal distribution was found in cuticles when
cuticular waxes were extracted. Thus lognormal
distribution can be attributed to the presence of
the wax layer. Epicuticular wax consists of a mix
of different components with different water per-
meability. Considerable variation in its composi-
tion might cause the described permeability dis-
tribution. Our results demonstrated that the val-
ues of g, in the desiccating amphistomatal nee-
dles of Picea abies are also characterised by log-
normal distribution. However, the reasons of this
distribution pattern are unclear. It may be caused
partly by the above-described phenomenon, but
an alternative/additional explanation can be sug-
gested as well. It has been shown that evapora-
tion from stomatal leaf surfaces includes a sto-
matal component (Kerstiens 1996). If the degree
of stomatal closure differs for the shoots, the log-
normal distribution of g, is expected.

The values of g,,;,are supposed to depend on
the quantity and structure of epicuticular wax
(Schulze 1989, Turunen & Huttunen 1990). Epicu-
ticular wax lost its original structure most rapidly
in the top of the tree crown and on the adaxial
surface of needles (Kim 1985, Giinthardt-Goerg
1994). It is possible that such differences might
cause changes in the minimum cuticular conduc-
tivity of needles occupying different positions in
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Fig. 3. Frequency distribution of
classes (n = 40).

of various age

the crown. In treeline experiments, differences in
cuticle thickness and g, between wind-exposed
and wind-protected shoots have been found (Baig
& Tranquillini 1976, Hadley & Smith 1983). The
amount of solar radiation and wind climate differ
essentially for various heights and positions in the
crown. However, we did not find any significant
differences in g, between shoots occupying dif-
ferent crown positions. Therefore, we conclude
that microclimate differences within the crown
do not influence g,

Permeability of the current year cuticles of
Picea abies with respect to pentachlorophenol dif-
fers statistically from that of older cuticles (Schrei-
ber 1994). In P. engelmannii Engelm. needles, g,
increased after the first wintering of needles in
the Central Rocky Mountains, USA (Hadley &
Smith 1994). At the same time there were no sig-
nificant differences in g, of older year classes.
We found that g,;, increased gradually with nee-
dle age until the fifth year at least. The largest
differences in g, were revealed between C + 2
and C + 3 shoots(Fig. 2). Different results might
be explained by the more stable wax structure of
P. abies or/and by milder climatic conditions.
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The distribution of g, values for different age
class needles (Fig. 3) shows that only a relatively
small proportion of older needles have lost their
original capacity to minimize uncontrollable wa-
ter loss during ageing. It has been claimed that
one of the main causes of increase in gy, of older
nzedles is the degradation of initial epicuticular
wax structure during needle ageing (Huttunen
1994). On the other hand, g;, of older needles
was significantly higher even if their wax layer
was remo~ed (Koppe! & Heinsoo 1994). This in-
dicates that besides chang:s in the amount and
quality of wax, cuticle permeability or/and the
number of dysfunctioning stomata may increase
with needle ageing.

The influence of climate on g,;, during needle
ageing is yet unclear. Qur investigation of the
nzedles of one year class throughout two years
saowed a fast decline of g, during the first weeks
of growth (Fig. 4). This is most likely due to the
presence of immature cuticle as well as additional
evaporation through the twigs of a newly sprouted
shoot. Conductance drops in the course of shoot
maturation. In mature needles, g, increases stead-
ily for years with no significant differences be-
tween the seasons (Fig. 4). High variability of the
calculated mean of g, over many years is prob-
ably caused by different climatic conditions and/
or most likely, by differences in stomatal closure.
As has been found, permeability of the plant cuti-
cle and hence g, depends on temperature and
humidity (Kerstiens 1994, Sowell et al. 1996). At
the same time no correlation was found either be-
tween g, on the one hand and room humidity or
temperature on the other.

The minimum conductance of Picea abies nee-
dles, as calculated by a number of authors, varies
in the range of 0.3-8.7 x 10~ m s (Kerstiens
1996). There are several reports about large vari-
ations of g, in one experiment. Hadley and Smith
(1990) calculated the variation coefficient of g,
in Abies lasiocarpa (Hook.) Nutt. needles as 16%.
The mean variation coefficient in our experiment
over two years was 14.8%. At the same time the
variation coefficient of the mean values of g,
measured throughout one year (January-Decem-
ber 1986) was 39.6%. Such high variability of g,;,
should be kept in mind when modelling winter-
time water economy in conifers.
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1Jun1985 1Dec1985 2Jun1986 2 Dec 1988

Date

3 Jun 1987

Fig. 4. Changes in g, during two and half years after
sprouting of the studied shoots. Bars: + S.E.
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Abstract

Gravimetrically measured minimum epidermal conductance (g,,,) in Norway spruce
(Picea abies (L.) Karst.) shoots from the same branch varied in the range 1.3-4.3 x 107
m s~ in a desiccation experiment. Scanning electron microscopy revealed incompletely
closed stomata on needles after the experiment. Calculations based on stomatal aperture
length and width as well stomatal density showed that the variability of g, can be ex-
plained by incomplete closure of a small fraction of stomata during shoot desiccation.

