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1. INTRODUCTION

Scots pine (Pznus sylvestris L.) is the most widespread conifer species in the
northern hemisphere with a European range stretching from the Atlantic
to the Urals and from the Mediterranean to the Barents Sea (Nikolov and
Helmisaari, 1992; Mason ez al., 2007). This species is found in all member
states of the European Union, where it covers approximately 20% of
the commercial forest area, and it is of considerable importance as a
timber producing species particularly in the Nordic countries (Mason
and Alia, 2000; Macdonald e7 /., 2010). The primary users of coniferous
roundwood are enterprises of the mechanical wood processing industry

(Rikala, 2003).

The specific wood properties of Scots pine applicable for further
processed end-use products, as well as their variation and the affecting
factors, are neither well known and demonstrated or fully utilized in the
marketing argumentation (Riekkinen e# a/, 2005). The main problems
of wood as a raw material for several end-uses are associated with large
variations in a variety of properties, as well as with the hygroscopicity and
anisotropy of wood material (Grekin, 2000). Pine wood tends to have
large variations in quality and material properties related to silviculture
and growth region (Riekkinen ez a/, 2005).

Wood quality can be generally defined as a measure of the characteristics
of wood that influence properties of products made from it (Bowyer ef al,
2003). As quality is described mainly through the properties of wood, the
necessity for research into these properties is evident. The most important
wood properties are annual ring width, wood density, proportion of
latewood, heartwood and compression wood, moisture content and
presence of juvenile wood, but the diameter of possible juvenile wood
and internal defects (checks, pitch pockets, decay) are important as well.
Wood properties affect weight, hardness, toughness and strength of wood
products, among others (Rikala, 2003). In general, it has been found that
wood properties depend on genetics, growing conditions and the age of
a tree (Hekpacosa, 1994; Ojansuu and Maltamo, 1995; Wodzicki, 2001;
Lindeberg, 2001; Bektas e a/., 2003). The quality of growing stands cannot
be changed through their genotype. However, the growing conditions
(thinning, fertilization and drainage) of stands can be changed and this is
the main way in silviculture to improve the growth and quality of stands.
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Air pollution with dust and gases had a significant impact on growing
conditions in the past decades. Numerous investigations describe the
damage done by acidic air pollution in forest areas in many industrial
countties towards the end of the 20" century (Smith, 1990; Staaf and Tyler,
1995; Hartling and Schulz, 1998). At the same time, research into the impact
of different types of alkaline air pollution on forests has failed to attract
as much attention as that of acid pollution. No information is available on
the effect of alkalization of the environment and of alkaline dust pollution
on the structure and mechanical and physical properties of stemwood.

Forest fertilization considerably stimulates the growth of branches and
needles, which is a precondition for stem wood growth. The rank growth
may influence wood properties. Therefore fertilization of young stands
is not advisable as it increases the diameter of branches and reduces the
stem quality (Nikkola, 1985; Mikinen and Uusvaara, 1992; Saarsalmi and
Milkonen, 2001). In addition to bigger branchiness, mechanical wood
properties deteriorate and also stem rot tends to spread (Pape, 1999).

In the context of wood transformation, the concept of juvenile wood
is also presented (Rikala, 2003). The indefiniteness of juvenile wood
is due to the continuum of different wood properties. Juvenile wood
transforms gradually into heartwood, except in the top of the tree.
Because of the low density and strength of juvenile wood its presence
is not acceptable in mechanical wood processing (Saranpid, 1994;
Kirkkiinen, 2003; Rikala, 2003).

The rapidly changing economy, ever-modernizing wood processing
technology (heat treatment, impregnation, green wood gluing, etc.),
warming climate, environmental pollution, etc. create a need for
constant regional research at stand, tree, macro- and micro-levels. For
these reasons intensive research work in Finland (Saranpii ez al., 2000a;
Sipi and Rikala, 2000), Latvia (Pushinskis e /., 1998; Zalitis, 1999) and
Sweden (Lindstrom, 1996) has been started again.

In order to evaluate the same physico-mechanical wood properties of
Scots pine in Estonian forest site types and to investigate the influence
of silvicultural methods and air pollution, a long-term research
programme has been initiated. The current thesis primarily concentrates
on the results of research on pine wood properties and summarizes the
variation in the properties of wood obtained from Estonian pine forests.
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2. REVIEW OF LITERATURE

2.1. Physical and mechanical properties of pine wood

Differences between the properties of Scots pine wood depending on
growth site conditions have been observed for more than a century. The
higher the nutrient content in the soil, the better the wood technical
properties, other conditions being equal (Hartig, 1901). According to
SxonTos (1913), deterioration in soil conditions leads to decreased wood
density and compression strength. Since the late 19™ century, researchers
have correlated wood properties with growth site index (Omeis, 1895;
Schwappach, 1897; Werberg, 1930; Koresaar, 1938). In Europe, research
has focused on delving deeper into the wood properties of trees and
exploring the physiological processes in wood formation (Wilhelmsson
et al., 2001; Aleinikovas and Grigalianas, 20006; Jelonek ez al, 2000;
Mandre e7 al., 2008).

Generally, the structure and properties of wood are affected by genetic,
environmental and anthropogenic factors acting during the formation
of wood cells and tissue (Larson, 1969; Olesen, 1982; Megraw, 1985;
Lindstrom, 1997; Lindeberg, 2001; Wodzicki, 2001; Bektas ez /., 2003;
Savidge, 2003) and differences between the levels of nutrients and other
elements found in stemwood, depending on the growth site (Andrews
et al., 1999; Finér and Kaunisto, 2000). Wood properties derive from
the relative amounts of different cell types, as well as their properties
(Chaftey, 2000; Pereira e al., 2003; Jyske, 2008). However, it has been
ascertained that pine wood properties vary from one geographical region
to another (IToaybosapunos u Ap., 2000; Mencuccini and Bonosi, 2001;
Verkasalo and Leban, 2002).

The physical and mechanical properties, resistance to biological
deterioration and dimensional stability of any wood-based product are
all affected by the amount of wood moisture content (Veibri, 1982;
Bowyer ef al., 2003). Moreover, the tracheids of latewood show a high
sensitivity to changes in climate factors; among the climate factors, the
relationship between soil water availability in the first and second half
of the vegetation period is of special importance (Kysemun u Ap., 2008).
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The best measure of the growth conditions is annual ring width
(Mikinen, 1998). Annual ring width varies a lot within a single tree and
among trees, depending on the tree age, seasonal growing conditions
and site fertility as well as on available nutrient resources (Seppala, 1976;
Henttonen, 1984; Malinen ef a/., 2005). Annual ring width is one of the
criteria of wood density, modulus of rupture and modulus of elasticity
in young stands (Mattsson, 2002). In older pines, annual ring width is
only of limited value in predicting wood properties, whereas latewood
percentage is an important criterion (Wimmer, 1991; Seco and Barra,
1996). The amount of latewood depends on growth conditions and forest
type (Hexpacosa, 1994). Latewood tracheids exhibit greater strength and
stiffness than eatlywood tracheids irrespective of tree height or juvenile
age (Mott ez al., 2002). However, wood of similar density may contain
different percentages of latewood (3BupOyas u Ap., 1976).

In solid wood products, the proportion of heartwood is important. A
high heartwood proportion is usually an advantage for the use of wood,
since, for example, heartwood has good dimension stability and it is
relatively resistant to decay. Heartwood proportion of pine correlates
negatively with its high growth rate, high crown ratio and dominance of
trees (Kérkkainen, 1972). The possibilities of forecasting the proportions
of heartwood and latewood have been checked by means of external
tree characteristics. It is noted that sapwood/heartwood proportions
are related to the following technological properties: moisture content,
density, shrinkage and water vapour diffusivity (Allegretti ez al., 1999).
Pine heartwood formation is regarded as a sign of maturation in
silviculture. The rate of heartwood is a much better indicator to
determine maturation of the tree than age and size, because heartwood
appears to be independent of growth rate and size (Kérenlampi and
Riekkinen, 2002). It is known that pine has more heartwood in dense
stands and it decreases remarkably according to relative tree growth
(Ojansuu and Maltamo, 1995). The results by Uusitalo (2004) show that
heartwood starts to form when the cambium age is roughly 20 years and
after that it increases by two-thirds of the year ring annually. Heartwood
formation is a regulatory process serving to keep the amount of
sapwood at an optimum level (Bamber, 1976). The differences between
sapwood and heartwood proportion might be attributed to ecological
factors such as altitude, lime and organic material content in the soil and
soil type (Bektas e al, 2003). Advanced tree age, slow growth rate and
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suppressed position have been found to correlate with high heartwood
proportion (Lappi-Seppild, 1952; Tamminen, 1962, 1964; Sellin, 1994).
Environmental factors and genotype have a considerable influence
on the formation of heartwood (the latter appears in critical growth
conditions) (Lindeberg, 2001).

Density of wood is a prime determinant of strength, and the strength/
density relationship is direct (Bowyer ez a/, 2003). The mechanical
properties of wood are most strongly affected by density and the amount
of latewood (Wilhelmsson e# al, 2002). Although density has a weaker
correlation with annual ring width (Seco and Barra, 1996; Wimmer,
1991), it is dependent on growth rate (Sipi and Rikala, 2000). In a rapidly
growing stem the percentage of latewood in annual rings and the density
of wood are lower and the fibres are shorter and have thinner walls
than in a slowly growing stem (Matrommkuna u Ap., 1974; Paavilainen,
1990; Hannrup ez al., 2000; Mattsson, 2002). The basic density of pine
decreases from butt to top and increases slightly from pith to bark (Sipi
and Rikala, 2000). Density variation within Nordic Scots pine stems
(between inner heartwood and outer sapwood) is over two times larger
in the south than in the north, and the density difference between
different heights increases from the north to the south (Verkasalo ez
al., 2005). Scientific literature (Werberg, 1930; 3Bupbyab u aAp., 1976;
Kairiakstis and Malinauskas, 2001; Mikinen e# a/., 2002) has verified a
strong relationship between latewood percentage and wood density, a
precondition for getting wood with good strength properties (Kask,
2003).

There are several silvicultural methods for intensifying wood increment
in stands, the most widely used of which include expansion of tree
space by stand thinning, facilitation of nutrient availability by drainage
of excessively wet forestland, provision of additional nutrients by using
mineral fertilizers, etc.

The best technical properties of pine wood are obtained when a stand
has a density of 0.8-0.9 as thinning results in deteriorated physical and
mechanical properties of wood, increased branchiness and diameter
decrease (ITepeasirun u Vroaes, 1971). In the case of moderate and light
thinning, the compressive and the bending strength of wood increase
(Amram n Paboxkons, 1984), whereas in the case of heavy thinning, the
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bending strength may decrease by up to 47% (Pabokons u Awmrrar, 1981).
According to Munuu u Mockaaesa (19806), the thinning of a 42-year-old
artificial pine stand by 15-25% does not result in decreased density; on
the contrary, density is even increased in tall trees. However, as thinning
intensity is increased, the mean wood density falls by up to 17%.

About half a million hectares of forest land has been drained in Estonia
(Estonian forests..., 1995). For this reason we now have a remarkable
amount of drained swamp pine forests. An increase in growth due to
drainage means a decrease in basic density and latewood proportion
(Rikala, 2003). Within 20 years after drainage, other wood properties
also deteriorate as a result of a sharp increase in radial increment. As
increment later slowly declines, mechanical properties improve and even
achieve a higher level than before drainage (Ilepeastrun u Vroaes, 1971).

The inherent structural dynamics of drained peatland forests may result
in a great variation in various wood and fibre properties. The wood
formed prior to drainage has a higher density, shorter fibres, slightly
slower delignification by cooking, and its yield is slightly lower than that
of post-drainage wood. The properties, except high density, are typical
of juvenile wood (Varhimo et al., 2003).

To improve the nutritional conditions of trees fertilization of forests
was started in Estonia in 1967. The effects of fertilization can be seen
most clearly in bog forests, where fertilizers significantly increase the
growth of trees; however, this influence is of short duration (Pikk ez a/,
1999; Pikk et al., 2001).

Studies on wood properties after fertilization have given different
results. Nitrogen fertilization increases the width of the annual rings
(Mikinen and Uusvaara, 1992). The greatest influence has been spotted
during the third or fourth year following fertilization; however, to a
certain extent the basic density depends on the site type (Saikku, 1975;
Bap6uaa u Hlaefiauc, 1981). In the Novgorod region the wood density
of pine wood decreased during five years after fertilization while the
annual ring width and the latewood width increased (3BupOyas u Ap.,
1976). Fertilization of drained bog pine stands increases the latewood
proportion a few percentage points (ITukk, 1988; Pikk ez a/, 2004). Very
often, fertilization has a negative effect on pine wood density (Saikku,

15



1975; Bapouaa u Illaefinnc, 1981). After fertilization, wood density
may remain unchanged if the width of annual rings in a mature stand
does not exceed 1.0-1.5 mm; it is only after surpassing the limit that
the volume of earlywood increases, resulting in the reduction of total
density (Van Lear ez al., 1973).

The possibility of affecting the amount of heartwood in individual
trees by thinning and fertilization is limited (Mé6rling and Valinger, 1999;
Morling, 2002). Trees remaining when surrounding trees are removed
by thinning or partial cutting respond to the more open environment by
stimulated crown development and formation of a wider growth ring
along the bole.

Many authors have found serious deviations in plant metabolism and
physiology (Auclair, 1977; Lal and Ambasht, 1982; Mandre, 1995a,b;
Kl6seiko, 2003; Skuodene, 2005) as well as in growth and productivity
(Gluch, 1980; Jiager and Mérchen, 1980; Rauk, 1995; Ots, 2002) caused
by alkaline dust pollution and alkalization of the environment. The
effect of alkalization of the environment and of alkaline dust pollution
on the structure and mechanical and physical properties of stemwood
is notable.

Juvenile wood forms a little less than 10 annual rings around the spruce
pith (Saranpai, 2002), but data on the pine tree are very different.
Conifers usually have 5-25 annual rings of juvenile wood (Hakkila, 1979;
Lindstrom, 2002). According to some authors, the transition period of
pine juvenile wood to mature wood at cambial age takes approximately
22 years with a standard deviation of 5-7 years (Sauter ¢z al, 1999).
By Saarman (1998) juvenile wood forms 10-20 annual rings nearest
to the pith. In recent years problems due to the properties of juvenile
wood and its superfluity in the stem have become evident (Arlinger and
Wilhelmsson, 1999; Larson e# al., 2001; Jayawickrama, 2001).

In juvenile wood, tracheids are generally shorter with thinner cell walls,
higher microfibril angle, smaller lumen diameters, lower strength,
increased longitudinal shrinkage and a lower cellulose to lignin ratio than
in mature wood (Olesen, 1977; Romberger ez al., 1993; Saranpai ez al.,
2000b; Burdon ef al., 2004; Jyske, 2008). A very large part of juvenile
wood is not suitable as a building material (Saarman, 1998). Juvenile
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wood may cause some difficulties in using Scots pine wood, but these
are not that severe compared to some other species (Grekin, 2000).

2.2. Research needs

The main objective of the current study was to develop a better
understanding of some of the physical and mechanical properties of
pine wood in different growing conditions. Understanding the effects
of growth conditions on pine wood properties is greatly needed.
Additionally, material with different properties can be obtained from the
same stem, and the same wood can be of different value for different
users.

Information on the large radial and longitudinal variation in the
properties of wood as a raw material in tree trunk and between trees and
stands is essential for foresters and wood industries. Year by year, both
wood supply and demand, primarily for high-quality pine timber, are
increasing. Yet recorded data concerning the quality and properties of
tree species in Estonia are extremely scarce and at times controversial.

On the other hand, the increasing and changing anthropogenic impact
is reflected in wood formation and quality. Active forest management
influences the growth conditions of stands. The effect of the conditions
on the physico-mechanical properties of wood and its duration are not
clear and research results often vary on a large scale. Scientific papers
present different positions on the formation of wood properties after
stand thinning, drainage and fertilization. Regarding environmental
pollution, the influence of alkaline dust pollution on forests and wood
growth is visible around plants and pits.

The use of pine wood in the construction and woodworking industries
is complicated due to the physico-mechanical characteristics of juvenile
wood. There are relatively little data on the raw material made of pole
timber, but as the number of consumers has increased, there is a growing
interest in it.
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3. AIMS OF THE STUDY

The objective of this thesis is to concentrate the results of pine wood
research in Estonia and to analyse pine wood properties in relation to
growth conditions in different natural forest site types and in human-
made growth conditions. Wood moisture content, density, annual ring
width, latewood percentage, heartwood percentage, sapwood age,
bending strength, compression strength and hardness were studied.

In this doctoral thesis, the studies dealing with pine wood properties are
a continuation of the MSc thesis completed in 2003 (Kask, 2003).

The main hypotheses of the studies were:

- technical properties of Scots pine wood are the best in fertile
forest site types;

- the influence of silvicultural treatments on the technical
properties of Scots pine is variable;

- alkaline dust pollution affects negatively the physical and
mechanical properties of Scots pine wood.

The specific aims of the studies were:

- to determine the variations in some physical and mechanical
properties of the wood of Scots pine growing on pine-
dominated forest site types (I, IV, V, VI);

- to study the radial and longitudinal variation in some wood
properties in pine stems (I, V, VI);

- to evaluate the differences between the properties of juvenile
wood of pine stem (V);

- to find out the influence of some silvicultural treatments
(drainage, fertilization) on the formation of pine wood
properties (I, IV);

- to determine the influence of long-term alkaline dust pollution
on wood properties (II, IIT).

18



4. MATERIALS AND METHODS

4.1. Study areas

The study comprises 41 pine stands on the most widespread types of
pine sites in Estonia (Fig. 1). These stands represent 73.1% of the sites
suitable for pine. Among these Rhodococcum and Myrtillus site types are
the most widespread in Estonia, comprising 40.9% (Yearbook Forest,
2010) of the pine-dominated forest land. The existing classification of
Estonian forests includes a total of 22 forest site types (Lohmus, 1984).
According to this classification, each site type has as many subtypes as it
has neighbouring site types (Lohmus, 1995).

g

Figure 1. Location of the studied stands.

In each of the 41 stands (Table 1) selected, 610 sample trees were felled.
More trees were felled in less thinned stands. According to Saladis and
Aleinikovas (2004), no less than six trees must be examined in a single
forest stand in order to obtain wood properties with 10% accuracy.
Eight stands had been fertilized once with NPK and twice with N about
25-30 years ago.
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Table 1. Location and characteristics of the studied stands and analysed stand types.
Jm — Oxalis-Myrtillus site type; Kmds — drained birch fen; Kn — Calluna site type; Ktb —
drained raised bog; Ks — drained swamp; Kss — drained transitional bog; Ms — Myrillus

site type; Ph — Rhbodococcum site type; Rb — raised bog; Sm — Cladonia site type; 1 — site
type; 2 — fertilized stands; 3 — fertilized control stands; 4 — drained stands; 5 — drained
control stands; 6 — polluted stands; 7 — polluted control stands.

Stand Site Site Sample Analysed stand types
type index trees 1 2 3 4 5 6 7

Ahtme Ms 1 6 *

Jarvselja 1 Ms 1 6 * *

Jarvselja 11 Ms 1 6 *

Kaansoo Kss 4 6 *

Kabala Ks 3 6 *

Konguta I Ms 1 10 *

Konguta 11 Ms 1 6 *

Kubja Ms 1 8 *

Kubja Sm 3 6 *

Kubja 11 Sm 3 Cores *

Kubja 11 Sm 3 Cores *

Kubja 111 Ph 2 Cores *

Kubja III Ph 2 Cores *

Lontova Jm 2 3 *

Malla Jm 2 3 *

Misso 1 Ph 1 6 *

Misso 11 Ph 2 6 *

Nova Sm 4 6 *

Nova Kn 4 6 *

Revoja Jm 2 3 *

Saare 1 Ms 2 6 * *

Saare 11 Ms 2 6

Saare 111 Sm 5 Cores *

Saare 111 Sm 5 Cores *

Somerpalu 1 Ph 2 10 *

Sémerpalu I1 Ph 1 6 *

Surju 1 Ph 3 6 *

Surju I Rb 5 10 *

Sutju II Ph 2 6 *

Surju IT Kss 4 6 *

Tihtvere 1 Krb 5 6 * * X

Tihtvere 1 Krb 5 6 *

Tahtvere 11 Krb 5.3 6 * K

Tahtvere 11 Krb 53 6 *

Tihtvere 111 Rb 5.5 6 * * *

Toolse Jm 2 3 *

Viitsa Ms 2 6 *

Vaitsa | Kss 3 6 *

Viitsa 11 Kmds 4 8 *

Vastseliina IV Ph 0.5 Cores *

Vastseliina IV Ph 0.5 Cores *




To assess the influence of air pollution on wood properties, a study was
performed in a territory affected for over 135 years by a cement plant in
Kunda, NE Estonia. Three sample trees were felled in four stands (3 km
west, 2.5 and 5 km east of the cement plant and as control, 38 km west
of the emission source).

4.2. Field and laboratory measurements

For sampling the selected trees the methods suggested in ISO 4471
(1982) were used. Sample blocks for determining wood properties were
cut at a height of 1.3 m (h, ; — breast height), at half tree height (h, )
and at three-quarters of tree height (h, ); these stem sections roughly
represent the butt log, the second log and the pulpwood, respectively.
The length of the stem, crown size, diameter at h , at quarter of tree
height (h, ), h, , and h,  and the annual height increment of the last 10
years were measured.

The following properties were subjected to study: annual ring width,
latewood proportion, heartwood proportion, oven-dry density, bending
strength, modulus of elasticity, compression strength and end-grain
hardness.

The image analysis system WinDENDRO™ (Ver. 2002a, Regent
Instruments Inc., Quebec, Canada) was used to measure annual ring
widths and latewood proportions. Annual ring widths were measured
with an accuracy of 0.01 mm. Heartwood percentage was determined as
a proportion of the cross-sectional area at various heights in a tree and
as a proportion of its volume in stem.

To measure the moisture content and the oven-dry density of pine
stemwood, 7360 specimens (cross-section 20 mm x 20 mm and height
30 mm) from different stem heights were prepared in compliance
with the requirements of ISO 3130 (1975) and ISO 3131 (1975). This
method yielded 41 to 45 sample specimens per tree with respect to the
heartwood cross-section area at tree height h, . The oven-dry density for
each specimen was determined after a constant weight was achieved at
103 °C. A total of 7360 specimens were prepared for determining the
static tangential bending strength test and the modulus of elasticity test
perpendicular to grain and 7360 specimens for the compression parallel
to grain. The specimens from sapwood did not include wood from the
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five latest annual rings and heartwood specimens did not include two
rings nearest to the pith. Every set of specimens used for testing density,
bending and compression strength was obtained from the same preliminary
material with a cross-section of 20 mm x 20 mm. Additionally, annual ring
widths were measured and latewood percentage was calculated for every
specimen used to determine density, compression strength and bending
strength. To determine the surface hardness, 606 tests were conducted in
three directions (radial, tangential and longitudinal).

Experiments for determining mechanical properties were prepared and
performed in conformity with ISO standards 3129 (1975), 3133 (1975),
3349 (1975), 3350 (1975) and 3787 (1976). All mechanical tests were
conducted using the electromechanical testing systems INSTRON 3369
(Instron Corp., Norwood, MA, USA).

The bending test was made using four points for pressure. The sample
size for testing surface hardness was restricted to include a test point of
rings situated on the edge of the sample. In testing at the INSTRON
load cell capacity of 50 kN and testing speed of 1350+150 N/min
(bending strength), 3—6 mm/min (static hardness) and 2500015000 N/
min (compression strength) were used according to ISO standards.

A total of 4416 experiments were performed to establish the end-grain
hardness. The mechanical testing took place at the wood moisture
content of 8+0.5%. All the mechanical properties in the present thesis
were adjusted to a 12% wood moisture level 7, using the following
equation (Muxaiamaenko u Caposamani, 1983):

T12: Tw[l + 0(<W - 12)])

where W is the moisture content of the specimen, t_ is the specimen’s
modulus of rupture on the test machine and « is the coefficient for 1%
moisture difference (« = 0.04 for bending and compression strength and
o = 0.03 for end-grain hardness).

Weighted average strength indicators for each stand at three different
heights and thereafter strength indicators were found for all the
stemwood. For each site type, the vertical reduction of tree trunk
strength properties was calculated in percentages.
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4.3. Statistical analyses

A two-way analysis of variance (ANOVA) was computed with the
PROC GLM method (Cody and Smith, 2006) with the statistical analysis
software SAS (Ver. 9.1, SAS Institute Inc., Cary, NC, USA). Differences
in average wood properties between the site types were estimated using
one-way ANOVA. The critical p-value was 0.05. Statistical calculations
were performed in Excel (Microsoft Corp., USA). Regression trendlines
and determination coefficients (R?) were calculated to test relationships
between wood density and site index.

The significance of differences between stem parameters in the polluted
areas and the control area were determined by the two-sided #test: * p
< 0.05,** p < 0.01.
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5. RESULTS

5.1. Wood moisture content (VI)

Within the same stand, mean model trees exhibited a greater variation
in wood moisture content in the higher part of the stem compared to
breast height. Wood moisture content varied in the crown area rather
than by site. The moisture content was considerably lower in freshly
telled wood in Rhodococcum and Myrtillus site types than in the wood cut
at the same time in peatland forests.

In Rhodococcnum and Myrtillus site types, heartwood moisture content at
breast height and half tree height was 35%, whereas at h, , the moisture
content was significantly higher, reaching 48%. On peatlands, heartwood
moisture content was higher by 9% already at h, ,
height and it continued to rise toward the tree top.

compared to breast
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Figure 2. Moisture content (mean * standard error) of pine wood in different parts
of the tree growing on Rbodococcnm and Myrtillus site types (1) and on peatlands (2).
h1.3 — samples from a height of 1.3 m (breast height), h1/2 — samples from half tree
height, h3/4 — samples from 3/4 of tree height, SW — sapwood, HW — heartwood,
N — north, S — south.

Sapwood moisture content increased slightly from breast height toward h, ,,
not exceeding 58—62%, but rose considerably toward the top. Variation in
the mean moisture content was unnoticeable on the north and south sides
of the stemup to h, ,. Ath, , the sapwood from the south side of trees in
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Rhodococcnn and Myrtillus site types contained 3.3% and on peatlands 1.4%
more moisture than the sapwood from the north side (Fig. 2).

5.2. Sapwood and heartwood proportion (VI)

Depending on the site type and site index, the sapwood proportion in the
stem cross-section vatied toward the top in pine forests (Fig. 3). In many
cases, especially in drained stands, trees lacked heartwood at the height of
h,,,. Results from all the experimental objects showed that the sapwood
proportion was higher in younger stands; the correlation with age was
moderate to medium (r = —0.4 to —0.53). In these stands, the best results

were gained from model trees growing in Rbodococcum and Myrtillus site types.

A strong positive correlation between stand site index and the sapwood
proportion was determined at breast height and h, , with » = 0.80 and

r = 0.83, respectively. Ath, , the correlation was noticeable (r= 0.65).

By site types, the weighted average volume of heartwood constituted
7.1-25.2% (Table 2).

95 1
—0—Rb 5.5
—4—Krb 5.2
—2—Kss 3.5
—>— Kmds 3.5

Sapwood, %
&

75 7 —*%—Ph 1.6

—0—Ms 1.2

65
h1.3 h1/2 h3/4

Cross-section height

Figure 3. Sapwood proportion of pine stands at different cross-section heights
depending on the site type and site index. Bars indicate standard error. Rb — raised
bog, Kb — drained raised bog, Kss — drained transitional bog, Kmds — drained birch
fen, Ph — Rhodococcum site type, Ms — Myrtillus site type, h1.3 — samples from the height
of 1.3 m, h1/2 — samples from half tree height, h3/4 — samples from % of tree height.
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Table 2. Pine stem average strength properties and heartwood proportion (mean *
standard error) by different forest site types. Ms — Myrtillus site type, Ktb — drained
raised bog, Ph — Rhodococcum site type, Sm — Cladonia site type, Rb — raised bog, Kmds
— drained birch fen, Kn — Calluna site type, Ks — drained swamp, Kss — drained
transitional bog, Arw — annual ring width, Bs — bending strength, Cs — compression
strength, Egh — end-grain hardness, HW — heartwood, LW — latewood, Odd — oven-
dry density.

Stem average
Odd, Egh, Arw,
kg/m’ MPa mm
Sm 3.5 513 100.2 54.7 372 1.15 33.9 17.2
+10 123 +0.9 1.5  +0.05 *1.2 +3.8

Kn 4.0 545 97.1 55.7 36.9 1.42 35.8 14.3
+12 +4.1 +1.7 +1.7 +0.06 +1.1 +2.1

Ph 1.6 479 86.9 56.4 27.1 1.71 31.9 17.3
+14 +43 +2.8 +1.0 +0.08 +1.4 +3.2

Ms 1.4 482 89.1 54.8 29.7 1.92 32.8 25.2
+15 +4.4 +3.0 +0.9 +0.08 +1.5 +43

Ks 3.3 464 80.2 49.8 31.9 1.70 35.5 215
+12 +3.0 +1.5 +1.1 +0.05 +1.0 +1.7

Kmds 3.7 446 79.3 48.7 34.2 1.65 35.9 13.2
+15 +4.5 123 +1.5 +0.09 +2.0 +2.1

Kss 3.6 447 83.2 44.5 35.2 1.54 34.5 17.4
+11 +3.7 +1.2 +1.1 +0.12 +1.1 +1.9

Krb 5.2 450 7.7 52.1 34.7 1.62 31.3 10.7
+8 +2.0 +1.1 +1.4 +0.06 +0.9 +1.7

Rb 53 414 71.6 41.4 33.7 1.54 270 7.1 %16
+13 +3.4 +1.8 +1.6 +0.06 +1.1

Variation, % 8.4 10.9 10.3 9.9 13.5 8.6 34.1
ANOVA

p-value

Site Site

type  index Bs, MPa Cs, MPa LW, %  HW, %

<0.0001 <0.0001 <0.0001 0.0025 <0.0001 <0.0001 <0.0001

In bog sites, the cross-sectional sapwood area correlated relatively
weakly with crown volume (r = 0.37 at breast height, = 0.51 ath ).
The correlation proved moderate in Rhbodococcun and Myrtillus site types.

5.3. Strength indicators (I)

The weighted average stem strength indicators of the pine stands
researched at three different heights were widely divergent (Table 3). On
tree level the annual ring width increased but all the strength indicators
decreased towards the crown. The decrease was significantly more
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intensive from breast height to half tree height than to %4 of tree height.
The correlation between the strength indicators was very strong (r =
0.85-1.00). A significant correlation between oven-dry density of wood
at breast height and site index was found (Fig, 4).
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‘/o .
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g *
kg .
£
B
2 S0 T — — — — —— —— —— -
5 y = 739.9 - 43.7x — 152.8/x
:g‘ R’ =0.92, p < 0.001
g 450 -
8
400

1.0 15 20 25 30 35 40 45 50 55 6.0
Site index

Figure 4. Oven-dry density of pine wood at breast height in different site index classes.

The pine latewood proportion at breast height was 30—43%. At half
tree stem height the proportion of latewood was significantly smaller,
22-33%, and at three-quarters of tree stem height there was even less
latewood, 18-32%. The weighted average values are given in Table 3.

Table 3. Average wood properties at three stem heights and their alteration towards
the top (%). Arw — annual ring width, Bs — bending strength, Cs — compression
strength, Egh — end-grain hardness, HW — heartwood, LW — latewood, Odd — oven-
dry density, h, , — samples from a height of 1.3 m, h | — samples from half tree height,

h,, — samples from % of tree height.

1/2

Relative Arw, LW, % HW, Odd, Bs, Cs, Egh,
height mm %% kg/m® MPa  MPa  MPa
h . 1.3 40.5 46.4 540.8 104.1 60.2 40.9
h , 1.9 31.8 19.7 458.2 82.0 50.1 35.9
h,, 2.4 27.7 4.4 434.6 71.8 45.0 34.5
Alteration, %

h,-h , 441 -21.5 254 153 212 167 123
h ,-h,, 22.3 -12.8  -77.8 -5.2 -12.5  -10.1 -3.7
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Stands growing on fresh and dry soils showed good averages for stem
strength indicators. The same indicators, however, were poor for trees
growing in swamps and bogs (Table 2).

Variations in strength indicators between the site types were notable. As
could be expected, they were greater in annual ring width and heartwood
proportion. As for the other properties, the variations remained within
the range of 8.4-10.9%.

In our research Scots pine wood was the strongest growing on heath
and the weakest on raised bogs, its average density being 513545 kg/m’
and 414464 kg/m’, bending strength 97-100 MPa and 71-83 MPa and
compression strength 55-56 MPa and 41-52 MPa, respectively.

The relation between the longitudinal decrease of bending and
compression strength and site index is quite variable. The relation is
weak between the decrease of hardness and site index (Fig, 5).

"""" Bending strength Compression strength ~ — — — - Hardness
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—
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Figure 5. Longitudinal percent-per-metre decrease of strength properties in different
site index classes.
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5.4. Influence of silvicultural treatments (IV)

The effect of fertilization on stand parameters, i.e. tree diameter and
height, stand productivity etc., and on their variability during the stand
growth is obvious. Thinning intensity on experimental plots has been
limited to felling dead trees and light thinning (10—16%) only. So the
stands have generally had a high stand density (0.65-0.95), which was
also observed during the last measurement. There is an exceptional pine
stand on Cladonia site type with low soil fertility where the thinning of
the control stand was 30% and of the fertilized stand 43.6%.

During the experimental period the productivity of the fertilized stands of
the three experimental areas was higher compared to the control stands.
The length of live crowns in fertilized experimental areas was higher than
in unfertilized areas, but this difference is not statistically significant.

Table 4. Internal characteristics of pine wood at breast height (mean + standard error)
in control (C) and fertilized (F) stands. Ms — Myr#illus site type, Krb — drained raised
bog, Ph — Rbodococcum site type, Sm — Cladonia site type.

Annual Latewood
Number ‘in of
Stand and site . of annual g, Heartwood, .
Variant . width in N experiment
type rings in Yo .
sapwood, period,
sapwood 0
mm )
Vastseliina 4 C 49.810.8  0.95+0.04 53.7+0.9 40.510.6
Ph F 48.0£1.0  1.03+0.05  49.1+0.9* 38.1+0.5*
Kubja 3 C 40.0£1.9 1.30£0.05 53.1+2.1 40.1£0.8
Sm F 39.511.4  1.36%0.11 55.913.8 39.3+0.9
Kubja 2 C 41.8%+1.3 1.08%0.06 52.9%1.9 37.2%0.5
Ph F 434112 1.17+0.07  46.4%2.5% 38.210.6
Saare 3 C 28.9+10.4  1.69%0.06 22.0%0.5 37.1£0.6
Sm F 29.6£0.4  1.77%£0.05 22.5%0.5 39.5+0.5*
Tihtvere 1 C 39.0£2.6 1.10+0.05 19.6%£2.9 37.1£0.9
Krb F 37.314.1 1.22140.06 24.016.5 34.511.0
Tihtvere 2 C 33.711.8  1.26%0.04 12.74£2.0 37.0%0.8
Krb F 32.7+2.0  1.25%0.05 14.3+2.2 38.611.0
Jarvselja 1 C 42.814.1 1.1410.05 36.912.9 45.011.0
Ms F 42.7+1.2  1.15%0.06 37.812.2 46.610.9
Saare 2 C 49.5+3.8  0.98%0.06 35.2+3.4 41.7£0.8
Ms F 453130  0.96%0.08 38.3+3.0 42.710.7

*difference from control (p<0.05)
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Trees from younger stands had fewer annual rings in their sapwood
at breast height (28.9-49.8) than older stands (Table 4). A moderate
correlation was registered (» = 0.45-0.55). Higher-quality sites evidenced
more annual rings in sapwood.

The study of the width of annual rings after fertilization showed a small
decrease in latewood at breast height (Table 4), and thus, a decrease
in wood density can be inferred during those years. As the following
periods showed the opposite tendencies in growth, this phenomenon is
of little importance. The consideration is based on the fact that wood
grown after the beginning of the experiment (>30 years) has a lower
latewood percentage after fertilization only in two experimental areas.

The heartwood proportion of repeatedly fertilized stands decreased
in the breast height cross-section of the stems only in two cases.
The difference remained within the limits of relative error in other
experimental areas. Fertilization significantly increased wood density in
two cases (Table 5).

Table 5. Sapwood density, kg/m’ (mean + standard error) at different heights of control
(C) and fertilized (F) stands. h, , — samples from a height of 1.3 m, h, , — samples from
half tree height, h, 5= samples from 3/4 of tree height, Ms — Myrtillus site type, Ktb
— drained raised bog, Rb — raised bog,.

Site Height h, , Heighth, , Heighth, ,
Stand - -
type C F C F C F
Jarvselja 1 Ms 601 610 484 467 433 422
+7 +7 5 +7 +4 6
Saare 2 Ms 585 603 476 488 432 423
+5 +7* +4 +7 +5 +4
Tihtvere 1 Kib 495 490 438 460 411 415
+5 +13 +4 +10* +5 8
Tihtvere 2 Kib 581 576 459 475 420 415
11 +8 +5 +10 +7 9
Tihtvere 3 Rb 489 438 399
+12 6 4

*difference from control (p<0.05)
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Table 6. Wood bending strength and hardness (mean * standard error) in different
parts of the stem depending on fertilization in a natural, drained and intensively drained
bog site (Pikk and Kask, 2004). h, ; — samples from a height of 1.3 m, h, , — samples
from half tree height, h,  — samples from 3/4 of tree height, C — control stand, I —
fertilized stand, HW — heartwood, SW — sapwood.

Stand and Variant Height h, , Heighth, Height h,
drainage SW  HW SW  HW SW HW
Bending strength (MPa)
C 88.6 74.4 76.9 57.4 58.0 52.9
Téhtvere 1 5.9 3.6 +1.8 +2.1 +32 +0.0
Intensive F 83.8 70.4 71.2 62.0 53.7
5.8 34 138 +2.3 +4.5
C 96.8 77.6 75.5 54.7 53.7
Tihtvere 2 4.9 54 153 122 +3.8
Normal F 94.2 73.3 72.4 52.1 55.6
+3.2 +2.5 +5.2 +2.6 +4.6
Tihtvere 3 C 87.5 74.5 70.0 55.9 53.2
Undrained +4.8 +3.9 44 134 +4.6
End-grain hardness (MPa)
C 34.2 333 34.0 33.2 33.9 28.8
Téhtvere 1 0.7 0.7 0.9 +0.7 +1.0 +0.7
Intensive F 36.7 34.5 37.0 31.8 36.9 28.6
+1.7 *+1.1 +1.3 +14 +2.0 0.7
C 39.5 34.4 33.9 27.4 30.9 27.5
Tihtvere 2 +1.0 +1.2 +0.8 +0.9 +1.6 +1.2
Normal F 37.6 37.2 33.9 27.6 332 28.9
+1.2 +1.7 +1.2 +1.3 +1.3 +1.5
Tihtvere 3 C 34.2 33.6 322 30.4 329 32.0
Undrained +1.5 +1.1 +1.1 +0.7 +0.9 +1.0

Fertilization did not significantly affect bending strength and end-grain
hardness (Table 0).

Fertilization may result in an up to 6% decrease in compression
strength. According to earlier research, a very strong correlation can be
found between wood density and compression strength in Rbodococcum
and Myrtillus site types (r = 0.95) (Kask, 2003), whereas only a strong
correlation was detected in drained bog site types (R* = 0.77) (Pikk ez al,
2004) (Fig. 06).
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Figure 6. Relationship between density and compression strength in pine stands on
drained bogs.

There are notable differences in the relation of bending strength with
the intensity of forest drainage at three-quarters of tree height. However,
pine wood hardness showed little difference (Fig; 7).
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Figure 7. Bending strength and end-grain hardness (mean * standard error) at different
heights of the tree stem in drained and in natural (virginal) bog pine stands. h1.3 —
samples from a height of 1.3 m, h1/2 — samples from half tree height, h3/4 — samples
from 3/4 of tree height.
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5.5. Influence of dust pollution (II, III)

The important parameters of the stemwood of polluted stands were
found to be different. Some increase in the moisture content of sapwood
and heartwood toward the top of pines was observed in optimal growth
conditions and on the sample plot with the lowest pollution level, but
the differences are not statistically significant.

However, the content of moisture in the heartwood of stems in the
upper layer (h, ) of pines in the heavily polluted sample plots (2.5 and 5
km E of the main pollution source, the cement plant at Kunda) may be
about 21-29% lower than that in the upper layer of control trees (38 km
W, in the territory of Lahemaa National Park).

The dynamics of the mean annual ring width of different stands are
variable (Fig. 8). In the stand closest to the cement plant (2.5 km) the
annual ring width in sapwood at breast height (h, ) was 50% of that
for the control stand, 68% in the stand 3 km to the west of the plant
and 70% in the stand 5 km to the east (Table 7). In contrast, the means
for heartwood annual ring widths in the polluted stands proved to be
considerably greater than the corresponding mean for the control stand
(by 26%, 12% and 4%, respectively).
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Figure 8. Dynamics of the mean annual ring width in different stands at different
distances (km) and directions from the cement plant.
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Table 7. Physical properties and hardness (mean T standard error) of wood in different
stands at breast height and at different distances from the emission source. Arw —
annual ring width, Egh — end-grain hardness, LW — latewood, SW — sapwood, Odd
— oven-dry density, Tsh — tangential surface hardness.