Key words: Cuticular conductance, Picea abies, scanning electron microscope, stomata,
variability.

Introduction

Extensive evidence has been gathered, demonstrating the crucial effect of conifer nee-
dles’ ability to control water loss on their wintertime water economy along the altitudi-
nal gradient in mountains (1; 5; 9; 11; 22; 24). The mechanism of enhanced cuticular
conductance has been explained earlier by immature or thinner cuticle membrane (1; 4;
5; 24), by mechanical damage caused to the cuticle by snow or dust particles at high
windspeed (8; 26), or by the effect of air pollutants on cuticle and epicuticular wax. Fu-
migation experiments have shown that O; and/or acid mist may increase water loss from
conifer shoots significantly (2;19). Studies on conifers growing at different sites at dif-
ferent pollution loads have not yielded such unique results. Several authors have shown
quite high local variability of cuticular conductance within shoots of the same age class
and position (see figures in 8; 15). High variability of measured values complicates the
comparison of different sample series and evaluation of the effect of air pollution on the
water economy of shoots in stress conditions.

Measurement of g,,;, in conifer needles is complicated since in conifers it is impossi-
ble to separate cuticular and stomatal components of water loss during desiccation ex-
periments (13). That is the reason why the terms “minimum transpiration” and “mini-
mum conductance” (gmi,) have been proposed instead of “cuticular transpiration” and
“cuticular conductance” (7; 26). Grace (7) suggested that increased g, in Pinus sylves-
tris at higher altitudes was caused by incomplete closure of dysfynctioning stomata
rather than by the thinner or less developed cuticle. Kerstiens (14) showed that a very
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small fraction of incompletely closed stomata may result in considerable increase in g,
On the other hand, g,,;, may be influenced by water content in the cuticle (14).

The aim of the present study is to analyse variability of g,;, in individual shoots
within the same branch of Norway spruce (Picea abies (L).Karst.) and to assess the
contribution of incompletely closed stomata to g,

Materials and Methods

Ten current-year shoots were cut at the western side of a 60-year-old Norway spruce
growing in a suburb of Tartu, Central Estonia, in October 1996. Samples of lateral
shoots were taken, one shoot per day, from a single branch about 2 m from the ground.
After excision, the cut end of the shoot was covered with latex glue to prevent evapora-
tion, and the shoot was hung on a special stand, placed on a plate of the balance (Mettler
Toledo PB 303 Delta Range) which in its turn was kept in a climatic chamber (t = 22°C,
RH = 45%). The shoot was weighed automatically at a 10-minute interval, and data were
logged into the computer. The air in the chamber was stirred with a ventilator (wind-
speed approximately 1 m s to reduce boundary layer resistance. Conductance (g) was
calculated as:

Am
(Grar. Th— gmr,Ta X RH) X At X A

o

where Am is water loss during time interval Af, = — saturating water vapour concen-
tration at needle (Tn) and air (Ta) temperature, RH — relative air humidity, and A —
total needle surface area. Needle temperature was considered to be equal to air tem-
perature. At the beginning of the experiment shoot water content was 136...147% of
shoot dry mass.

One shoot was desiccated for more than 48 hours, the others, for 22...24 hours. The
minimum transpiration conductance of needles (g,,) was calculated over a 10-hour pe-
riod (4 to 14 hours from the beginning of desiccation). For the estimation of needle sur-
face area, 10 randomly selected needles were sampled after the end of desiccation and
two diagonals (¢ and b) were measured with micrometer in the middle of the needle.
Average needle length (/) was measured using a ruler after aligning the 10-needle sam-
ple in a row. Needle cross section was approximated to the rhomboid.