Characteristic 38 km W 3 km W 25kmE 5kmE p-value

Sapwood

SW, % 75.4 66.1 50.5 67.9 <0.0001
+5.8 +4.3 7.7k +4.5

Arw, mm 1.69 1.14 0.84 1.19 <0.0001
+0.06 +0.06** +0.05%* 10.06**

LW, % 38.0 479 44.7 48.1 <0.0001
+0.7 (.74 +0.6%* +0.6%*

Odd, kg/m’ 545+5 586 536 583 <0.0001

T6%* +5 5%k

Egh, MPa 33.1 36.2 32.9 36.5 <0.0001
+0.6 0. 7% +0.7 (.74

Tsh, MPa 30.2 28.5 30.6 33.2 0.2865
+1.1 +1.9 +1.2 +2.1

Heartwood

Arw, mm 1.98 2.21 2.49 2.06 <0.0001
+0.15 +0.13%* +0.13* +0.14*

LW, % 30.5 32.3 30.2 33.2 0.0493
+1.4 +1.3 +1.2 +1.2*

*difference from control, p < 0.05
**difference from control, p < 0.01

However, the number of annual rings in sapwood at breast height was
3 km W by 24%, 2.5 km E by 37% and 5 km E by 28% greater than
control (Table 2 in III).

The sapwood of the control pines contained on average 38.2% latewood,
the average in the other stands was 45.0-48.3%. The heartwood at breast
height contained 29.4% latewood in the control stand and 28.6-34.1%
in the polluted stands.

Sapwood density at breast height was 545 kg/m’ in the control stand and

from 536 to 586 kg/m’ in the polluted stands. The figures for heartwood
density were 503 kg/m’ and 466 to 495 kg/m’, respectively (Fig; 9).
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Figure 9. Wood density (mean * standard error) of sapwood and heartwood at different
heights and different distances from the emission source. h1.3 — samples from the height
of 1.3 m, h1/2 — samples from half tree height, h3/4 — samples from 3/4 of tree height.

The trends in the variability of the mechanical properties in the tree
stems on the experimental plots largely coincide with the trends in the
variability of wood densities.

Air pollution had increased sapwood bending strength the most at
breast height (by up to 16.3%); at greater heights the difference from
the control trees decreased. No difference was found in the very heavily
polluted stand compared to the control stand. Heartwood bending
strength in the heavily polluted stand proved to be insignificantly smaller
than the control value at breast height; towards the top, however, the
bending strength of the polluted trees exceeded that of the control trees
by up to 25% (Table 8).

35



Table 8. Bending strength perpendicular to grain (MPa) and modulus of elasticity
(MPa) (mean * standard error) at different heights of tree stem and different distances
from the emission source. h, , — samples from the height of 1.3 m, h, , — samples from
half tree height, h, , — samples from 3/4 of tree height.

Property and 38 km W

sampling height  control 0 MW 25kmE - SkmE o pvalue

Bending strength (MPa) of sapwood

h . 104.7 120.7 99.3 119.3 <0.0001
1.6 1,76 +1.5% T1.5%*

h , 88.1 91.8 87.9 93.1 <0.0001
+2.1 +2.3 2.5 2.2

h,, 78.3 78.20 77.3 81.2 <0.0001
2.6 +2.23 +2.1 +2.1

Modulus of elasticity (MPa) of sapwood

h 9587 14246 10116 10935 <0.0001
1242 +350 216 +230

h , 8096 10986 8477 8677 <0.0001
+337 477k +399* +326*

h,, 7506 8057 7638 7415 <0.0001
+399 +420 +297 306

Bending strength (MPa) of heartwood

h 89.6 89.8 77.5 98.7 0.2640
+33 +3.3 3.2 3.2

h , 64.5 72.2 68.3 79.2 0.2640
+4.9 +5.4% 4.5 T4.3%*

h,, 55.8 64.6 69.5 71.2 0.2640
+11.5 +11.4* +7.2% +8.1*

Modulus of elasticity (MPa) of heartwood

h . 8444 8500 6484 8916 0.1089
491 +413 506 477

h , 6828 7029 7101 7377 0.1089
716 +827 716 640

h,, 4768 5172 7014 6017 0.1089
+432 +1068 +906* +514*

*difference from control, p < 0.05
**difference from control, p < 0.01

Values for sapwood compression strength parallel to grain considerably
exceeded that of the control stand at breast height and half tree height
(by 8-13%) in pines situated at distances of 3 and 5 km from the cement
plant. No difference was observed in the crown area. No significant
difference was found between the wood from the control stand and
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from the heavily polluted stand (2.5 km from the plant) (Fig. 10). The
trends in the results obtained are largely similar to the variation in
bending strength.
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Figure 10. Compression strength (mean * standard error) of sapwood and heartwood
parallel to grain at different heights at different distances from the emission source.
h1.3 — samples from the height of 1.3 m, h1/2 — samples from half tree height, h3/4
— samples from 3/4 of tree height.

Heartwood compression strength parallel to grain at breast height,
however, proved to be smaller than the control in the heavily polluted
stand (12.3%) and greater than the control in the less polluted stand (1.1—
2.4%). At half tree height wood compression strength was significantly
greater than the control value in the area of lower pollution (8—17%).
Furthermore, heartwood compression strength was greater than the
control value at h,  in all the polluted stands.

Greater differences between the trial variants appeared in sapwood
hardness along the grain at breast height. Sapwood end-grain hardness
is strongly correlated with the hardness of the radial plane and the
tangential plane.

With regard to heartwood end-grain hardness at the same height, no
statistically significant differences between the experimental plots were
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observed. The end-grain hardness ranged between 32.2 and 33.4 MPa
(p = 0.833) at breast height and between 24.7 and 27.4 MPa (p = 0.609)
at half tree height. Tangential plane hardness fell within the ranges of
18.5-23.9 MPa (p = 0.335) and 18.3-21.1 MPa (p = 0.757), respectively.

5.6. Juvenile wood properties (V)

The width of the annual ring, excluding 2-3 annual rings around the
pith, was decreasing linearly with the increase in cambial age. This means
that the greater the cambial age, the narrower was the annual ring in the
cross-section of the stem.

The situation was different with the percentage of latewood. In it the
annual rings near the pith were small but from the fifth year onward
the percentage of latewood started increasing linearly with cambial age
(Fig. 11). In the stand of site index 2 the latewood distribution was more
equal.

h13  --e-ee- h1/2 h0.5 —=—=h1/4
h3/4 h1/2 —=—h3/4
50 50
O\cn T J S i EEr O\C’A 40 Site index 11
9 . <
S30 T _gEE g 30
> —
§ 2 Site index T ST T s
~ 10 S 10 1 fF
O ! O T ul
0 5 10 15 20 25 30 0 5 10 15 20 25 30
A Cambial age B Cambial age

Figure 11. Distribution dynamics of latewood in different cross-sections of pine stem
in south (A) and north-east (B) Estonia on Myr#illus site type. h0.5 — samples from the
height of 0.5 m, h1.3 — samples from the height of 1.3 m, h1/2 — samples from half
tree height, h3/4 — samples from 3/4 of tree height.

In the stand with the higher site index, the proportion of latewood was
increasing equally with the increase in the cambial age and in this case
R?=0.81-0.86.

The highest oven-dry density of sapwood was detected under the bark
from the butt log (535.2 kg/m?). Juvenile wood density at the same
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level was 448.6 kg/m?. The density of the juvenile wood in the stem
decreased towards the top to the height h, , where it was 318.3 kg/m?®.
So the density of juvenile wood varies in the stem by up to 29%.

The variation range of the static bending strength along the stem of
juvenile wood was 61.0—43.7 MPa and in the outer layer of sapwood
101.5-59.4 MPa (Table 1 in V).

The average compression strength parallel to the grain was 30.7£2.4
MPa of juvenile wood and 46.5%1.7 MPa in the outer layer of sapwood,
i.e. 1.5 times greater. Variations ranged from 16.9 to 46.1 MPa and from
27.8 to 69.6 MPa, respectively. Compression strength of sapwood varied
2.5 times and of juvenile wood 2.7 times along the stem.
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6. DISCUSSION

6.1. Moisture content of tree stem (III, V, VI)

The moisture content is one of the most important factors affecting
the properties of wood and one of the main characteristics of wood
quality (Veibri, 1982; Kollman and Coté, 1984; Kretschmann and Green,
1996; Tiitta, 2006). The moisture content of the trees was measured
immediately after felling. Our results demonstrated that the moisture
content of felled trees was partly related to the growth site soil moisture: a
considerably lower wood moisture content was evident on dryer mineral
soils than on peatlands (Fig, 2). The influence of abundant precipitation
before felling cannot be neglected.

In pine stands growing on dryer site types, the moisture content
of heartwood was identical at breast height and half tree height but
considerably higher at % of tree height. In bog site type stands, where
the crown length is relatively large, the heartwood moisture content was
higher at half tree height than at breast height and kept rising towards
the top. Apparently, heartwood in the crown region participates to
some extent in organic life, which is in accordance with other studies
(Ilepearruu u Vroaes, 1971; Veibri and Kokk, 1980).

Similarly, sapwood moisture increased towards the top. The change was
slight from breast height to half tree height yet considerable higher up.
The difference in the mean wood moisture content was slight between
the south and the north side of the stem. It increased towards the top;
at %4 of tree height the sapwood moisture on the south side was higher
by just 3.3% on Rhodococcun and Myrtillus site type and 1.4% on bog site
types. On the south side there is more warmth in crowns and thus active
metabolism takes place.

Active organic life occurs after fertilization, too. It may increase moisture
content in wood, but as many decades had passed since fertilization and
its effect was gone (Pikk ez a/., 2004), no statistically significant difference
between fertilized and unfertilized pines was found.
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6.2. Sapwood and heartwood proportions on different site types

V1)

In Scots pine, heartwood differs from sapwood in a number of
properties and in chemical composition. The percentage of sapwood
and heartwood has an effect on technological properties: moisture
content, density, shrinkage and water-vapour diffusivity (Ojansuu and
Maltamo, 1995; Allegretti ez al., 1999).

Among the indicators discussed in this thesis, the heartwood proportion
manifested the greatest variations between the site types (Table 2) as well
as between different stem heights within a concrete site type (Table 3).
Kirenlampi and Riekkinen (2002) claim that the heartwood percentage
is the best indicator of tree maturity. However, if the heartwood content
varies under similar conditions as widely as our findings show, it cannot
be a good property to evaluate maturity. According to Rikala (2003),
there is no clear evidence that the heartwood proportions of peatland
trees are higher than those of trees grown on mineral soil sites. In our
study the heartwood percentage was the lowest in bog pine forests,
where the soil moisture is high, stand density low and the tree crown is
relatively bulky.

According to Ojansuu and Maltamo (1995), the pine has more
heartwood in dense stands and its proportion decreases remarkably
in concordance with relative tree growth; moreover, the height of the
live crown correlates significantly with the heartwood percentage. Our
results do no confirm this position but are consistent with the research
of Bjorklund (1999) where the heartwood percentage varied greatly
both between individual trees and between stands and correlated pootly
to site, stands and tree variables. This implies that it seems unfeasible
to identify heartwood-rich stands or stems, e.g., for the production of
heartwood products, by using inventory data.

Younger stands had fewer annual rings in their sapwood than older stands;
a moderate correlation was registered between tree age and the number
of annual rings in sapwood (r = 0.45-0.55). A medium correlation
was registered between the site index and the number of annual rings
in sapwood (r = —0.14 to —0.33): a higher quality site evidenced more
annual rings in sapwood. A positive correlation between the sapwood
percentage and site index was observed at breast height and half tree
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height (» = 0.40 and r = 0.56, respectively) (Fig. 3). This agrees with
other studies (Grier and Waring, 1974; Berninger and Nikinmaa, 1994;
Livonen e# al., 2001).

6.3. Annual ring width, latewood content, wood density and
mechanical properties (I, IV, V)

The mechanical properties of wood are strongly correlated with its
physical properties, the most important of which are the wood density,
latewood proportion in annual rings and annual ring width. However,
the great variations in our research results demonstrate that these are
insufficient for estimating the mechanical properties of wood where
growth rates are the same but growth conditions are different (Table 2).

The ring width variation between site types was found to be larger than
in the case of other characteristics. This indicates that ring width has a
weak relationship with other studied characteristics. A moderate relation
may exist between ring width and latewood proportion. From this we
may deduce that the correlation between growth site and latewood
content is weak, which agrees with other studies (Bjorklund, 1999).
Here, consideration must be given to the effect of growing conditions,
primarily the nutritional environment and the accumulation of chemical
elements; this effect has been addressed in a number of studies (Ogner
and Bjor, 1988; Helmisaari and Siltala, 1989; Cave and Walker, 1994;
Andrews et al., 2004; Saarela ef al., 2005).

Most of the literature reports negative, although weak, relationships
between ring width and wood density, while others find no significant
relationships at all (Seco and Barra, 1996; Wimmer and Downes, 2003).
Some authors (Werberg, 1930; 3supbyap u Ap., 1976; Kairiukstis and
Malinauskas, 2001; Mikinen e# a/., 2002) and our previous studies (Kask,
2003) verified a strong relationship between latewood content and wood
density (» = 0.91), a precondition for getting wood with good strength
properties.

However, wood density is often different in case of one and the same
latewood percentage. For instance, comparison of the densities of
the pine wood from a heath of site index 4 and from a swamp of the
same site index showed that the latter was significantly lower (Table 2).
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Consideration must also be given to fibre length, cell wall thickness,
growth tensions, the levels of various elements and compounds, etc.

Noteworthy is the dependence of breast-height wood density on site
index in some types of growth sites (Fig. 4). It can be seen that due to
intensive growth on very fertile sites, wood density there remains lower
than on fresh sites with lower fertility. In a stand growing on mineral soil
of a high site index (1a) lower strength indicators can be observed, which
is confirmed by data from the literature (Ericson, 1960; Bjérklund and
Walfridsson, 1993). Hence, the site index is not a good wood oven-dry
density predictor. According to our data, the strength of the relationship
between average stand density and site index is characterized by the
determination coefficient R*= 0.60.

Major differences in stem density were observed between different stem
zones in both sapwood and heartwood; the differences were smaller in
the upper part of the stems. Mattsson (2002) also noted that variations
from pith to bark are extensive in all wood parameters. Large differences
in density are also found between middle and upper bole and between
juvenile wood and heartwood (Duchesne ¢ a/., 1997). This means that
wood density is not constant but depends on many external and internal
factors.

The wood density in Scots pine decreased from h | to h, , and the
difference in wood density in pine stems was over 106 kg/m?. This result
is in agreement with earlier findings (Hakkila, 1966; Bjorklund, 1984;

Repola, 2006).

In stands of site indexes 1 and 2 the wood density and strength properties
decreased towards the top by 1-2% per metre, whereas in stands of site
index 5 the wood density and bending strength decreased on average by
3.5% per metre. On poorer sites, the reduction in compression strength
and end-grain hardness towards the top was less intensive (3%). This
indicates that the relation between the bending strength and wood
density of pine is very strong (r = 0.91) (Kask, 2003).

The longitudinal percent-per-metre reduction in bending strength,
compression strength and end-grain hardness in tree stem was smaller
on more fertile sites. The tree height, in turn, determined the variation
in strength properties in the lower half of the stem. The longer the
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stem, the less variance in strength properties of timber per metre was
registered.

Our results by site types (Table 2) revealed a dependence of mechanical
properties (bending and compression strength and hardness) on wood
density. The latter was in turn largely influenced by the proportion of
latewood in the wood.

The strength properties of pine wood were clearly poorer on our low-
fertility wet sites than reported from Finland (Rikala, 2003). Site type is
a highly generalized predictor of strength properties, so site index must
also be taken into account. Site index may serve as a good predictor of
wood relative strength indicators but only to a limited extent, within the
range of adjoining types in the chart of ordinated forest site types.

Of mechanical properties, variations were the greatest in end-grain
hardness. Hardness is highly dependent on grain direction. In this
research, greater variations in end-grain hardness were observed in wood
grown on more fertile sites, where, due to the greater width of annual
rings, the test press ball might hit only eatly- or latewood. Accordingly,
a smaller or greater result was obtained. The hardness of a wood end-
grain surface with narrower annual rings therefore showed less variation
and was often greater than the average. With particularly wide annual
rings, the probability of the ball hitting early wood was greater and the
test result was therefore smaller.

6.4. Influence of silvicultural treatments (IV)

The formation of wood properties is affected by a number of silvicultural
treatments. The influence of forest fertilization on tree growth is
relatively short. The influence of thinning is prolonged and forest
drainage has an effect on tree growth during decades. The influence
of fertilization is stronger on the upper part of the tree where faster
growth produces more branches, needle mass and height increment,
and the ring width compared to the h, , level is greater. An increased
radial growth results in a reduced fibre length, fibre diameter, cell wall
thickness, wood density, modulus of rupture and modulus of elasticity
but an increased microfibril angle and longitudinal shrinkage (Saranpai
¢t al., 2000b; Mattsson, 2002).
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Additional radial growth that followed the fertilization of the investigated
stands was already described earlier (Coamen, 1987; ITukxk, 1988; Pikk ez
al., 1999; Pikk ez al., 2001). It has been observed that the re-fertilizing
of pine stands often destroys the nutrient balance and after fertilization
a radial increment period will be followed by a period when the radial
increment of fertilized stands is lower than in control stands. This will
eventually nullify the fertilization effect. Therefore during a longer
period an average annual ring in fertilized stands was not much wider
than in control stands in most cases (Table 4).

No significant differences in sapwood ring width were observed between
the stands examined within this research, although at 3/4 of tree height
wider rings (4.0-11.0%) were measured in fertilized trees. In fertilized
stands, a notably higher sapwood proportion at breast height was found
in only two pine forests in Rbodococcun site type (Table 4). As fertilization
causes an increase in crown and needle mass, this in turn should improve
sapwood proportion, because according to the literature (Albrektson,
1984), sapwood proportion in the cross-sectional area at breast height
correlates with pine needle mass. Our results did not confirm this
position.

Little variation was found in the number of annual rings in sapwood
at breast height of fertilized and unfertilized trees in the sample plots.
This coincides with literature data (Motling and Valinger, 1999). Higher
up, the number of annual rings in the sapwood of trees in fertilized
stands was greater in our research, which was due to improved growing
conditions following fertilization.

Fertilization does not significantly change latewood proportion, as after
fertilization annual rings are not expanded by an increase in the size of
tracheids but rather in their number, as stated by Bsap6uaa u [aetianc
(1981). In our earlier study we did not discover any significant variation
in latewood proportion between fertilized and unfertilized trees either
(Pikk ez al., 2004). However, the fertilization of drained bog pine stands
has been observed to increase the latewood proportion by a couple of
per cent (ITuxx, 1988).

Although fertilization has not resulted in considerably reduced wood
density in Estonia, a downward trend was detected in fertilized pine trees
in Myrtillus site types at h, , (Pikk ef al., 2004). In Lithuania, variation in

3/4
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the physical and mechanical properties of pine wood in fertilized stands
has proved insignificant; wood density varied the most, decreasing by 5%
(Bapbuaa u [aetianc, 1981). The same result was obtained in Karelia
(Marrormkuna u Ap., 1974), whereas in Finland the decrease was found
to be smaller, remaining within 1-4% (Saikku, 1975).

We found that fertilization in Myrtillus site types had increased bending
strength by 7-8% at breast height, whereas at other heights and in bog
sites, fertilization had no effect on bending strength. In general, our
research did not reveal a significant effect of fertilization on bending
strength as research results were relatively varied.

The reduced compression strength of sapwood in fertilized trees and its
greater variation in bog sites is, on the one hand, caused by the specific
structure of wood in relation to the transition of juvenile wood into
wood with increased density in the relatively slender crown part at h, ,
and, on the other hand, by random deviations in the growing process,
which often occur in bog sites.

How much fertilization affects the percentage of self-pruning and
thinning by cutting in different stands is not clear. On experimental plots
cutting intensity has been limited to the elimination of dead trees and
light thinning (10-16%). So the stands have grown having a generally
high stand density. An exception is a pine stand on Cladonia site type
with low soil fertility where the thinning in the control stand was 30%
and in the fertilized stand 43.6%. It should be mentioned here that in
certain cases a temporary increase in foliage mass and a higher degree
of canopy cover after fertilization may create an illusion of a higher
need for stronger thinning. Pine wood is considered to have the most
proper physical and mechanical properties when the stand stocking level
1s 0.8-0.9 (Aleinikovas, 2007).

As suggested in the literature, fertilization after the first thinning has no
influence on the branchiness of butt log (Saramiki and Silander, 1982;
Nikkola, 1985). On stands repeatedly fertilized with N the self-pruned
stem length is significantly shorter than in control stands (Table 2 in IV).
One-time fertilization did not influence self-pruning (Kubja 2).

Forest drainage reduces wood density and latewood proportion (Rikala,
2003). In Estonia, such an effect is observable only in post-draining
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years, when draining results in reduced density and latewood proportion.
Later, the effect is the opposite: the latewood proportion and density
increase and ultimately a good result is achieved, as was documented
in Russia (ITepeasrun u Vroaes, 1971). The greater bending strength
in moderately drained bog sites only at breast height and in intensively
drained bogs also in the crown area is in proportion to the increased
wood density in these sites (Fig, 7).

6.5. Impact of alkaline dust pollution (II)

The mean ring width in the sapwood of pines in the heavily polluted
stand (2.5 E of the emission source) was half of that of the control stand
and also smaller for the other polluted stands. The study of heartwood
ring width yielded the opposite result: in the stands of the polluted area
annual rings were wider than in the control stand by 13-34%. Annual
rings in heartwood have developed during a period when pollution was
not particularly heavy. We may assume that on Myr#/lus site type, where
the soil is acidic, moderate amounts of cement dust may have enhanced
radial increment. In general, it should be stressed that the formation
of sapwood in the stands investigated depends statistically significantly
on the concentrations of organic matter, N and K and the pH of the
soil. The formation of heartwood seems to be more independent of
the soil pH and the concentrations of K, Ca and N. Both the sapwood
and heartwood in the stem are strongly related to P in the soil (Table 4
in III). The higher the pollution load under which the tree has grown,
the larger the proportion of heartwood in the cross-section. Moreover,
the intensive accumulation of Ca and K into different compartments
of young Scots pines in the vicinity of the cement plant (Mandre e/ al.,
1999) may stimulate lignification processes and heartwood formation.

The number of annual rings in sapwood at breast height pointed to the
tendency that heartwood formation had decelerated in the more polluted
stands. However, as the ring width in sapwood was significantly smaller
in the polluted stands compared to the unpolluted one, the proportion
of heartwood in the cross-sections of these trees was nevertheless
greater. According to Kirenlimpi and Riekkinen (2002), for evaluating
the maturity of a forest tree the heartwood content is far better than
age or size. So the stand maturation period may start earlier under the
conditions of pollution. Nevertheless, the increased latewood levels in
the polluted stands suggest accelerated tree ageing.
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On the control plot the heartwood density was equal to or lower than
that on the other plots while sapwood density was in all cases lower in
the control plot than on the other plots. This indicates a trend analogous
to that of the latewood percentage, and at the same time characterizes
tree growth conditions during different periods.

In the control stand the sapwood bending strength was greater than
the heartwood bending strength, whereas the trend was opposite in the
polluted stands (Table 8). In the bottom part of the stem the difference
between sapwood and heartwood bending strengths was greater and in
the crown area it was smaller, consistent with the variations in wood
density. In general, the bending strength of heartwood varied on a
greater scale than that of sapwood. The reason is that annual rings are
wider in heartwood, and therefore specimens comprise varying numbers
of latewood rings, the density of which is higher. Apart from that,
heartwood contains a significant share of juvenile wood, whose strength
properties are inferior.

Compression strength parallel to the grain in the sapwood of trees
situated in areas of moderate pollution may, according to our data, be

greater at breast height and significantly greater at h, . Growing under

1/2°
a greater pollution load, however, increases pine wood compression

strength parallel to grain.

Sapwood end-grain hardness at breast height on the polluted plots
exceeded the corresponding figure for the control stand by up to 10.4%
(Fig. 5 in IT) and heartwood hardness by 0.5-3.7%. This is in accordance
with wood density.

6.6. Effect of juvenile wood (V)

Pines on different site types have a different wood structure. Annual
rings near the pith at breast height are relatively wide and do not differ
remarkably among the pines on different site types. However, the
difference between their latewood percentages is remarkable (Fig. 3 in
IV). Comparison with the results obtained at breast height in pine stands
on Myrtillus site types (8—12%) suggests that the stand site type cannot
be considered as the only causal factor. The abundance or deficiency
of some nutrient elements, genetics, length of the growing period,
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periodical climate conditions and other factors can also be of influence
(Henttonen, 1984; Lindeberg, 2001; Bektas ez a/., 2003). It is noteworthy
that the dynamics of the latewood increase varies starting from the pith.
The period of juvenile wood formation is not distinguishable in the
width of annual rings, but the percentage of latewood increases from
the pith until the 5" year smoothly and after that increases proportionally
to the age (Fig. 11). Starting from the pith in the frame of five annual
rings the mean width and content of latewood from the stub to the top
does not change much.

Wider annual rings do not decrease mechanical characteristics, but
latewood percentage is of importance, which is in accordance with other
studies (Veermets, 1963; Aleinikovas and Grigalianas, 2006). Here we
cannot exclude that during faster growth the building and resistance of
wood cells change as has been suggested by Saranpii e a/. (2000a) and
Morling (2002).

The bending strength of juvenile wood comprises only 62% of the
bending strength of the wood near the bark. So the bending strength
factor in juvenile wood has a 1.2 times greater relative standard error of
the middle value, which can be explained by the existence of stronger
latewood in experimental pieces because of wider rings in juvenile wood.
The bending strength of mature pine stands in Lithuania is generally
87.7 MPa, in Belarus 87.3 MPa and in the North-West of Russia 84.5
MPa (boposuxos u Vroaes, 1989). Considering these data, the bending
strength of the examined pine wood is already similar to that of trees at
the age of 060 years (Kask, 2003).
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7. CONCLUSIONS

Growing conditions in different forest site types have a significant effect
on wood properties. Great variation in pine wood properties can be
detected in the stem, in the stand as well as between stands.

Wood moisture content is directly dependent on site conditions.
Growing trees contain more wood moisture in peatland forests than in
Rhodococcum and Myrtillus site types. Moreover, the moisture content of
heartwood in peatland pines is higher at half tree height and upwards
than at breast height. Sapwood contains more moisture on the south side
of the stem compared to the north side, which is clearly distinguishable
in the crown area.

Scots pine wood is the strongest if growing on heath and the weakest
on raised bogs, its average density being 513-545 kg/m?® and 414-464
kg/m?, bending strength 97-100 MPa and 71-83 MPa and compression
strength 55-56 MPa and 41-52 MPa, respectively. The tree height
determines the variation of strength properties in the lower half of
the stem. The longer the stem, the less variance occurs in the strength
properties of its pole timber.

Use of mineral fertilizers to change growing conditions affects the width
of annual rings over a relatively short period following fertilization
and may, in some cases, bring about changes in wood density by a few
percentages. Variation in wood bending strength is so great that changes
in density and latewood proportion as a result of fertilization fail to
considerably alter it. However, bending strength may in certain cases
decline by up to 6% as a result of fertilization. Fertilization can increase
the productivity of pine stands but the possibility of improving timber
quality is questionable. Enhanced growth increases production and
intensifies the growth of branches and needles in site types with poor
fertility, thus creatinga higher need for thinningin the stand. On repeatedly
fertilized middle-aged stands self-pruning decreases and therefore
first log quality remains low. Stronger radial growth after fertilization
increases the proportion of sapwood in raw timber where less latewood
may exist. Fertilization results in lower wood density and weaker wood
properties and has practically no influence upon accelerating heartwood
formation. Estimating the stem heartwood—sapwood proportion by the
external characteristics of trees is questionable.
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Forest drainage reduces the wood density and the latewood proportion;
however, such an effect is observable only in post-draining years. Later,
the effect is the opposite: the latewood proportion and the density
increase and ultimately good results are achieved. The greater bending
strength in moderately drained bog sites only at breast height and in
intensively drained bogs also in the crown area is in proportion with the
increased wood density in these sites.

The alkalization of the environment and long-term emission of alkaline
dust from the cement plant at Kunda have decreased the growth of
top and lateral shoots and radial increment, but may stimulate the
proportion of heartwood, precocious maturation and ageing of the
stand, accompanied by decreasing wood moisture in the growing
tree. Various contradicting standpoints about the relationships of soil
chemical composition and wood quality can be found in the literature.
Still we can state that nutrient disbalance in the alkaline soil, shown by our
studies, has a major direct impact on the growth of trees and stemwood
quality. Alkaline air pollution of trees may stimulate higher heartwood
proportions and early stand maturation. Moderate alkaline pollution of
a pine stand growing on acidic soil stimulates radial increment, but does
not result in lower latewood percentages or wood density. In polluted
stands, wood bending strength perpendicular to grain, compression
strength parallel to grain and, in some cases, the end-grain hardness
increase. A drastic rise in alkaline dust pollution results in slower wood
increment formation, narrower annual rings compared to the control
variant and higher latewood percentages and wood density; in areas of
very high pollution, however, weighted mean strength properties in the
stem cross-section are lower than those in unpolluted stands.

Juvenile wood is less favoured in most areas of wood use because of
its weaker strength characteristics. The density of juvenile wood makes
up 83.8%, bending strength 62% and end-grain hardness 81.2% of
the relevant indicators of the sapwood near the bark. Compression
strength parallel to grain in juvenile wood decreases faster towards the
top log than in sapwood. In comparison with the southern neighbour
states, Estonia has good possibilities for growing pine wood with a low
content of juvenile wood and good properties because the tested model
trees had relatively few annual rings. It is not possible to avoid juvenile
wood in pine stems but definitely its relative volume can be reduced by
silvicultural treatments.
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SUMMARY IN ESTONIAN

KASVUTINGIMUSTE MOJU HARILIKU MANNI
(Pinus sylvestris 1..) PUIDU FUUSIKALIS-MEHAANILISTELE
OMADUSTELE EESTIS

Sissejubatus

Harilik midnd on Eestis enimlevinud puulitk ja seetottu on selle
kasvatamise ning ratsionaalse kasutamise vastu suur majanduslik huvi.
Kahjuks piirdub see rohkem minnipuidu téotlemise ja turustamise
kvantiteediga, kvaliteedinditajad ning nende uurimine on jddnud
tagaplaanile. Saematerjali tugevusklasside midramiseks fikseerivad
erinevate maade standardid mehaaniliste tugevusomaduste piirid
(painde-, tdmbe-, survetugevus, elastsusmoodul, tthedus jm), sest tipsem
teave annab parema tilevaate puitmaterjali hinnapakkumise kohta. Eestis
on puidu omaduste kindlaksmiiramisega tegeldud suhteliselt vihe.
Kisiraamatute ja erinevate normide vordlustabelites puuduvad Eestis
kasvavate puuliikide puidu omaduste andmed. Sama puuliigi puidu
omadused soltuvad muuhulgas tGsna palju geograafilisest piirkonnast ja
kasvutingimustest, mistottu ei saa naabermaade uurimistulemusi sageli
otse tle votta ning seepirast on vaja kohapealseid uuringuid.

Puude kasvutingimuste parandamiseks ja puidu juurdekasvu
intensiivistamiseks puistutes on metsakasvatuses mitmeid votteid. Enam
levinud on puude kasvuruumi laiendamine puistute harvendamisega,
toitainete  kittesaadavuse = parandamine  liigniiske =~ metsamaa
kuivendamisega ja lisatoitainete andmine mineraalvietiste niol. Puude
kasvu mojutab oluliselt ka tolmu ja gaasidega saastatud 6hk. 20. sajandi
16pu arvukad uvuringud kill kirjeldavad happelise ohusaaste tekitatud
kahju metsaaladele, kuid aluselisele saastele ei ole nii palju tihelepanu
pooratud. Aluselise tolmusaaste moju kohta tivepuidu struktuurile ja
tehnilistele omadustele puudub kittesaadav teave.

Kiesoleva to6 eesmirk on koondada Eestis kasvava hariliku manni

puitu kisitlevate teadusuuringute tulemused ning analtiisida mannipuidu
omaduste soltuvust kasvukohast ja metsakasvatuslikest meetoditest.
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To606s pustitati jargnevad hiipoteesid:

1. parimad tehnilised omadused on viljakal kasvukohal kasvanud
hariliku ménni puidul;

2. metsakasvatuslike meetodite moéju minnipuidu tehnilistele
omadustele on varieeruv;

3. aluseline tolmusaaste mojutab negatiivselt hariliku minni puidu
tehnilisi omadusi.

Kiesoleva doktorit66 eesmirgid on jargmised:
— miirata moningate fitsikaliste ja mehaaniliste omaduste
varieerumine ménni peamistes kasvukohattipides (I, IV, V, VI);

— wuurida puidu omaduste muutumist minnitiive radiaal- ja

pikisuunas (I, V, VI);
— uurida juveniilpuidu omadusi ménnitiives (V);

— selgitada vilja monede metsakasvatuslike votete (kuivendamine,
vietamine) moju mannipuidu omadustele (I, IV);

— teha kindlaks pikaajalise tolmusaaste moju mannipuidu
omadustele (II, IIT).

Materjalja metoodika

Antud uurimustooks valiti looduses vilja 41 erinevat mannipuistut, mis
paiknesid pohla, mustika, janesekapsa-mustika, sambliku, kanarbiku,
kodusoo, kuivendatud madalsoo, kuivendatud siirdesoo, kuivendatud
raba ja raba metsakasvukohatiitibis. Neist kaheksal katsealal uuriti
vaetamise ja neljal tolmusaaste moju mannipuidu omadustele.

Mudelpuude valik puistus toimus ISO 4471:1982 néuete kohaselt. Enne
langetamist tahistati mudelpuudel pohjapoolne kiilg, Langetatud puudel
moodeti pikkust, kiimne viimase aasta ladvakasvu, elusa vora algust ja
vora laiust ning tiive labimoote korguselt h1,3’ h, P h, P jah, m Uurimuse

tarbeks langetati 202 mudelpuud, millest 16igati korguselt h , h, ) ja
h, , kokku 606 proovipakku pikkusega 1,2 m. Samal pdeval 16igati igalt

3/4
pakult ketas, millel maarati suhteline puidu niiskus I6una- ja pohjakiiljel

ning keskosas. Hiljem tehti ketastel kindlaks liliosa 1abimo6t, kooreta
1ibimoot ja aastaringide arv.
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Proovipakkudest saeti lauad standardi ISO 3129:1975 kohaselt. Nendest
valmistati parast kuivatamist vastavate standardite jargi 7360 katsekeha
paindetugevuse, paindeelastsusmooduli, survetugevuse, otspinna
kovaduse, aastarongaste laiuse, stigispuidu protsendi ja absoluutkuiva
puidu tiheduse maaramiseks.

Katsed tehniliste omaduste médaramiseks viidi labi jargmiste standardite
kohaselt: paindetugevus ISO 3133:1975, paindeelastsusmoodul ISO
3349:1975, survetugevus ISO 3787:1976, otspinna kdévadus ISO
3350:1975, puidu tihedus ISO 3131:1975 ja puidu niiskus ISO 3130:1975
jargi.

Tulemused

Puude kasvutingimused erinevates kasvukohtades mojutavad oluliselt
puidu omadusi. Minnipuidu omaduste varieeruvus on suur nii puu
tiives, puistus kui ka puistute vahel.

Puidu niiskus soltub otseselt kasvukoha tingimustest. Niiskust on
rohkem soominnikutes kui pohla- ja mustikaminnikutes kasvavates
puudes. Soominni lilipuidus on puu poolel kérgusel ja korgemal
niiskussisaldus suurem kui rinnakoérgusel. Maltspuidus on rohkem
niiskust tive 16unakdljel ja see on selgelt eristatav vora piirkonnas.

Nommemetsades kasvanud hariliku médnni puit on paremate ning
rabades kasvanud halvemate omadustega: keskmine tthedus on vastavalt
513-545 kg/m’ ja 414-464 kg/m’, paindetugevus vastavalt 97-100 MPa
ja 71-83 Mpa ning survetugevus vastavalt 55-56 Mpa ja 41-52 Mpa.
Puu kérgus mairab tugevusomaduste varieerumise tiive alumises pooles.
Mida korgem tivi, seda vaiksem on tugevusomaduste varieerumine
ladva suunas.

Kasvutingimuste muutmine mineraalvietiste lisamisel mojutab
aastarongaste laiust suhteliselt liihikesel vietamisjirgsel perioodil ja voib
monel juhul kutsuda esile puidu tiheduse muutumise paari protsendi
ulatuses. Puidu paindetugevuse varieeruvus on sedavord suur, et tiheduse
ja stgispuidu protsendi muutus vietamise tagajirjel ei kutsu puidu
paindetugevuses esile suuri muutusi. Survetugevus voib monel juhul
viheneda kuni 6%. Vietamine v6ib suurendada minnikute tootlikkust,
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kuid sellega ei pruugi paraneda puidu kvaliteet. Kasvu parandamine
suurendab okste ja okaste toodangut ning kasvu intensiivsust viiksema
viljakusega kasvukohas, millest tulenevalt suureneb puistu harvendamise
vajadus. Korduvalt vietatud keskealise puistu laasumine viheneb ja
seetottu halveneb ka esimese palgi kvaliteet. Suurem radiaalne juurdekasv
pérast vietamist suurendab stigispuidu viiksema osakaaluga maltspuidu
osa tiives. Vietamine toob kaasa puidu tiheduse vihenemise ja tehniliste
omaduste halvenemise, kuid ei mojuta tegelikult lalipuidu tekkeprotsessi
kiirust.

Metsa kuivendamine vihendab puidu tihedust ja stigispuidu osa
aastarongas. Selline efekt ilmneb ainult esimestel kuivendamisjirgsetel
aastatel. Hilisem mo&ju on vastupidine — stgispuidu osa ja tihedus
suurenevad ning lopuks saavutatakse paremad tehnilised omadused.
Puidu tiheduse suurenemisega kaasneb  maltspuidu  suurem
paindetugevus kuivendatud rabaminnikus tksnes rinnakorgusel ja
intensiivse kuivendamisega rabas ka vora piirkonnas.

Aluselinekeskkondjaaluselise tolmupikaajalineheide tsemendivabrikutest
on viahendanud ladva ja kiilgvorsete ning tiive radiaalset juurdekasvu,
kuid v6ib stimuleerida lilipuidu teket, puistu varasemat kiipsemist ja
vananemist. Sellega kaasneb kasvava puu niiskuse vihenemine. Antud
uuringu pohjal saab viita, et aluselisel pinnasel, kus toitained ei ole
tasakaalus, on otsene mo&ju puude kasvule ja tivepuidu kvaliteedile.
Mo66dukalt saastunud keskkond stimuleerib kasvava minni radiaalset
juurdekasvu, kuid see ei too kaasa stigispuidu protsendimaira langust
ega puidu ttheduse vihenemist. Saastunud puistu puidu paindetugevus
ja survetugevus pikikiudu suurenevad. Monel juhul on tiheldatav ka
otspinna kdvaduse suurenemine. Puidu juurdekasv on suure tolmusaaste
piitkonnas aeglasem, aastarongad kitsamad ning tihedus ja stigispuidu
osakaal suuremad vorreldes saastamata aladel kasvava puiduga. Puidu
kaalutud keskmised tugevusniitajad on viga suure saastega aladel tiive
ristloikes viiksemad kui saastamata puistutes.

Juveniilpuitu kasutatakse oma viiksemate tugevusniitajate parast
vahem enamikus puidutéotlemise valdkondades. Juveniilpuidu tihedus
moodustab 83,8% perifeerse maltspuidu tihedusest, paindetugevus on
vastavalt 62% ja otspinna kovadus 81,2%. Juveniilpuidu survetugevus
pikikiudu viheneb ladva suunas kiiremini kui maltspuidu survetugevus.
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Vorreldes 16unapoolsete naaberriikidega on Eestis head voimalused
kasvatada juveniilpuidu viikese osakaalu ja heade omadustega
ménnipuitu, sest uuritud mudelpuudel moodustas juveniilpuit suhteliselt
vahem aastarongaid.
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Abstract

The properties of Scots pine (Pinus sylvestris) wood were studied in 27 stands growing on sites of 9 different types
in Estonia. Data were collected from 184 trees aged 60-80 years.

Pine wood is the strongest growing on heath and the weakest on raised bogs, its average density being 513-545 kg/
m? and 414-464 kg/m?, bending strength 97-100 MPa and 71-83 MPa and compression strength 55-56 MPa and 41-52
MPa, respectively. The heartwood percent is greater in pines grown on more fertile sites. Site type is a highly generalising
predictor of strength properties, so site index must also be taken into account. On the contrary, site index may serve
as a good predictor of relative strength indicators but only to a limited extent, within the range of adjoining types in

the ordination scheme of forest site types.