Needle area (A) was calculated as:

A=2Ix+a®+b*.
Shoot needle area was calculated by using the proportion of the dry mass of all shoot
needles and 10 sampled needles (oven-dried at 80°C for 24 h). The relative water con-
tent (RWC) of the shoot was calculated as :
RWi C= M — Mdry
mo — Mdry
where m, is shoot mass at time ¢, m,, — shoot dry mass, and m, — shoot mass at the
beginning of desiccation.
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Shoots without any visible evidence of damage were collected from the same branch
and kept in the same conditions as desiccated shoots. After desiccation, needles were
detached and rinsed in ethyl ether to remove the epicuticular wax layer. The samples
were covered with gold by using the JEOL Fine Coat Ion Sputter JFC-1000 and exam-
ined in the scanning electron microscope JEOL JSM 840 A at accelerating voltage 7 kV
and current 0.3 x 1072 A at the Centre for Materials Research of Tallinn Technical Uni-
versity.

Results

During the first hours of desiccation both RWC and conductance declined rapidly, after
3 hours the decline attained an almost linear character, indicating the onset of the classi-
cal “cuticular phase” of transpiration, i.e. closure of the major part of stomata (Fig 1).
Needle RWC dropped from 81.3 to 72.2% within a 10-hour period during which g,
was calculated. After 48 hours RWC declined to 46.2%.

The error caused by the assumption that water vapour in the needles was saturated
was estimated. For this, needle water potential (y) was calculated from the mass of tran-
spired water by using the pressure-volume curve (10). Further, relative water vapour
pressure was calculated from y values according to Laisk (17). The results showed that
v dropped to —45 bars and relative humidity in the needle to 0.97 after 14 hours of des-
iccation. Consequently, the error, resulting from the assumption about water vapour in
desiccating needles being saturated is quite small. The values of g at a given ambient air
relative humidity (0.45) were overestimated not more than 5%.

Shoot water content was different at the fourth hour of desiccation, which may have
been caused by the different initial water content of individual shoots collected within a
two-week period (Fig. 2).

Individual shoots displayed a considerable variation of g (Fig. 3). The values of g
differed threefold, ranging from 1.3 to 4.3 x 10 m s™'. The mean of 10 shoots was
2.26x 10”7 m s™ (SE = 0.35 x 107%). In most shoots g declined during desiccation. De-
cline rate by linear approximation was 0.0059 and 0.028 x 10~ m s™ per hour for two
shoots which displayed the highest and the lowest g values, respectively. One shoot be-
haved erratically showing slight increase in g over time. No significant correlation of
&min €ither with shoot area, or with needle or twig dry mass was found. Also, initial nee-
dle water content which characterises needle water status at the beginning of
desiccation, did not correlate with g, , either.

Observation of the stomata with a scanning electron microscope after desiccation
showed that most of the stomata were completely closed. However, several stomata did
not close completely, leaving a 0.2..0.3 um wide slit between guard cells (Fig 4). The
proportion of incompletely closed stomata is hard to estimate, since a number of stomata
are inclined in relation to the viewing direction.



Discussion

It has been demonstrated in a number of studies that g,,, in conifer shoots increases
along the altitudinal gradient (1; 5; 7; 9; 11; 22; 24). The values of g, estimated on the
basis of detached shoots in the laboratory have been used to estimate possible water loss
in natural conditions and to predict needle survival in case water transport into needles is
hindered by the frozen soil or stem (4; 15; 23).

We found in our experiment that leaf conductance to water vapour varied largely
between neighbouring shoots originating from the same branch. Values of g,,;, ranged
from 1.3 to 4.3 x 10~ m s™'. This range covers almost the whole variability of g, in
conifers (reviewed in 14). In the majority of shoots, g declined during desiccation. This
decline in time can be partly attributed to the decrease in water content (14). The de-
pendence of calculated g on leaf water status has been shown both in conifers (3; 9) and
in deciduous trees (12). In individual shoots the decline of g, associated with decrease in
shoot water content, was evident, but when data for all shoots were pooled, this correla-
tion disappeared. Instead, there was slight opposite correlation: g for shoots with higher
water content tended to be lower (Fig 2). This phenomenon is plausible if there exists
another conductance component besides humidity-dependent cuticular conductance.
Some shoots behaved erratically, displaying slight increase in g over time (Fig 3). When
reviewing earlier published data (e.g. Fig 1 in 22), the same phenomenon becomes evi-
dent. This effect can be caused by slight re-opening of stomata in the course of needle
desiccation. Parker (20) showed that during dehydration the needles of Pinus strobus
and Pinus nigra decreased in size, while the epidermis and the hypodermis bent inward.
It is likely that some stomata may increase their aperture even during small needle shape
change.