Key words: Scots pine, site type, site index, heartwood, density, bending strength, compression strength, hardness

Introduction

Differences in properties of Scots pine (Pinus syl-
vestris) wood depending on growth site conditions have
been observed for more than a century. The higher the
nutrient content of the soil, the better the wood techni-
cal properties, other conditions being equal (Hartig1901).
According to Jahntov (1913), deterioration in soil con-
ditions leads to decreased wood density and compres-
sion strength. Beginning in the late 19" Century, research-
ers (Schwappach 1897, Omeis 1895, Werberg 1930, Kore-
saar 1938) have correlated wood properties with growth
site index. One of the best indicators of growth site fer-
tility is site index; however, pine forests of site index 4-
5 grow both in peatlands and dry heaths, where nutri-
tion conditions vary widely. The effects of these condi-
tions on wood properties are an issue of interest to to-
day’s theoreticians and practician. Averaged data on
wood properties of main tree species have been concen-
trated into numerous handbooks and catalogues; how-
ever, they predominantly deal with mature trees. Fairly
frequently, the data available characterise wood strength
at breast height alone, disregarding the vertical variation
of strength indicators in tree trunks.

Pine is a dominant tree species in Estonia’s for-
ests, taking up 33.6% of the total forest area and 29.1%
of the growing stock. The average per-hectare volume
was 104 m*/ha in 1958 and reached 232 m®/ha in 2006

(Yearbook...2008). Year by year, both wood supply,
and demand, primarily for high-quality pine timber, are
increasing. Yet the recorded data concerning the qual-
ity and properties of Estonian tree species are extreme-
ly scarce, and at times controversial.

In Europe, research has been focused on delving
deeper into the wood properties of the most wide-
spread tree species and exploring the physiological
processes in wood formation (Wilhelmsson et al. 2001,
Aleinikovas and Grigaliinas 2006, Jelonek et al. 2006,
Mandre et al. 2007). The structure and properties of
wood are affected by genetic, environmental and an-
thropogenic factors acting during the formation of
wood cell and tissue (Lindeberg 2001, Bektas et al.
2003). A number of authors (Andrews ef al. 1999, Finér
and Kaunisto 2000) have pointed out differences in the
levels of nutrients and other elements found in stem-
wood, depending on the growth site. And the degree
of nutrient retranslocation from senescing sapwood
may be influenced by soil nutrient availability.

As early as 1897, Wijkander found that the tech-
nical properties of pine wood reach their maximum in
annual rings formed at the age of 61-90. For this rea-
son in the last ten years, pine wood properties have
been researched in Estonia’s younger, 60-80-year-old
pine forests (Pikk et al. 2004, Mandre et al. 2007, Kask
et al. 2008). Moreover, a fifth of the pine wood ob-
tained comes from maintenance felling.
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The rapidly changing economy, ever-modernising
wood processing technology, warming climate, envi-
ronmental pollution, etc. creates the need for constant
regional research at stand, tree, macro- and microlev-
els. The objective of this paper was to concentrate the
research results on pine wood in Estonia and summa-
rize the variation in the properties of wood obtained
from the second commercial thinning on the main Scots
pine site types.

Materials and methods

The selected pine stands were situated on the most
widespread types of pine sites in Estonia (Table 1). The
existing classification of Estonian forest site types is
from Lohmus (1984). According to this classification,
forests are divided into 22 forest site types. Each site
type has as many subtypes as it has neighbouring site
types (Lohmus 1995). The site type index determines
the average height of a stand at the age of 50.

Table 1. The number and characteristics of felled sample
trees by forest site types

Number
Sitot Site  of Tree DBH, Height, Foled
ite type index sample age cm m ‘samp e
rees
plots
Cladonia 35 2 81.5 189 17.3 12
Calluna 4.0 1 70.0 185 15.0 6
Rhodococcum 1.6 5 71.8 203 21.3 34
Myrtillus 1.4 10 70.7 24.0 22.7 60
Dry swamp 29 2 80.0 21.9 19.0 12
Drained birch fen 3.7 1 70.0 16.6 14.4 8
Drained transitional bog 3.6 2 70.0 20.7 17.7 12
Drained raised bog 5.2 2 88.0 15.0 141 24
Raised bog 5.3 2 77.5 141 10.9 16

In each of the 27 stands selected, 6-12 sample
trees were felled. From these, specimens were prepared
in compliance with international standards. More trees
were felled in stands with a smaller average breast-
height diameter (DBH). According to Saladis and Alein-
ikovas (2004), no less than six trees must be examined
in a single forest stand in order to obtain wood prop-
erties with 10% accuracy. Sample blocks for determin-
ing wood properties were cut at the height of 1.3m
(h, ,), at half tree height (h ) and at three-quarters of
tree height (h,,); these stem sections roughly repre-
sent the butt log, the second log and the pulpwood,
respectively

The following properties were subjected to study:
annual ring width, latewood proportion, heartwood
percent, oven-dry density, bending strength, compres-
sion strength and end-grain surface hardness.

The specimens for determining wood density were
prepared in compliance with the requirements of ISO
3130-1975 and ISO 3131-1975. Experiments for deter-
mining mechanical properties were prepared and con-
ducted in conformity with ISO standards 3131-1975,

IN'ESTONIA N R. KASK, E. PIKK I

3133-1975, 3787-1976 and 3350-1975. Strength tests
were carried out using the universal test press IN-
STRON 3369.

The WinDENDRO™ software was used to meas-
ure annual ring widths and latewood proportions.
Oven-dry density was determined in 7,360 specimens
upon reaching a constant weight at 103 rC.

Seven thousand three hundred and sixty speci-
mens (7,360) were prepared for the tangential static
bending strength test and the same number for deter-
mining the compression strength parallel to grain. A
total of 4,416 experiments were performed to establish
the end-grain hardness. The mechanical testing took
place with wood moisture content 8+0.5%. In the
present paper, all the mechanical properties were re-
duced to a 12% wood moisture level. Weighted aver-
age strength indicators for each stand at three differ-
ent heights, and then strength indicators were found
for all the stemwood. For each site type, the vertical
reduction of tree trunk strength properties was calcu-
lated in percentages.

Differences in the average wood properties be-
tween the site types were estimated using one-way
ANOVA. The critical P-value was 0.05. Statistical cal-
culations were performed with Excel 2003 (Microsoft
Corp., USA). Regression trendlines and R-squared (R?)
were calculated to test the relationships between wood
density and site index.

Results

The test results reveal great variations, which were
due to the different horizontal and vertical structure
of each individual tree trunk. Apart from that, wood
formation during the growing season had been influ-
enced by changes in growth conditions (thinning,
draining, insect damage).

The weighted average stem strength indicators of
the pine forests researched at three different heights
were widely divergent (Table 2). The annual ring width
increased but all the other strength indicators de-
creased towards the crown. The decrease was signif-
icantly more intensive than from breast height to half
tree height than for h, . Particularly great was the
decrease in heartwood proportion in the crown part
of the stem. Correlation between the strength indica-
tors given in Table 2 was very strong (R= 0.85-1.00).
A remarkable correlation between oven-dry density and
site index was found (Figure 1).

The pine latewood at breast height was 30-43%.
At half tree trunk height the proportion of latewood
was significantly smaller, 22-33%, and, at three-quar-
ters of tree trunk height there is even less latewood,
18-32%.
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Figure 1. The oven-dry density of pine wood on DBH in
different site index classes

Table 2. Wood average properties at three different stem
heights and their alteration towards the top (%)

Gven Bendng  Compress- _End-gran
Relative Growth Lt ;‘;23 dry strength,  ion hardness,
height g, ood 0 density, MPa strength,  MPa
e g kgm? MPa

hya 13 405 464 5408 1041 602 409
[ 19 318 197 4582 820 50.1 359

" 24 277 44 4346 718 450 345
Alteration, %

FYIR LI 441 215 -25.4 -16.3 -21.2 -16.7 -12.3
[y 223 128 778 52 125 -10.1 37

An analysis by individual site types revealed sig-
nificant differences in stemwood strength indicators.
Stands growing on fresh and dry soils showed good
averages for stem strength indicators. The same indi-
cators, however, were poor for trees growing in
swamps and bogs. An exception among the technical
properties appeared to be end-grain hardness, which
manifested greater variations than the other charac-
teristics; according to our findings, its variations were
relatively greater on site types with poorer fertility
(Table 3).

Variations in strength indicators between the site
types were notable. As could be expected, they were
greater in annual ring width and heartwood proportion.
As for the other properties, the variations remained
within the range of 8.4-10.9%.

The alteration of strength properties along the
stem in percent per current metre from breast height
to half tree height and then to h,, also varied widely
(Table 4), depending on the site and site index. The

Table 4. The longitudinal decrease of strength properties
(percent per meter)

Oven-dry Bending ~ Compression  End-grain
. Site density strength strength hardness
She type index p h h. h h h. h h.
1a= Nie= M= hip= hig= hyp= hyg= hy,
hiz ha hiz  hys  hie  ha hiz ha
Cladona 35 28 04 84 31 28 36 24 00
Calluna 4.0 3.0 1.8 3.7 4.4 3.5 5.1 2.4 2.2
Rhodococcum 1.6 22 1.0 24 80 23 21 18 0.2
Myrtillus 1.4 1.8 1.1 2.3 2.0 1.6 2.5 1.6 2.6
Dry swamp 29 23 03 27 19 22 09 09 0.7
Drained birch 37 07 00 36 14 21 19 10 09
fen
Drained 36 1.8 00 30 05 20 17 16 0.0
transitional
bog
Drained bog 52 38 00 33 55 34 31 14 02
Raised bog 53 51 13 34 103 24 56 21 00
Average 3.5 2.6 0.7 3.1 3.7 2.5 3.2 1.7 0.7

percent of per-metre deterioration of the properties up
to half tree height was smaller in stands with best site
index (up to class 3).

The relation between longitudinal decrease of
bending and compression strength and site index is
notable. The relation is weak between decrease of
hardness and site index (Figure 2).

Decreasing, %/m

- - = Bending strenght Compression strenght — — Hardness
4
35 — et
3 —_—
25 =
L.
2 z ——— =
15 — =
L~ -
1 -
05
0
115 2 25 3 35 4 45 5 55
Site index

Figure 2. The longitudinal percent-per-meter decreasing of
strength properties in different site index classes

Table 3. Pine stem average strength

Stem average

. Site

properties and heartwood proportion Site type index Sd/?na Bs, MPa :\:/ISP’a ’I\EAQF[; Aw,mm Lw, %  Hw, %

by different forest site types _ 9
Cladonia 35  513x10 100.2:2.3 54.7:09 37.2¢15 1.15:005 33.9t12 17.2:38
Calluna 40  545x12 97.1x4.1 557+1.7 36.9:1.7 1.42:0.06 35.8:1.1 14.3:2.1
Rhodococcum 1.6 47914  86.9+4.3 56.4:2.8 27.1+1.0 1.71x0.08 31.9+1.4 17.3:32
Myrtillus 1.4 48215 89.1x4.4 54.8:30 29.7:0.9 1.92:008 32.8+15 25.2:43
Dry swamp 33  464x12 80.2:t3.0 49.8+15 31.9x1.1 1.70:0.05 35.5:1.0 21.5x1.7
Drained birch fen 3.7 446x15 79.3:45 48.7:2.3 34.2:15 1.65:0.09 35.9:20 13.2:2.1
Drained transitional bog ~ 3.6~ 447x11  83.2:37 44.5:12 36.2:1.1 154012 34.5:1.1 17.4x1.9
Drained raised bog 5.2 450+8  77.7#2.0 52.1x1.1 34.7+1.4 1.62+0.06 31.3:09 10.7+1.7
Raised bog 5.3  414x13  71.6:34 41.4x1.8 33.7:16 154:0.06 27.0:1.1  7.1x1.6
Variation,% 8.4 109 10. 9. 13. 8.6 34.1
ANOVA p-value <0.0001  <0.0001 <0.0001 0.0025  <0.0001 <0.0001 _<0.0001

Odd —Oven-dry density, Bs — Bending strength, Cs — Compression strength, Egh — End-grain hardness,
Arw — Annual ring width, Lw — Latewood, Hw — Heartwood
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Discussion and conclusions

The mechanical properties of wood are strongly
correlated with its physical properties, the most im-
portant of which are the wood density, latewood pro-
portion in annual ring and annual ring width. Howev-
er, the great variations in our research results demon-
strate that they are insufficient for estimating the
mechanical properties of wood where growth rates are
the same but growth conditions are different. Maybe
consideration must also be given to fibre length, cell
wall thickness, growth tensions, the levels of various
elements and compounds, efc.

In Scots pine, the heartwood differs from sapwood
by a number of properties and by chemical composi-
tion. Sapwood/heartwood proportions have an effect
on technological properties: moisture content, densi-
ty, shrinkage and water-vapour diffusivity (Allegretti
et al. 1999). For this reason, heartwood and the phe-
nomenon of its formation has been studied from var-
ious aspects (Ogner and Bjorn 1988, Helmisaari and
Siltala 1989, Gjerdrum 2003). According to Bamber
(1976), the heartwood formation is a developmentally
controlled process functioning as a regulator of the
amount of sapwood in the trunk, to keep it at the
optimal level. According to the so-called “pipe model
theory” (Shinozaki ef al. 1964), the sapwood functions
to guarantee the movement of required amounts of
nutrients in the stem cross-section as determined by
crown size. In this connection, age is the main factor
in heartwood formation (Gjerdrum 2003). The correla-
tion between the growth site and the heartwood con-
tent is weak (Bjorklund 1999). Additionally, the varia-
tion in the heartwood content between trees within the
same DBH-class, growing in the same stand, is higher
than the variation between stands.

Among the indicators researched in this paper, the
heartwood proportion manifested the greatest varia-
tions between the site types as well as within a con-
crete site type (Table 2). For instance, in one Myrtil-
lus site type stand, the heartwood content was 15%
while in another it was 30%, although the average
breast height diameter and the height of the stands
as well as the stand densities were almost identical.
If, however, the heartwood percent is the best indica-
tor of tree maturity (Kérenlampi and Riekkinen 2002),
and if the heartwood content is as widely varying under
similar growth conditions as our findings show, it
cannot be the best property to evaluate maturity.

Normally, the heartwood percent is higher under
better growing conditions. Thus, our findings have not
confirmed the position (Bjoérklund 1999) that the heart-
wood formation is little affected by where it is grown,
and only to a limited extent affected by how it is grown.

INESTONIA I R. KASK, E. PIKK

Additionally, the vertical range of the heartwood may
be affected by a number of factors, of which the tree
crown appears to be the most important (Jelonek et
al. 2006).

Sapwood area significantly decreased with de-
creasing soil moisture. According to some results, the
pipe model theory is not valid (Mékeld and Vanninen
2001). However, according to Rikala (2003) there is no
clear evidence that the heartwood proportions of peat-
land trees are higher than those of trees grown on
mineral soil sites. The heartwood percent was the low-
est in our bog pine forests, where the soil moisture is
high, stand density low and the tree crown volume is
relatively big.

Wood density has the greatest influence on me-
chanical properties. According to Sipi and Rikala (2000),
the basic density and amount of heartwood depend, e.g.,
on geographic location, age and growth rate. At one
and the same latewood percent and moisture level the
density of the heartwood is usually greater than that
of sapwood due to various substances (waxes, resins,
tannins, efc.) accumulating in heartwood. As a result
of the heartwood formation, the density of heartwood
rises by 6-8% (Werberg 1930). However, wood density
is often different at one and the same latewood percent.
For instance, when comparing the density of site index
4 heath pine wood and that of the swamp pine wood
of the same site index and latewood percent, the den-
sity of the latter was significantly lower (Table 3). It is
known that the correlation between the growth site and
the latewood content is weak (Bjorklund 1999). Here,
consideration must be given to the effect of growing
conditions, primarily the nutritional environment, on the
accumulation of the chemical elements, which has been
addressed in a number of studies (Helmisaari and Siltala
1989, Ogner and Bjorn 1988, Cave and Walker 1994,
Andrews ef al. 2004). Thus, in Finland the wood den-
sity of Scots pine increases from north to south while
the opposite is true for spruce (Hakkila 1979, Karkkéin-
en 1985).

Owing to variations in wood density, an analo-
gous increase is not observable on the relatively small
territory of Estonia. We can only note that the aver-
age pine wood oven-dry density in our experiments
(471 kg/m?) was similar to that of southern Finland, 470
kg/m? (Hakkila 1979). Surprisingly high is pine wood
density in Poland, 540 kg/m? at the wood moisture level
of 10% (Helinska-Raczkowska and Molinski 2003).

Noteworthy is the dependence of breast-height
wood density on site index in some types of growth
sites (Figure 1). One can see that due to intensive
growth on very fertile sites, wood density there re-
mains lower than on fresh sites with lower fertility. In
a stand growing on mineral soils of a high site index
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(la) one can observe lower strength indicators, which
is confirmed by data from the literature (Ericson 1960,
Bjorklund and Walfridsson 1993). Hence, the site in-
dex is not a good wood oven-dry density predictor.
According to our data, the strength of the relation-
ship between stand average density and site index is
characterised by determination coefficient R*= 0.60.

The mechanical properties of softwoods decrease
remarkably with increasing growth rate. The growth
rate has a large effect on the mechanical properties,
which can be accounted for by the affected oven-dry
density. In addition to this indirect effect through
specific gravity, the growth rate still has an addition-
al effect on the mechanical properties that cannot be
explained by oven-dry density (Zhang 1995).

The research results by site types (Table 3) man-
ifest the dependence of mechanical properties (bend-
ing and compression strength and hardness) on wood
density, while the latter was in turn largely influenced
by the amount of latewood contained in the wood. As
a rule, when a tree grows the amount of latewood in
the annual ring at the same height is greater in each
successive year than in the previous year, as a con-
sequence of which the wood of older stems on aver-
age is denser and stronger than that of young trees.

The wide variations in the results were due to the
heath pine forests, wood density and several strength
properties which exceeded the respective indicators for
other growth sites, even if the site index was relative-
ly low (3.5-4). As another exception, Veermets (1960)
points out the alvar pine forests, the wood compres-
sion strength which does not depend on wood densi-
ty, as it does on sites of other types.

The strength properties of wood on sites of dry
mineral soil types were better than on fresh soil sites.
Peat soils, however, exhibited better wood strength
properties on drained, more fertile sites. The strength
properties of pine wood were clearly poorer on our low-
fertility wet sites, as in Finland (Rikala 2003).

Site type is a highly generalising predictor of
strength properties, so site index must also be taken
into account. Site index may serve as a good predic-
tor of wood relative strength indicators but only to a
limited extent, within the range of adjoining types in
the chart of ordinated forest site types.

The formation of wood properties is influenced by
a number of silvicultural measures. Draining reduces
basic density and the latewood proportion (Rikala
2003). In Estonia, such an effect is observable only in
post-draining years, when draining results reduced the
basic density and the latewood proportion. Later, the
effect is opposite: the latewood proportion and the
density increase and ultimately good results are
achieved, as in Russia (Perelygin and Ugolev 1971).

Of mechanical properties, variations are the great-
est in end-grain surface hardness. Hardness is highly
dependent on grain direction. The strength of the ra-
dial and tangential surface is directly connected with
the end-grain surface. For example, according to Mi-
hailit[Jenko and Sadovnit[/i (1983), end-grain strength
exceeds tangential and radial surface hardness by 40%.
According to Holmberg (2000), the hardness value of
a radial surface, i.e. when load is applied in tangen-
tial direction, is about half the end-grain surface hard-
ness.

In this research, greater variations in end-grain
surface hardness were manifested in wood grown on
more fertile sites, where, due to the greater width of
annual rings, the test press ball might hit only early-
or latewood. Accordingly, a smaller or greater result
was obtained. The hardness of a wood end-grain sur-
face with narrower annual rings therefore manifested
less variation and was often greater than the average.
With particularly wide annual rings, the probability of
the ball hitting early wood was greater and the test
result was therefore smaller.

The decrease in pine wood density and strength
properties towards the tree-top has been widely cov-
ered in the literature (Veermets 1960, Sipi and Rikala
2000, Repola 2006). According to Repola (2006), the
difference in wood density between the butt and the
top in Scots pine stems is more than 100 kg/m?. In this
study, wood density in Scots pine decreased from h
to h, ,, and the difference in wood density in pine stems
was over 106 kg/m?. This result is in agreement with
previous studies (Hakkila 1966, Bjorklund 1984, Repola
2006).

In stands of site index 1 and 2 wood density and
strength properties decreased towards the top by 1-
2% per metre, whereas in stands of site index 5 the
wood density and bending strength on average de-
creased by 3.5% per metre. On poorer sites, the reduc-
tion in compression strength and end-grain surface
hardness towards the top was less intensive (3%). The
extent of deterioration in the properties of wood ob-
tained from tree stems depending on the site index is
characterised in Figure 2. Of mechanical properties,
bending strength had the strongest correlation with
site index (R>=0.75).

The longitudinal percent-per-metre reduction of
bending strength, compression strength and end-grain
surface hardness in tree stem is smaller on more fer-
tile sites.

As early as in 1897, Wijkander in Sweden inves-
tigated pine technical properties at the heights of 1,
3, 10 and 12 m and ascertained that compression
strength drops by 1.6% per current metre within the
range of 1-3 metres, by 1.7% at 3-10 metres and by 1.2%

I 2009, Vol. 15, No. 1 (28) I  (SSN 1392-1355

79



BALTIC FORESTRY
I SECOND THINNING SCOTS PINE WOOD PROPERTIES /.../

at 10-12 metres. The overall decrease from 1 to 12
metres was 16%. Apparently, the test material was
obtained from a relatively fertile site type.

We have to take into account that the site index
is determined based on age and height. The stands
studied were of relatively similar ages, falling within
one age group. In a sense, therefore, the site indexes
given in the figures also indicate the different heights
of the stands. The tree height, in turn, determines the
variation of strength properties in the lower half of the
stem. The longer the stem, the less the variance in
strength properties of its timber.

In Estonia, the second thinning Scots pine wood
is the strongest growing on heath and the weakest on
raised bogs, its average density being 513-545 kg/m?
and 414-464 kg/m?, bending strength 97-100 MPa and
71-83 MPa and compression strength 55-56 MPa and
41-52 MPa, respectively.
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BALTIC FORESTRY
I SECOND THINNING SCOTS PINE WOOD PROPERTIES /.../ IN ESTONIA NS R. KASK, E. PIKK I

TEXHUYECKHUE CBOMCTBA COCHOBOM JPEBECUHBI CPEJHEBO3PACTHOI'O
JPEBOCTOS B CBA3HU C YCJIOBUSIMHU MECTOIIPOU3PACTAHUSA B 5CTOHUU

P. Kack u 5. [Tukk

Pesiome

CBolicTBa IpeBeCHHBI COCHBI (Pinus sylvestris) nccnenoBanu B 27 IpeBOCTOSAX 9-TH THIIOB MECTONPOM3PACTaHHS JIeca.
Bcero 6b110 B3siT0 184 MozenbHbIe JepeBbs Bo3pacToM 60-80 mer. Ha cpyOneHHBIX IepeBbAX BBIMMIMBAINCE 3 MPOOHBIE
KPSDKM: Ha BBICOTE TPYJIM, HA CEPEIMHE BBICOTHI CTBOJIA M HA BBICOTE CTBONA 3/4.

BbIsACHMIIOC, YTO HAMITYYIIMMU TEXHHYECKMMH [OKA3aTe/IsIMHU JIPEBECHHA COCHBI OTJIMYACTCS Ha BEPElaTHUKAX U Gojee
HH3KHMH TTOKa3aTeNsMH - Ha BepXoBOM GosroTe. CpesiHsis IIOTHOCTh COOTBETCTBEHHO Oblia 513-545 kr/m’ u 414-464 kr/m.
ComnpoTHB/IeHHE Ha CTATHYECKUH M3rUO B TAHT€HTATLHOM HAaNpPaBIEHHH COOTBETCTBEHHO 65110 97-100 MIla 1 71-83 Mlla u
CONPOTHBIICHNE HA CKaTHE BIOJIb BOIOKOH COOTBETCTBEHHO 55-56 MIla n 41-52 MIla. IlpouenT siapa B CTBOJIE HAHOOIBIINH
Y COCHBI, pacTylleli Ha IJI00POHBIX I10YBAX.

TIpy oueHKE TEXHHYECKHMX CBOMCTB JPEBECHHbI OCHOBHBIM OIPEENIAIONIMM [OKa3aTeaeM SABJIAETCS THUII MECTO-
npouspactanus. BOHHTET TakKe MOXET CIYXHTh XOPOIINM HHIMKATOPOM TBEPAOCTH JPEBECHHBI, OAHAKO OTPAHHYCHHO,
TOJIEKO B OTHOLICHHH MOJOOHBIX THIIOB MECTOMPOH3PACTAHMUS.

TexHH4eCKHE CBOMCTBA (M3rHO, CXKaTne, TBEPAOCTb) OT BBICOTHI IPYAN 10 CEPEAMHBI BBHICOTHI CTBOJNA YMEHBIIAIOTCS
MEHbIIIE B IPEBOCTOSX, PACTYIINX HA ILIOAOPOJHBIX IIOYBAX.

KirioueBble c10Ba: cocHa OOBIKHOBEHHAsI, THII MECTONIPOU3PACTAHHS, KIacc OOHUTETA, PO, INIOTHOCTD, H3THO, CHKATHE,
TBEPAOCTH
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Abstract This paper examines the long-term influence
on pine (Pinus sylvestris L.) wood properties of alkaline
dust pollution (pH 12.3-12.7) emitted over 135 years
from a cement plant in Estonia. A study of stemwood
physical and mechanical properties in 70-80-year-old
Scots pines growing in three zones of different air pol-
lution levels showed serious deviations in comparison
with a relatively healthy forest in an unpolluted area.
Specimens from polluted trees evidenced smaller sapwood
annual ring widths than those from the control trees. At
the same time, the number of growth rings in sapwood at
breast height increased under pollution. In the polluted
areas, percentage of latewood in the annual ring widths
was higher than in the unpolluted area. Small amounts of
cement dust, which contains elements essential for the
mineral nutrition of the trees, might have acted as fertil-
izer. Pine wood in the polluted stands exhibited increased
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density, bending strength across the grain, compression
strength along the grain and, in some instances, hardness
along the grain.

Keywords Scots pine - Dust pollution - Sapwood -
Heartwood - Latewood

Introduction

Numerous investigations describe the damage done by
acidic air pollution to forest areas in many industrial
countries towards the end of the twentieth century (Smith
1990; Staaf and Tyler 1995; Hartling and Schulz 1998). At
the same time, research into the impact of different types of
alkaline air pollution on forests has failed to attract as
much attention as that of acid rain, SO,, NO, or O3. Many
authors have found serious deviations in plant metabolism
and physiology (Auclair 1977; Lal and Ambasht 1982;
Mandre 1995a, b; Kldseiko 2003; Skuodene 2005) as well
as in growth and productivity (Gluch 1980; Jiger 1980;
Rauk 1995; Ots 2002) caused by alkaline dust pollution
and alkalisation of the environment. However, no infor-
mation is available on the effect of alkalisation of the
environment and of alkaline dust pollution on the structure
and mechanical and physical properties of stemwood,
although it is known that growth conditions have a very
strong impact on the structure and properties of wood
(Nekrassova 1994; Lindeberg 2001; Wodzicki 2001; Pikk
et al. 2004). Differences in sapwood and heartwood per-
centages may be due to ecological factors such as altitude,
soil lime and organic matter content and soil type (Bektas
et al. 2003).

The Kunda cement plant (longitude 26°32'E, latitude
59°30'N) became the primary source of alkaline air
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pollution in Northeast Estonia after expanding its produc-
tion in 1962, when primitive air filters were first used.

The long-term exposure to dust pollution from the
cement plant has resulted in a deterioration of the mor-
phological properties of individual trees growing in
middle-aged and mature conifer stands compared to those
in unpolluted areas (Ots 2000). Calculations by Rauk
(1995) show that in the peak years of emission from the
Kunda cement plant in the early 1990s pollution accounted
for a stemwood loss of 1,500 m* each year in the vicinity.
On the other hand, many of the components contained in
the dust have been valuable for trees as nutrients. Less
research has been done on the magnitude of the changes in
wood properties and their potential effect on wood util-
isation technologies.

The objective of the present study was to find out
whether long-term alkaline air pollution from the cement
plant and soil alkalisation has an effect on some of the
physical and mechanical properties of pine wood.

Methods
Area of study

The study was performed on a territory affected for over
135 years by a cement plant in Kunda, which was estab-
lished in 1871. The sample plots were situated at the
distances of 2.5 km (heavily polluted) and 5 km (less
polluted) to the east and 3 km (less polluted) to the west of
the emission source and the control sample plot was
located under similar climatic conditions on a relatively
unpolluted area in Lahemaa National Park (59°31'N,
26°00'E) at a distance of about 38 km to the west, opposite
to prevailing winds. Pollution levels at the four sites indi-
cate the pH of the soil upper horizon (30 cm): variant
2.5 km E, pHgc 7.86; variant 5 km E, pHg, 7.76; variant
3 km W, pHkcy 6.68 and variant 38 km W, pHgc 3.84
(Mandre et al. 2007).

Dust emissions from the cement plant were extremely
high in 1990-1992, totalling 80-100 kt per year (Estonian
1996; Environmental 2004). The emissions contained 87—
91% technological dust and 9-13% gaseous pollutants
(SO,, NO,, CO, etc.) (Mandre et al. 1994). The emitted
dust contains 40-50% of CaO, 12-17% of SiO,, 6-9% of
K50, 4-8% of SO3, 3-5% of Al,O5 and 2-4% of MgO, as
well as Fe, Mn, Zn, Cu, B, etc. The water solution of the
dust obtained from the electric filters has pH values from
12.3 to 12.7 (Mandre 2002). In 1993-1996 cement dust
emissions from the plant decreased notably, thanks to the
installation of efficient filters (Fig. 1). At present, they are
below the permitted quantity (421 tons/year) (Environ-
mental 2004).
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Fig. 1 Emission of dust and gaseous pollutants into the atmosphere
from the cement plant in Kunda, Northeast Estonia

For this study, trees were sampled in 70-80-year-old
mixed stands of Myrtillus site type (the dominant plant
cover species is Vaccinium myrtillus), quality class (site
index) II. For site type classifications see Cajander (1949).
We have harvested trees of a single species, Scots pine
(Pinus sylvestris L.), from which we obtained wood sam-
ples for our analyses.

Sampling

On each experiment plot, three average trees (breast height
diameter 25.8 £ 0.3) were selected. Altogether, 12 trees
fell in September 2005. From these, testing disks and
sample blocks (1.2 m in length) were cut at 1.3 m (h, 3),
1/2 of tree height (h;,;) and 3/4 of tree height (hz).

After drying at room conditions (temperature 21°C,
relative humidity 65%) and surface sanding of cross-sec-
tion disks, the annual radial growth increments were
measured, as was the latewood percentage in the annual
rings and the relative importance of heartwood and sap-
wood area was determined. The heartwood boundary of our
Scots pines is visually clearly identifiable. The number of
annual rings of heartwood and sapwood at different heights
were determined (Table 1). More attention was paid to the
sapwood, which in the polluted stands had developed under
increased levels of air pollution. The program WinDEN-
DRO™ (Ver. 2002a, Regent Instruments Inc., Quebec,
Canada) and computer system was used for measuring the
widths of annual rings and latewood. The age of the trees
was determined from the stump disks.

To measure the absolute density of pine stemwood, 508
specimens (cross-section 20 x 20 mm and height 30 mm)
were prepared at different stem heights in compliance with
the requirements of ISO 3130 (1975a) and ISO 3131
(1975b). This method yielded 41—45 specimens per tree
with respect to heartwood cross-section area at tree



Trees

Table 1 The age and number of annual rings (mean % SE) in sapwood and heartwood at different heights

Stand Tree age Sapwood Heartwood

his hip LET his hy LEP
38 km W 733 £ 1.7 33.7+03 263+ 1.3 183 £22 323+25 18.0 £3.2 6.7 +2.0
3 km W 747 £ 12 42,0 £+ 2.1* 293 + 1.8 217+ 1.5 27.7 + 1.9* 19.0 £ 44 73 +£09
25kmE 76.0 £ 2.0 46.3 £ 1.9%* 343 +£22 30.0 £ 0.6* 25.7 £ 3.3* 18.7 £ 4.0 6.0 £ 0.5
5kmE 753 £12 433 £ 0.3%* 33.0 £20 27.7 £ 1.7%* 29.7 £2.6 17.0 £23 93+£15
P value 0.6338 0.0023 0.0528 0.0039 0.0412 0.1217 0.2631
* Difference from control (P < 0.05)
#* Difference from control (P < 0.01)
height hj/4. The absolute density for each specimen was  Results

determined after a constant weight was achieved at 102°C.
A total of 508 specimens were prepared for the static
bending strength test and the modulus of elasticity test
perpendicular to grain, and 508 specimens for the com-
pression. The specimens from sapwood do not include
wood from the five latest annual rings and heartwood
specimens do not include two rings nearest the pith. Every
set of specimens used for testing density, bending, and
compression strength was obtained from the same pre-
liminary — material  with  cross-section 20 x 20 mm.
Additionally, annual ring widths were measured and late-
wood percent was calculated for every specimen used to
determine density, compression strength and bending
strength. To determine the surface hardness, 596 tests were
conducted in three directions (radial, tangential and trans-
verse). All the mechanical properties in the present paper
were adjusted to a 12% wood moisture level.

European Standard (2004) was applied to determine the
mechanical properties and density. ISO standards 3131-
1975b, 3133—c, 3349-d, 3350-¢ and 3787-1976 were
applied in determining the mechanical properties and for
the preparation of specimens. The bending test was made
according to the prescription in the ISO standards using
four points for pressure. The sample size for testing surface
hardness was restricted to include a test point of rings
situated on the edge of the sample. In testing at the Instron
load cell capacity 50 kN and testing speed 1,350 £ 150 N/
min (bending strength), 3-6 mm/min (static hardness) and
25,000 £ 5,000 N/min (compression strength) was used
according to ISO standards.

All mechanical tests were conducted using an IN-
STRON Model 3369 (Instron Corp., Norwood, MA, USA).

Statistical analyses

Two-way analysis of variance was computed by the PROC
GLM method (Cody and Smith 2006) with statistical
analysis software SAS (Ver. 9.1, SAS Institute Inc., Cary,
NC, USA).
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The best measure of the growth conditions is annual ring
width (Mikinen 1998). Dynamics of mean annual ring
width of different stands are variable (Fig. 2). In the stand
closest to the cement plant (2.5 km), the annual ring width
in sapwood at breast height was 50% of that for the control
stand, 68% in the stand 3 km to the west of the plant and
70% in the stand 5 km to the east (Table 2). In contrast, the
means for heartwood annual ring width in the polluted
stands proved to be considerably greater than the corre-
sponding width for the control stand, by 26, 12 and 4%,
respectively.

Sapwood contained a varying number of annual rings at
breast height in the stands; the fewest in the control stand
and the most in the various stands closest to the pollution
source (Table 1). The proportion of latewood in sapwood
growth rings was clearly higher in the polluted stands. On
the other hand, only in the stand situated at 5 km from the
plant did the percentage of latewood in heartwood exceed
that of the control stand to a significant degree.

Wood density decreased from bark to pith and from
stem bottom to top. The stands exhibited different wood
densities at breast height and at half tree height. Sapwood

4.0
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Fig. 2 Dynamics of mean annual ring width of different stands at
different distances (km) and directions from the cement plant

@ Springer



Trees

Table 2 Physical properties and hardness of wood (mean £ SE) in different stands at breast height and different distances from the emission

Characteristic 38 km W 3km W 2.5kmE 5kmE P value
Sapwood

Sapwood percentage (%) 754 £5.8 66.1 £43 50.5 £ 7.7%* 679 £45 <0.0001
Annual ring width (mm) 1.69 £ 0.06 1.14 £ 0.06%* 0.84 £ 0.05%* 1.19 £ 0.06%* <0.0001
Latewood percentage (%) 38.0 £ 0.7 47.9 £ 0.7%* 44.7 £ 0.6%* 48.1 £ 0.6%* <0.0001
Absolute density (kg/m3) 545+ 5 586 + 6% 536 + 5 583 £ 5%* <0.0001
Cross-section hardness (MPa) 33.1 £0.6 36.2 £ 0.7%* 329 £ 0.7 36.5 £ 0.7%* <0.0001
Tangential surface hardness (MPa) 302 £ 1.1 285+ 19 306 £ 1.2 332 +2.1 0.2865
Heartwood

Annual ring width (mm) 1.98 £ 0.15 2.21 £ 0.13%* 249 £ 0.13* 2.06 £ 0.14* <0.0001
Latewood percentage (%) 305+ 14 323+13 302 +£1.2 332+ 1.2% 0.0493

* Difference from control (P < 0.05)
#* Difference from control (P < 0.01)

density reached the maximum predominantly at breast
height (h;3 in Fig. 3). Sapwood density at breast height
was 545 kg/m® in the control plot and 536-586 kg/m® in
the polluted stands. The corresponding figures for heart-
wood density were 503 kg/m3 and 466495 kg/m3,
respectively. Sapwood density in the polluted stands
exceeded the density of the control trees by upto 7.5% at
breast height, upto 3.1% at half tree height and upto 3.0%
at 3/4 tree height. Heartwood density in the polluted stands
was lower than in the control stand at breast height (by upto
2.0%) but higher by upto 14.2% at half tree height and upto
11.1% at hyy.

Static bending strength, bending elastic modulus, com-
pression strength parallel to grain and hardness are the key
indicators of wood quality. The test results reveal great
variability in the mechanical properties of the different
parts of the stem between the experiment plots and indi-
vidual trees (mean = SE in Table 3). The trends in the
variability of the mechanical properties in the tree stems

700
600
500
400
300
200

100

Absolut density (kg/m°)

Distance

Fig. 3 The mean wood density and standard error of sapwood and
heartwood at different heights and different distances from the
emission (h1.3 samples at height 1.3 m; /#//2 samples at half of tree
height; h3/4 samples at 3/4 tree height)
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and on the experimental plots largely coincide with the
trends in the variability of the wood densities.

The air pollution had increased sapwood bending
strength the most at breast height (by upto 16.3%); at
greater heights the difference from the control trees
decreased. No difference was found in the very heavily
polluted stand when compared with the control stand.
Heartwood bending strength in the heavily polluted stand
proved to be insignificantly smaller than the control value
at breast height; towards the top, however, the bending
strength of the polluted trees exceeded that of the control
trees by upto 25%.

To an even greater extent, alkaline air pollution
increased sapwood bending elastic modulus, the changing
trends of which resembled those of compression strength
and bending strength. When the results were compared
with those of the control variant, however, the difference
exceeded 50% in some cases.

Values for sapwood compression strength parallel to
grain considerably exceeded that of the control variant at
breast height and half tree height (by 8-13%) in pines
situated at the distances of 3 and 5 km from the plant. No
difference was observed in the crown area. No significant
difference was found between the control wood and the
heavily polluted wood (2.5 km from the plant) (Fig. 4).
The trends in the results obtained are largely similar to the
changes in bending strength.

Heartwood compression strength parallel to grain at
breast height, however, proved to be smaller than the
control in the heavily polluted stand (12.3%) and greater
than the control in the less polluted stand (1.1-2.4%). At
half tree height, wood compression strength was signifi-
cantly greater than the control value in the area of lower
pollution (8-17%). Furthermore, heartwood compression
strength was greater than the control value at hs/4 in all the
polluted stands.
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Table 3 Bending strength perpendicular to grain (MPa) and modulus of elasticity (MPa) on different height of tree-stem (mean & SE) and

different distances from the emission source

Property and sampling height 38 km W 3 km W 2.5kmE 5kmE P value
Sapwood

Bending strength

hy 3 1047 £ 1.6 120.7 £ 1.7%* 99.3 + 1.5% 119.3 £ 1.5%* <0.0001
hy 88.1 £2.1 91.8 £23 879 £ 25 93.1+£22 <0.0001
hay 783 £26 782 £223 773 £ 2.1 812421 <0.0001
Modulus of elasticity

hy 3 9,587 4 242 14,246 £ 350 10,116 + 216 10,935 £ 230 <0.0001
hyp 8,096 + 337 10,986 & 477+* 8,477 £ 399* 8,677 £ 326% <0.0001
hay 7,506 £ 399 8,057 £ 420 7,638 + 297 7,415 £ 306 <0.0001
Heartwood

Bending strength

hys 89.6 £3.3 89.8 £33 775 +£32 98.7 + 3.2 0.2640
hy 64.5 £ 49 722 £ 5.4% 683 + 4.5 79.2 & 4.3%* 0.2640
hsy 558 £ 11.5 64.6 £ 11.4* 69.5 + 7.2*% 712 £ 8.1% 0.2640
Modulus of elasticity

hys3 8,444 + 491 8,500 £ 413 6,484 + 506 8,916 + 477 0.1089
hy, 6,828 + 716 7,029 £ 827 7,101 = 716 7,377 £ 640 0.1089
hsy 4,768 4 432 5,172 £ 1,068 7,014 £ 906* 6,017 £ 514* 0.1089

* Difference from control (P < 0.05)
** Difference from control (P < 0.01)

80
70

[ JHeartwood Sapwood|

Compression strength (MPa)

Distance

Fig. 4 The compression strength and standard error of sapwood and
heartwood parallel to grain on different stands and different distances

from the emission (k1.3 samples at height 1.3 m; h1/2 samples at half

of tree height; h3/4 samples at 3/4 tree height)

According to earlier studies, there is a very strong
correlation between wood density and compression
strength on cowberry and bilberry site types (R = 0.95)
(Kask 2003). The present investigation reveals a strong
correlation between wood density and compression
strength in the control variant (R = 0.93); similar cor-
relations are observed in the polluted pine forests
(R =0.86 — 0.95).