It has been assumed in earlier publications on cuticular conductance in conifers that
stomata close tightly during needle dehydration, and diffusion can be attributed only to
the cuticle. The authors of more recent papers have suggested that not all stomata close
completely, and both the cuticular and stomatal components of transpiration are in-
volved in desiccation experiments (7; 14; 26). Kerstiens (14) demonstrated that a very
small fraction of slightly opened stomata may contribute significantly to the values of
Zmin- There may exist multiple external causes for incomplete stomatal closure or dys-
function. For example, simulated acid rain increased the number of abnormally devel-
oped stomatal complexes in Pinus sylvestris (25), and stomatal closure was mechani-
cally disturbed by pollutant particles in Pinus nigra (6). Examination of stomata in the
scanning electron microscope after the end of the desiccation experiment confirms that
incompletely closed stomata do occur in Norway spruce needles in the absence of exter-
nal stress factors (Fig. 4).

Laisk, Oja and Kull (18) showed the existence of a universal bell-shaped stomatal
aperture distribution in two species with a different stomatal apparatus: barley (Hordeum
vulgare) and horse bean (Vicia faba). This means that during stomata closure, decre-
ment of stomatal aperture is uniform for all stomata regardless of aperture size. Ap-
proximately 1% of stomata belonged to the maximum pore width class of about 1pm.
There is no reason to suggest that stomata in conifers behave differently.

In order to estimate the possible effect of incompletely closed stomata in measured gymin,
we calculated stomatal conductance (g;) to water vapour according to Parlange and
Waggoner (21):



— __mabnD
85 = Tn(4alb)b+l »

where /, a and b are the depth, semiwidth and semilength of stomatal pore, respectively,
D — water vapour diffusion coefficient , n — stomata density. For narrow stomatal
pores, stomatal conductance is much smaller than the conductance of stomatal ante-
chambers (which is about 0.5 X cm s'l), and the latter may be omitted from calculations
in case of very narrowly opened stomata (16). In calculations we used the following
mean parameter values obtained for shade shoots of Norway spruce in Estonia: a — 25
pm, b — 5 pm and n = 2750 stomata per cm? (15). From these data it is possible to find
the conductance of a single stomatal pore as a function of stomatal openness as well as
the proportion of stomata which must remain open in order to cause decline in g,
(Fig 5). For example, if only as few as 6.5% of stomata have a pore width of 0.2 pm (see
Fig 4), stomatal transpiration alone causes increase in g, by 3 x 10~ m s™, which ex-
plains the difference between the minimum and maximum values of g,,;, in the measured
set of shoots. In our earlier studies we have found stomata with a pore width of 1.8 pm
on the needles taken from the top of the dominant spruce and treated as described above.
Only about 1% of stomata opened to this degree can account for the above-mentioned
increase in g, Stomata density in sun shoots can be almost twice as high as it is in
shade shoots (16). Consequently, the proportion of incompletely closed stomata may be
smaller to bring about the same effect.

Grace (7) suggested that stomata density per se might influence the variation of g,
However, we did not find any relationship between stomatal density and g, in Norway
spruce shoots of different morphological structure and age in our earlier study (14).

Our results indicate that there occurs incomplete closure of stomata during needle
desiccation, which can account for a major part of variation of the minimum conduc-
tance of Norway spruce shoots. High natural variability complicates the comparison of
8min Of shoots growing in different areas at different loads of air pollution.
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Figure legends

Fig 1. Changes in RWC and g of a typical shoot during desiccation. The arrows mark the time for
which g, is calculated.

Fig 2. Relationship between shoot water content (m, — my,,)/m,,, and g in ten individual shoots.
Linear regression lines (solid) are given for two shoots with the highest and for two shoots with
the lowest g values. Broken line marks the linear regression for the shoot, which displayed slight
increase of g in time.

Fig 3. Epidermal conductance g of individual shoots against time. Linear regression lines are
given for the same shoots, as in Figure 2.

Fig 4. Scanning electron microphotos of Norway spruce stomata after 24 h of desiccation. Epicu-
ticular wax was removed with ethyl ether. Most stomata are completely closed (A), but some sto-
mata remain incompletely closed. The width of the stomatal pore in (B) is approximately 0.2 um.

Fig 5. Calculated proportion of incompletely closed stomata, resulting in additional g of 3.0 x
10% m x s~!, which corresponds to the difference between the maximum and minimum values of
&min Of the measured shade shoots (solid line), and the conductance of a single stoma as a function
of stomatal aperture (broken line).
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