Greater differences between the trial variants appeared
in sapwood hardness along the grain at breast height
(Fig. 5). Sapwood cross-section hardness is strongly

89
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Fig. 5 The cross-section hardness and standard error of sapwood on
different stands and different distances from the emission (hl.3
samples at height 1.3 m; /4//2 samples at half of tree height; h3/4
samples at 3/4 tree height)

correlated with the hardness of the radial plane and the
tangential plane. Heartwood manifested a weaker correla-
tion (Table 4).

With regard to heartwood cross-section hardness at the
same height, no statistically significant differences between
the experiment plots were observed. The cross-section
hardness ranged between 32.2 and 33.4 MPa (P = 0.833) at
breast height and between 24.7 and 27.4 MPa (P = 0.609)
at half tree height. Tangential plane hardness fell within the
ranges of 18.5-23.9 MPa (P = 0.335) and 18.3-21.1 MPa
(P = 0.757), respectively.
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Table 4 The correlation coefficients of hardness between different wood surfaces

Sapwood

Heartwood

Cross-section Radial surface

Tangential surface

Cross-section Radial surface Tangential surface

Cross-section 1

Radial surface 0.91 1 0.93 1
Tangential surface 0.93 091 1 0.34 043 1
Table 5 Corrclatl.on Absolute Compression Bending Modulus of Cross-section
coefficients of weighted mean . .
. . density strength strength elasticity hardness
(in cross-section) strength
properties Absolute density 1
Compression strength 0.95 1
Bending strength 0.96 0.97 1
Modulus of elasticity 0.89 0.95 0.93 1
Cross-section hardness 0.72 0.67 0.74 0.75 1

A correlation analysis of the test results showed a strong
correlation between absolute density and mechanical
properties (Table 5).

Discussion

Air pollution caused by alkaline dust has substantially
stunted tree growth on the experiment plots in recent
decades. The mean width of annual rings in sapwood of the
heavily polluted stand (2.5E) was half that of the control
stand. The mean annual ring width is also smaller for the
other polluted stands. The width of annual rings has a
certain limit (1-1.5 mm), above which triggers significant
changes in wood strength properties (Vjarbila and Sleiniss
1981). On the basis of earlier research data, decreased
radial increment and its dependence on the pollution load
are clearly observable in zones strongly and significantly
affected by the pollution from the cement plant (maximum
reported load 1,000-2,700 g/(m? year) (Ots and Rauk
1999).

The study of heartwood annual ring width yielded the
opposite result—in the stands of the polluted area annual
rings are wider than in the unpolluted stand by 13-34%.
Annual rings in heartwood have developed during a period
when pollution was not particularly heavy. We may assume
that on a Mpyrtillus site type, where the soil is acidic,
moderate amounts of cement dust, which is rich in Ca, K
and many microelements, may have enhanced radial
increment growth.

Annual ring width is one of the criteria for wood den-
sity, modulus of rupture and modulus of elasticity in young
stands (Mattsson 2002). In older pines, annual ring width is
only of limited value in predicting wood properties
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whereas latewood percentage is an important criterion
(Wimmer 1991; Seco and Barra 1996). Latewood fibres
exhibit greater strength and stiffness than earlywood fibres
irrespective of tree height or juvenile age (Mott et al.
2002).

The amount of latewood depends on growth conditions
and forest type (Nekrassova 1994). However, wood of
similar density may contain different percentages of late-
wood (Zvirbul et al. 1976). With tree ageing, the
proportion of latewood in the new annual rings usually
increases. A relatively high percentage of latewood in
sapwood and heartwood was characteristic of trees from
the polluted stands.

It is noted that sapwood/heartwood proportions are
related to the following technological properties: moisture
content, density, shrinkage and water vapour diffusivity
(Allegretti et al. 1999). The proportion of heartwood in the
experimental plots differed at breast height and half tree
height. The higher the pollution load under which the tree
has grown, the larger the proportion of heartwood in the
cross-section. Although heartwood content is a far better
criterion for the evaluation of the physiological maturity of
a forest tree than age or size, it appears to be more inde-
pendent of growth rate and tree size (Kirenlampi and
Riekkinen 2002). Generally, heartwood percentage varies
extensively between individual trees and stands and is
weakly correlated with growth site, stand and tree prop-
erties; hence, inventory data do not provide a reliable basis
for the selection of a forest rich in heartwood (Bjorklund
1999). Furthermore, the proportion of heartwood and the
number of annual rings in heartwood cannot be increased
by the thinning and fertilisation of the stand, since both
results in increased proportions of sapwood (Mérlig and
Valinger 1999).
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The number of annual rings in sapwood at breast height
pointed to the tendency that heartwood formation had
decelerated in the more polluted stands. However, as
annual ring width in sapwood was significantly smaller in
the polluted stands compared to the unpolluted one, the
proportion of heartwood in the cross-sections from these
was nevertheless greater.

For that reason the stand maturation period may start
earlier under the conditions of pollution. Whether this leads
to shorter tree life remains unclear in the present study.
Nevertheless, the increased latewood levels in the polluted
stands suggest accelerated tree ageing.

Our findings show that under the conditions of alkaline
dust pollution, the patterns of tree growth and the properties
of the wood that formed were different in some respects
from those manifested under conditions favourable for
incremental growth. Major differences in stem density were
observed between different stem zones in both sapwood and
heartwood; the differences were smaller in the upper part of
the stems. Mattsson (2002) also noted that variations from
pith to bark are extensive in all wood parameters. Large
differences in density are also found between middle and
upper bole and between juvenile wood and heartwood
(Duchesne et al. 1997). This means that wood density is not
constant but depends on many external and internal factors.
The variations in density were smaller in stem cross-sec-
tions. In the control variant, sapwood density exceeded
heartwood density 1.08 times at breast height, 1.22 times at
half tree height and 1.19 times at hs,. That pattern of
density distribution did not change in the polluted stands.
Correlation analyses showed a strong relation between
latewood and the density of sapwood or heartwood in the
pine stems obtained from the sample plots.

The mechanical properties of wood are most strongly
affected by density and the amount of latewood
(Wilhelmsson et al. 2002). Although density has a weaker
correlation with annual ring width (Seco and Barra 1996),
it is dependent on growth rate (Sipi and Rikala 2000). In a
rapidly growing stem, the percentage of latewood in the
annual rings and the density of wood are lower and the
fibres are shorter and have thinner walls than in a slowly
growing stem (Matjuskin et al. 1974; Paavilainen 1990;
Hannrup et al. 2000; Mattsson 2002). However, it has been
ascertained that pine wood properties vary from one geo-
graphical region to another (Polubojarinov et al. 2000;
Verkasalo and Leban 2002). Very often, fertilisation has a
negative effect on pine wood density, by upto 5.5%
(Saikku 1975; Vijarbila and Sleiniss 1981).

Heartwood density on the control plot was equal to or
lower than on the other plots and sapwood density was in
all cases lower in the control plot than on the other plots.
This indicates a trend analogous to that of latewood per-
centage and at the same time characterises the tree growth
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conditions during the different periods. In regard to site
type conditions, the Myrtillus site type in Estonia is suit-
able for Pinus sylvestris and the wood grown there has
good properties.

Since all the mechanical strength properties are depen-
dent on density, the trends in the variation of these
properties in the control stand from the tree base to top and
from pith to bark are similar to the variations in density;
however, the magnitude of variation in each individual
strength property is different.

Bending strength perpendicular to grain and bending
elastic modulus decrease in stem cross-section from bark to
pith and from the tree base to top. In the control stand,
sapwood bending strength was greater than heartwood
bending strength by 16.8% at breast height and by 40.3% at
h;3;4 whereas in the polluted stands the trend was the
opposite (Table 3). In the bottom part of the stem the dif-
ference between sapwood and heartwood was greater and in
the crown area it was smaller, consistent with the variations
in wood density. In general, the bending strength of heart-
wood varies on a greater scale than that of sapwood. The
reason is that the annual rings are wider in heartwood, and
therefore specimens comprise varying numbers of latewood
rings, whose density is higher. Apart from that, heartwood
contains a significant share of juvenile wood, whose
strength properties are inferior (Pikk and Kask 2004).

According to Kask (2003), the mean bending strength of
60-90-year-old pines fell in bilberry and cowberry site
types in Estonia is 84.8 MPa. Based on previous literature,
the bending strength of wood obtained from final felling is
approximately the same, 72-88 MPa (Veermets 1960). If
we want to compare the results with the mean values of
neighbouring forests, then pine wood bending strength in
Lithuania is 87.7 MPa, in Belarus 87.3 MPa and in
northwest Russia 84.5 MPa (Borovikov and Ugoljev 1989).
Based on this data, the mean weighed bending strength of
pine wood in our polluted forest is greater than the corre-
sponding figures in the neighbouring countries at breast
height (103.7 MPa) and smaller in the crown part
(76.6 MPa).

Compression strength parallel to the grain in the sap-
wood of trees situated in areas of moderate pollution may,
according to our data, be greater by upto 12.9% at breast
height and significantly greater at h;,. Growing under a
greater pollution load, however, increases pine wood
compression strength parallel to grain. In the control stand,
sapwood compression strength at breast height was greater
than that of heartwood by 10%, in the stand 5 km to the
east by 17%, in the stand 3 km to the west by 24% and in
the stand under the greatest pollution load, 2.5 km to the
east, by 21%. At this point we remind the reader that the
sapwood had grown under increased pollution levels and
heartwood under low to moderate pollution levels.
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Wood hardness largely determines the possibilities of
wood utilisation and wood processing with cutting tools as
well as the method of wood surface finishing. The cross-
section hardness is deemed to be of greater importance,
since the hardness of the radial plane and the tangential
plane are in close correlation with cross-section hardness.
In conifers, the hardness of the cross-section is normally
40% greater than the hardness of the tangential plane and
of the radial plane (MihailitSenko and Sadovnitsi 1983).

In our tests, the cross-section hardness exceeded tan-
gential plane hardness by barely 10.3% in the control
variant and by 7.5-26.1% in the polluted stands. These
percentages are significantly lower than those aforemen-
tioned. Sapwood cross-section hardness at breast height on
the polluted plots exceeded the corresponding figure for the
control stand by upto 10.4% (Fig.5) and heartwood
hardness by 0.5-3.7%.

Of the hardness properties of the polluted stands,
bending strength perpendicular to grain and compression
strength were very strongly correlated with absolute wood
density whereas bending elastic modulus and the cross-
section hardness were less so.

Changes in wood quality in extreme growth conditions
require special attention, as the issue is of great signifi-
cance for forestry and pulping technology.

Conclusions

Alkaline air pollution of trees may stimulate higher
heartwood proportions and early stand maturation. Mod-
erate pollution of a pine stand growing on acidic soil
stimulates radial increment, but does not result in lower
latewood percentages or wood density. In polluted stands,
wood bending strength perpendicular to grain, compression
strength parallel to grain and, in some cases, the cross-
section hardness increase.

A drastic rise in dust pollution results in slower wood
increment formation, narrower annual rings compared to
the control variant and higher latewood percentages and
wood density; in areas of very high pollution, however,
weighted mean strength properties in stem cross-section
are lower than those in unpolluted stands.
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Abstract Long-term influence of alkaline dust (pH
12.3-12.7) pollution emitted over 40 years from a
cement plant in Estonia was the reason of alkalisation
(pH 6.7-7.9) and high concentrations of K, Ca and
Mg in the soil of affected territories. Although dust
emission has diminished during the last 10 years, the
disbalances in nutrition substrate and their influence
on the growth of trees are notable up to now. The
study of morphological and physical properties of 70—
80-year-old Scots pine (Pinus sylvestris L.) crown,
stems and stemwood from three different air pollution
zones showed serious deviations in comparison with a
relatively healthy forest in an unpolluted area. The
specimens from polluted trees, if compared to refer-
ence site, showed significantly smaller height growth,
radial increment and width of annual rings of sapwood.
In heartwood wider annual rings were found in
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polluted areas. In the period of heartwood formation
the dust pollution level emitted from the plant was
relatively modest and cement dust, which contains
elements necessary for mineral nutrition of trees, may
have acted as fertiliser. The moisture content in
sapwood and heartwood, especially in the upper layers
of stems, was lower in the polluted area than in
reference site trees. Regression analysis revealed a
strong dependence between latewood percentage and
sapwood or heartwood in stems of Scots pine in all
sample plots.

Keywords Dust pollution - Growth - Scots pine -
Soil - Stemwood

Introduction

The growth of trees and wood formation are not only
constitutive, developmentally controlled processes, but
represent also a flexible metabolic response to external
conditions such as nutrient and water availability,
climatic factors and air pollution emitted from different
industrial enterprises (Chapin 1991; Kozlowski 1991;
Nerg et al. 1994).

Numerous investigations describe the damage of
large forest areas in many industrial countries in
Europe and America by acidic air pollution at the end
of the twentieth century (Smith 1990; Staaf and Tyler
1995; Hartling and Schulz 1998). Problems of forest
damages caused by alkaline types of pollution,
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however, are not completely understood and inter-
preted although these are not new. Research into the
impact of different alkaline types of air pollution on
forests has never drawn so much attention as that of
acid rain, SO,, NO, or O3. The production of building
materials, open-cast mining and quarrying, metallur-
gical engineering and chemical industry are among
the important emitters of solid pollutants in the form
of dusts and ashes. As many authors have found
serious deviations in plant metabolism and physiolo-
gy (Auclair 1977; Manning and Feder 1980; Lal and
Ambasht 1982; Mandre 1995a,b; Manning 2001;
Kldseiko 2003; Skuodene 2005) and deviations in
growth and bioproduction (Gluch 1980; Jager 1980;
Rauk 1995; Ots 2002) caused by alkaline dust
pollution and alkalisation of the environment, the
problem of the impact of alkaline air pollution needs
greater attention as a topic of investigation. So far the
research into the effects of alkaline types of pollutants
on plants has been insufficient.

One of the major producers of industrial alkaline
dust pollution in Estonia is the cement plant in Kunda
established in 1871. Several ecophysiological and
botanical deviations from the optimal were estab-
lished under the influence of dust emission from this
plant (Annuka 1994; Kannukene 1995; Nilson 1995).
However, very little information is available on the
effects of dusts on the wood quality, heartwood and
sapwood formation and lignification. Earlier studies
by Mandre (2002, p. 369) showed that in 6-year-old
Norway spruces an up to 16-20% increase in the
lignin content in the needles occurs under alkaline
dust pollution. It brought about a decrease in growth
(Ots 2002), especially in the biomass of roots, and a
decrease in the level of soluble sugars in stems and roots
of 6-year-old Picea abies, P. glauca and P. mariana
(Mandre 1995b). Long-term impact of dust pollution
from the cement plant has resulted in a deterioration
of the morphological status of middle-aged and
mature conifer stands as compared with the trees
from unpolluted areas (Ots 2000). Using the measured
trunk volume, height of trees and breast height
diameter and the formula given by Krigul and Vaus
(1980) was calculated the percentage of the current
volume increment of stands by Rauk (1995, p. 121)
and showed that in the peak years of emissions from
the Kunda cement plant in the early 1990s each year
1,500 m® of stemwood was less in area polluted by
cement dust if compared to unpolluted forest sites.
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Relationships between changes in growth conditions
and lignification processes of Norway spruce in the
vicinity of the cement plant were established and
intensive lignification processes in needles and by
about 30—40% more intensive lignification than in the
control were found (Tohver and Mandre 1995). There
is no information on the influence of alkalisation of
the environment and alkaline dust pollution on the
structure, mechanical and physical properties of stem-
wood, although it is known that the structure and
properties of wood are very much affected by growth
conditions (Nekrasova 1994; Lindeberg 2001; Wodzicki
2001). Differences in sapwood and heartwood ratios
might be attributed to ecological factors such as
altitude, lime and organic material content of the soil
and soil type (Bektas et al. 2003).

As 67-84% of the biomass of adult coniferous
trees is in the stems and branches (Knight 1991;
Thornley 1991), the quality of stemwood and its
dependence on growth conditions and nutrient bal-
ance are of great importance for forestry. The aim of
the present work was to find out whether long-term
alkaline air pollution from a cement plant and
alkalisation of soil have an effect on the growth of
trees and on some physical properties of pinewood.

Materials and methods
Study area

Investigations were carried out on a territory affected
over 40 years by a cement plant in the town of Kunda
(59°30" N, 26°32" E), Northeast Estonia, established
in 1871. The sample plots were situated at distances of
2.5 and 5 km E and 3 km W from the emission centre
and the reference sample plot was located in similar
climatic conditions on a relatively unpolluted area in
Lahemaa National Park (59°31’ N, 26°00" E) at a
distance of about 38 km W, opposite to prevailing winds.

The main damaging factor to trees in the investi-
gation area was apparently a high level of dust
emission from the electric filters. The dust contains
many components, among which the following are
predominant: 40-50% CaO; 12-17% SiO;; 6-9%
K,0; 4-8% SOs3; 3-5% AlLO5; 2-4% MgO; but also
Fe, Mn, Zn, Cu, B, etc. occur. The water solution of
dust from electric filters had pH values from 12.3 to
12.7 (Mandre 2002).
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Fig. 1 Emission of dust and gaseous pollutants into the

atmosphere from the cement plant in Kunda, Northeast Estonia

The dust emission from the cement plant was
extremely high in 1990-1992 being 80-100 kt per
year (Environment 90 1991; Estonian Environment
1991 1991; Estonian Environment 1995 1996; Envi-
ronmental Review No. 13 2004) (Fig. 1). The
emission from the cement plant contained 87-91%
technological dust and 9-13% gaseous pollutants
(SO,, NO,, CO etc.; Mandre et al. 1994). In 1993—
1996 the emission of cement dust from the plant
decreased notably thanks to the installation of
efficient filters and at the present time it is lower
than the permitted quantity (421 t year '; Environ-
mental Review No. 13 2004). However, the long-term
impact of the high level of dust pollution has brought
about alkalisation and serious changes in the chemical
composition of the soil, groundwater and precipitation
in this area. At a distance of 0.5 km from the cement
plant, the pH of the soil ranged from 7.6 to 8.1, the
pH of rainwater was between 7.6 and 8.2 and that of
snow melt 10.1-11.0 in many years (Mandre 2002).
In the vicinity of the cement plant the concentrations
of Ca, K, Mg, S and other elements predominating in
the dust are extremely high in the upper layers of soil
and in precipitation.

In the reference sites the pH value of the soil
humus horizon was from 2.9 to 3.3, that of rainwater
5.6-6.6 and snow water 6.3-6.6 (Mandre 2002).

Plant material
The investigation was performed on a 70-80-year-old

mixed stand of Oxalis-Myrtillus site type with the II
site class (height on fixed age).
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In September 2005 three dominant trees with a
similar habitus of canopy from each sample plot were
selected for analysis so that they would represent
evenly the diameter classes (25-27 cm at breast
height) of the stand in the sample plots and the
average trees within each sample plot. Trees were
felled and the stem of each tree was divided into three
equal horizontal layers (Fig. 2). Altogether, 12 sample
trees were selected and felled, from which sample
blocks (1.2 m in length) for preparing test bodies were
obtained at a level of 1.3 m (h;3), 1/2 of tree height
(hy)2) and 3/4 of tree height (43/4).

Analysis of physical properties of stemwood

In fresh cut trees the distribution of moisture was
measured at the above-mentioned three levels of
stems at 20°C with an electronic moisture meter
(Hydromette HT85T, Germany).

In measuring the absolute (oven-dry) density of
pine stemwood 508 sample bodies were made (20 x
20x30 cm) from different heights of stems and ISO
3130 (1975) and ISO 3131 (1975) were followed. The
absolute density was determined at 102°C so that a
constant oven-dry weight had been reached.

Morphological analysis of trees

The annual height increment of the last 10 years and
the length of lateral shoots (cm, n=30) were mea-
sured. The crowns of pines were divided into three
horizons and the length of the current-year shoots
(Fig. 2) was measured. Ten branches from each

Shoots analyses

Upper layer
Middle layer

Lower layera - e &

1.3m,at

4 breast height,
| (layer 1)
i

Fig. 2 Sampling of the material for Scots pine stem analyses
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horizon of every tree were collected from each (north,
south, east and west) sides to get objective informa-
tion about shoot characteristics.

The annual radial increment was measured to the
nearest 0.01 mm on dried cross-section disks. The
program WinDENDRO TM (Ver. 2002a, Regent
Instruments Inc.) was used for measuring the width
of annual rings. The number of annual rings was
counted. Also the latewood percentage in the annual
ring and heart- and sapwood percentage on cross-
sections were determined.

Soil analysis

For characterising the present status of the growth
environment, soil samples were collected in five
replications per sample plot in September 2005. The
soil samples were collected with a steel bore cylinder
from depths of 30 cm, taking into account that ap-
proximately 80% of the feeder roots of trees are located
in the layer of 10-30 cm (Orlov and Koshel’nikov
1971). The nutrient status of the soil upper horizon
(30 cm) was determined in the Laboratory of Plant
Biochemistry of the Estonian University of Life
Sciences. Standard methods of soil analysis were
used: the content of P and K was determined by the
Egner-Riehm double lactate method and that of Ca
and Mg by Egner-Riechm-Domingo ammonium ace-
tate—lactate method (ISO 11260 1995). Total N was
determined by the Kjeldahl method (ISO 11261 1995)
and the pH of the soil was measured as the potential
acidity in H,O (ISO 10390 1994). Organic matter
(OM) in the soil was determined after incinerating at
360°C (Schulte 1995).

Statistical analyses

Regression trendlines and determination coefficient
(R?) were calculated to test relationships between
stem parameters and chemical components of soil.
Differences in the mean parameters of stems between
trees from the polluted area and reference area were
estimated by the ¢ test. Statistical calculations were
performed with Excel 2003 (Microsoft Corp., USA).

Results
Soil character

Although the soils of the experimental areas had
initially been of the same type, the long-term impact
of dust pollution from the cement plant had caused a
significant rise in the contents of the predominant
elements of dust in the Gleyic Podzols on sands of the
region surrounding the cement plant.

Significant variation between pH, N, P, OM, Ca, K
and Mg in the soils of sample plots was established also
in 2005 (Table 1). Since 1996, after the installation of
effective electrofilters, a notable reduction of alkaline
dust emission from the cement plant in Kunda has
occurred (Fig. 1). However, significant differences
between the soil layers up to 30 cm depth in the
vicinity of the cement plant and in the reference area
can still be observed. The results show that neutralisa-
tion of strongly alkalised soil is a long-term process.
The concentrations of K, Ca and Mg, which affect the
soil pH, were respectively 9—16, 7-11 and 3-7 times
higher than reference site (Table 1). As compared to

Table 1 Chemical composition of soil on sample plots at different distances from the emission centre in 2005 (+SD, n=5)

Distance and direction from the emission centre ~ pH N oM P K Ca Mg
% mg kg!
38 km W 3.84 0.428 2135 71.52 54.0 850 101.6
+0.02 +0.081 +1.90 +6.88 +2.8 +51 +9.8
3 km W 6.69 1.003 43.34 94.24 485.8 7559 341.7
025" 201257 20977 424" 419677 16777 1977
25kmE 7.86 0.403 15.13 153.11 890.9 6382 344.8
£0.15" 20.024"  £1.42"  £14447 245477 2177 £17477
5kmE 7.76 1.460 29.02 27.41 506.1 9436 682.5
£0.07" 2010577 2016 2547 £194™"  £128"" +66.6""
Significance of differences between soil parameters in polluted and reference site area, mean determined by two-sided 7 test: * p<0.05,
" p<0.01, ™ p<0.001
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earlier results, the concentrations had not changed
much (Kokk 1988; Annuka 1994), which indicates
that the conditions for tree growth are still extreme.

Morphological properties of trees

The high level of air pollution and serious disbalances
in growth conditions have resulted in different
physiological and metabolic changes in trees.
Changes in carbohydrate metabolism (Mandre
1995b; Kldseiko 2003), photosynthetic availability
(Mandre and Tuulmets 1997; Mandre and Korsjukov
2002) and disbalances in the mineral composition
(Mandre 1995a; Ots 2003) have influenced the
growth and biomass formation of trees.

Although air pollution has diminished during the
last 10 years, the 10-year average height increment of
pines (Fig. 3) was inhibited in the stands in the

5kmE 38kmW 3kmW 25kmE 5kmE

influence zone of the cement plant with the greatest
stress observed in the stand located closest to the
pollution source (2.5 km E). As compared to
reference site, the average length of the top shoots
of pines growing in the vicinity of the cement plant
was shorter: by 18% 3 km W, 55% 2.5 km E and 41%
5 km E. The current-year lateral shoots in sample
plots 2.5 km E and 5 km E from the cement plant
were in the lower layer of the crown 35% and in the
middle part of the crown 21-55% longer than in the
reference sample plot. However, in the upper layer a
serious inhibition of the length of the lateral shoots
was observed (about 40-53%).

It was found that analogously to the difference of
the lengths of the lateral and top shoots from
reference site, also important parameters of the stem
were different. The proportion of sapwood in the stem
was smaller than reference site in all polluted sites in

Table 2 Mean characteristics of stemwood of model trees on sample plots (+SE)

Parameter Distance and direction from the emission centre

38 km W 3km W 25kmE 5kmE
Diameter, cm (h 1.3 m) 25.5+0.5 25.3+0.4 27.1+0.1 25.3+0.7
Sapwood, % 75.2+5.9 65.8+4.6 50.3+7.9" 68.2+4.3
No of annual rings 33.7+0.3 42.0+2.1 46.3+£3.5 43.3+0.3
Width of annual rings, mm 1.64+0.22 1.10£0.06"" 0.82+0.09" 1.16£0.09™
Latewood, % 38.2+1.1 48.3+1.4" 45.0+1.3" 48.5+1.4™
Absolute density, kg m > 54647 587+7"" 539+7 581+8""
Moisture content, % 54.9+0.4 51.7+0.9 52.9+0.7 51.8+0.5
Heartwood, % 248423 342+2.6 49.7+3.9 31.842.6
No of annual rings 28.0+2.5 26.3+1.9 323426 31.0£2.6
Width of annual rings, mm 1.96+0.11 2.310.18" 2.60+0.22° 2.20+0.19"
Latewood, % 29.4+1.4 31.0+£2.0 28.6+1.9 34.1+2.6
Absolute density, kg m > 505+13 498+21 467+16 495+26
Moisture content, % 37.7£0.9 35.6+1.9 34.1+0.3 33.4+0.8

Significance of differences between stem parameters in polluted and reference site area, mean determined by two-sided ¢ test: *p<

0.05, " p<0.01
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Table 3 Results of regression analysis for radial increment versus soil chemical composition in September 2005

Distance and direction from the emission centre

Soil characteristics

pH N P OM K Ca Mg
38 km W 0.400 0.773"" 0399 0.828""  0.358 0.827"" 08517
3 km W 0.586" 0.654" 0.611"  0.857" 0.113 0.688" 0.857"
2.5kmE 0.866""  0.964"  0.003 0.996™"  0.815" 0987 0.005
5kmE 0.624™  0.492 0.612%  0.798" 0.963™"  0.505" 0.411

Significance of determination: " p<0.05, "* p<0.01, ™" p<0.001

the influence zone of the cement plant. In the stand
closest to the plant (2.5 km E) the width of the annual
ring made up 43% of the width of the annual ring of
the reference site stand, at a distance of 3 km W the
proportion was 65% and 5 km E, 85% of the
reference site. However, the number of annual rings
in sapwood at breast height was 3 km W by 24%,
2.5 km E by 37% and 5 km E by 28% greater than
reference site (Table 2). The average width of annual
rings of heartwood was significantly greater than that
of reference site, respectively by 34, 19 and 13%.

Although some researchers (Méakinen 1998) argue
that the relationship between the length of the top
shoot and the width of the annual rings is weak, our
analysis of the width of annual rings at three different
heights and the growth of the top during the last
10 years revealed a very strong relationship: in the
reference variant R=0.95 and in the polluted stands
R*=0.87-0.93).

A statistically significant increase of the latewood
percentage in the polluted stands at breast height was
recorded (Table 2). The sapwood of the reference site
pines contained on average 38.2% latewood and in
the other stands on average 45.0-48.3%; the heart-
wood at breast height contained 29.4% latewood in
the reference site stand and 28.6-34.1% in the
polluted stands.

Measurements of width of annual sapwood rings
showed that as an average for the last 10 years the
stand closest to the pollution source had a substan-
tially significant differences than the reference site
stand (Table 2). Regression analysis showed that the
soil pH and Ca and K concentrations might have
affected significantly the radial increment in the
strongly polluted areas (Table 3).

In general, it should be stressed that the formation
of sapwood in the stands investigated depends
statistically significantly on the concentrations of N,
OM, K and pH of the soil. The formation of
heartwood seems to be more independent of the soil
pH and the concentrations of K, Ca and N. Both the
sapwood and heartwood in the stem are strongly
related with P in the soil (Table 4). As a rule,
lignification affects both sapwood and heartwood
formation, because lignin incorporation renders plant
cells mechanically rigid and water repellent (Ziegler
1997; Miidla 1989; Magel et al. 1997; Monties 1989),
stop the extension of cell walls (Polle et al. 1997) and
cause cessation of growth (Miidla 1984). Extremely
high pH and concentrations of Ca and K in soil in the
vicinity of the cement plant brought about serious
changes in partitioning of mineral nutrients, carbohy-
drates and lignin in trees (Mandre et al. 1999; Mandre
2002). The rapid increase of K, Ca and decrease of N

Table 4 Results of regression analysis and coefficients of determination between means of parameters of stemwood and soil

characteristics in September 2005

Parameter Soil characteristics

pH N P OM K Ca Mg
Sapwood 0.512" 0.787" 0.663"" 0.801"" 0.647" 0.304 0.172
No of annual rings in sapwood 0.229 0.033 0.801"" 0.080 0.956""" 0.229 0.069
Heartwood 0.695"" 0.899"" 0.566" 0.162 0.945""" 0.695" 0.504
Annual radial increment 0.001 0.578" 0.986""" 0.222 0.051 0.007 0.104

Significance of determination: *p<0.05, ™" p<0.01, ™" p<0.001
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Fig. 4 Length growth of current-year shoots (mean+SE) in
different layers of Scots pine crowns at different distances (km)
and directions from the cement plant and in the reference site
area in 2005

in trees had been showed also (Mandre 2002; Ots
2002). It has previously been reported that increase in
the high K concentration stimulates the lignification
processes (Miidla 1989). Hojatti and Maleki (1972,
p.47) reported that K increased the methionine
content in wheat and L-methionine may be a precursor
of ~OCHj3 groups by the process of methylation in
lignin formation. Also, it is fairly clear, that in case of
N deficiency high lignin contents may occur in plants
(Matsuyama 1975; Flanagan and van Cleve 1983;
Padu et al. 1989). Ca has been classified as an
apoplastic element and a rise in the content of Ca in
plant cell wall compartment was found to increase the
activity of peroxydase (Penel 1986), favour the
lignification (Heath and Castillo 1987).

Fig. 5 Dynamics of the
moisture content in Scots

Heartwood

Physical characteristics of stemwood

The average moisture content of sapwood measured
in the stems of pines that had grown under similar
climatic conditions was 52.8+0.7% and that of
heartwood 35.1+0.5% in the middle of September.
The moisture content of sapwood in the polluted
stands was on average by 3.6 to 6.2% lower than in
the reference site stand. No statistically significant
differences in the heartwood moisture content were
found. Some increase of moisture content in sapwood
and heartwood toward the top of pines was observed
in optimal growth conditions and on the sample plot
with the lowest pollution level, but the differences are
not statistically significant. However, the content of
moisture in the heartwood of stems in the upper layer
(h3,4) from the heavily polluted sample plots (2.5 km
E, 5 km E) may be about 21-29% lower than that in
the upper layer of reference site trees (Fig. 4). It is
understood, that long-distance water flow occurs in the
sapwood. The cell walls of tracheary elements are
impregnated with lignin, which impedes lateral water
flow and makes the cell wall rigid (Pallardy et al.
1995; Magel et al. 1997). Increase of lignin content in
needles and shoots of Norway spruce in strongly
alkalised substrate was estimated (Tohver and Mandre
1995; Mandre 2002, 2005) and it is possible, that the
intensive lignification in Pinus sylvestris might be one
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Fig. 6 Density of sapwood
and heartwood of model
trees on sample plots (=SE)
on the different height and
on the different distances
from the emission source in
September 2005

his  hip hgy

38 km W

OSapwood

of the reason of shortage of moisture storage in upper
layer of stems. Also the wide of sapwood areas of
conifer stems are significant both for water storage and
water transport (Lassoie et al. 1977). The essential
decrease of width of sapwood annual rings in alkalised
growth conditions if compared to unpolluted trees
(Table 2) was found in present study. So the decreasing
tendency of the sapwood moisture in the upper layer of
stems may indicate deviations in the water regime and
transport under alkaline stress conditions.

The results show that the wood density varies in
different areas of the stem and depending on the growth
conditions in the stands (Fig. 5). As a rule, the wood
density decreases towards the top of trees. The trees
growing in the areas of the highest pollution loads
(2.5 and 5 km E) are characterised by the lowest
absolute density of sapwood and relatively high
density of heartwood in the highest part of the stem.
Mostly the maximum value of sapwood density
occurs at breast height for all trees (Table 2, Fig. 6).
The sapwood density at the breast height level of the
reference site variant was 546 kg m > and of the
polluted stands 539-587 kg m °. The heartwood
density at the same levels was respectively 505 kg m™
and 467498 kg m °.

Regression analysis indicated significant linear
dependence (R?) between the density of sapwood or
heartwood and latewood percentage in annual rings. It
can be expressed by the following regression coef-
ficients (p<0.05): for sapwood: 38 km W R*=0.72;
3 km W R*=0.85; 2.5 km E R*=0.73; 5 km E R*=
0.67; for heartwood: 38 km W R*=0.78; 3 km W R*=
0.82; 2.5 km E R*=0.43; 5 km E R*=0.80.

@ Springer

104

hisz Dz hay hiz hip  hgy his hip hay
3kmW 25kmE 5kmE
Heartwood
Discussion

Although the soils of the experimental areas had
originally been of the same type, the long-term impact
of dust pollution from the cement plant had caused a
significant rise in the contents of the predominant
elements of dust in the Gleyic Podzols on sands of the
region surrounding the cement plant. An especially
high accumulation of dust components characterises
the litter horizon of forests. When in a natural,
unpolluted geocomplex in the reference site area the
upper, 02 cm layer of the litter horizon contains 11%
and the deeper, 3-7 cm layer about 30% of the
elements contained in dust, then at a distance of 2 km
to the east of the plant the respective figures are 74
and 61% (Annuka 1994).

An increase in the concentration of elements
occurring in dust in the deeper layers (3—7 cm) was
found even at a distance of 10 km in the direction of
dominating winds. It was shown by Teras (1984, p. 15)
that soils in the region affected by Kunda cement
plant (1.25 km E, 3.5 km NE, 5 km E, etc.) are
characterised by a high saturation degree that in some
excavations reaches 100%. The increase of base
saturation under dust pollution was indicated also by
Farmer (1993, p. 66). The most noteworthy phenom-
enon is the enrichment of soil with Ca, K and Mg,
which causes changes in the balance of the absorbed
cations in the absorbing complex of the soil.
Compared to the unpolluted reference sites territory,
the amount of absorbed alkali has increased, and
hydrolytic acidity of the soil has decreased (Kokk
1988). Long-term dust deposition on the surface has
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caused a significant increase in the soil pH value,
reaching 7.6 in the humus horizon of forest soils and
8.1-8.4 in the upper horizons of the soils in the
studied areas around the cement plant in 1995
(Annuka 1994). Results on the character of soil in
the studied areas in 2005 did not differ from data of
previous investigations.

In addition to natural environmental factors (tem-
perature, precipitation etc.), the growth of the trees
and the characteristics of the wood of the trees
growing under the extreme conditions described
above might be affected by disbalanced availability
of nutrients and a relatively high pH of soil. The
results indicated that the height growth of trees and the
length of lateral shoots might be inhibited in the areas
of the largest pollution loads. However, in the area
where the pollution load is relatively low, the growth
of lateral shoots may be stimulated, which was
observed at distances over 6 km west from Kunda
cement plant (Mandre 1989). Still, the average length
of the top shoot during the last 10 years studied in the
present work was shorter than reference site in all
polluted sites studied by us. Several studies have shown
that the changes in the parameters of lateral shoots are
often one of the best indicators in studying the impact of
industrial emissions on conifers (Huttunen et al. 1983;
Mandre et al. 1994). In 1992 the lateral shoots of
Scots pines in the vicinity of the cement plant on the
sample plot under the prevailing winds were 2.5 times
shorter than reference site (Ots and Poor 1994;
Mandre et al. 1995). It has been suggested that
deviations in the moisture regime of plants due to
dust pollution may even result in drought stress of
plants (Fliickiger et al. 1982; Farmer 1993). The
inhibition of the length growth of the main and lateral
shoots in the upper layers of the crown is most
probably due to the disturbed moisture regime of trees
in the alkalised environment, as data presented in the
present work also indicate deviations in the moisture
regime of the sapwood of polluted trees.

The internal content of moisture in trees is not
important only for growth, but it is one of the
characteristics showing wood quality, depending on
season, precipitation amount and forest type (Uzunovic
and Dickinson 1998; Hannrup et al. 2000; Seeling
2000; Kask et al. 2002). The prevailing opinion is that
an optimal water content in a growing tree guarantees
the optimal physiological activity (Miidla 1984).
Alkalisation of soil is known to change the water
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regime in plants and does not favour several physi-
ological processes of plants linked to photosynthesis
(Lal and Ambasht 1982), carbohydrate metabolism
(Iliescu 1981; Kloseiko 2003), pigment system
(Manning 1971; Mandre and Tuulmets 1997), mineral
nutrition (Ludwig et al. 2002; Saarsalmi et al. 2004)
etc. Changes in the biochemical processes in plant
leaves have an effect also on the growth and
development of other organs, including shoots growth
and the formation of the stem biomass.

The radial increment as well as widths of annual
rings in sapwood and heartwood may vary in trees
growing in the same study area. There are very
important the concentration of nutrients in soil and
possibilities for mineral nutrition processes. The for-
mation of sapwood and heartwood was found to depend
on the concentration of K and P in the soil and their
accumulation into the tree. As these elements are
important in the lignin synthesis, changes in sapwood
and heartwood formation can be related with lignifi-
cation processes in the stem. These relationships are
not completely understood and need further research.
Generally, the mean width of an annual ring of
sapwood is smaller in the polluted stands than in the
reference site stand, in the most heavily polluted stand
(2.5 km E) it was as much as two times smaller. The
mean width of an annual ring of heartwood, on the
contrary, is by 13-34% greater in the polluted stands.
As heartwood formed during the period when the
production of the cement plant was small and the
amount of air pollutants emitted was relatively
insignificant as compared to the later period, the
modest amounts of cement dust rich in numerous
macro- and microelements fostered tree growth.
Besides the accumulation of Ca, water loss is argued
to be closely correlated with heartwood formation
(Hillis 1987). Later, with increasing pollution load, a
decrease of moisture in stems was observed in the
present study and intensive accumulation of Ca and K
into different compartments of young Scots pines in
the vicinity of the cement plant shown by Mandre et al.
(1999, p. 212, 213) may stimulate lignification
processes and heartwood formation. Although the
mechanisms of Ca and K in the lignification of trees
are not completely understood, both K and Ca/K were
significantly correlated to lignin in shoots of trees
grown at different distances from the cement plant
(Mandre 2002). Also sapwood and heartwood percen-
tages in the stem had a strong relationship with K.
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Based on the level of the regression coefficient, K
seems to be more important than Ca in wood
formation in Scots pines growing in alkaline con-
ditions. Ots and Rauk (1999, p. 529) observed in time
of high air pollution loads a strong negative correla-
tion of increment of Scots pine with high concen-
trations of K and Ca in the environment (air, soil,
subsoil water).

It is noted that the sapwood/heartwood proportions
are related to the following technological properties:
moisture content, density, shrinkage and water vapour
diffusivity (Allegretti et al. 1999). The proportion of
heartwood differed at breast height and half tree
height in the experimental plots. The higher the
pollution load under which the tree has grown, the
larger the proportion of heartwood in the cross-
section. Although for the evaluation of the maturity
of a forest tree the heartwood content is far better than
age or size, it appears to be independent of growth
rate and tree size (Kédrenlampi and Riekkinen 2002).
Under the conditions of pollution the maturation
period of stands may start earlier. Whether this is
accompanied by shortened life of trees remained
unclear in the present study.

The width of annual rings is one of the criteria for
wood density in young stands (Mattsson 2002). In
older pines the ring width is only of limited value in
assessing wood properties, whereas latewood percent-
age is an important criterion (Wimmer 1991; Seco and
Barra 1996). Latewood fibres exhibit greater strength
and stiffness than earlywood fibres irrespective of tree
height or juvenility (Mott et al. 2002).

The amount of latewood depends on growth
conditions and forest type (Nekrasova 1994). How-
ever, wood of similar density may contain different
percentages of latewood (Zvirbul’ et al. 1976). With
the ageing of trees the proportion of latewood in the
annual ring usually increases. A relatively high
percentage of latewood in sapwood and heartwood
was characteristic of trees from the polluted stands.

Mechanical properties of wood are most strongly
affected by density and amount of latewood (Wil-
helmsson et al. 2002). However, the density has a
weaker relationship with the width of the annual ring
(Seco and Barra 1996), but it depends on the growth
rate (Sipi and Rikala 2000). In a rapidly growing stem
the percentage of latewood in the annual ring and
wood density are smaller, fibres are shorter and have
thinner walls than in a slowly growing stem (Hannrup
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et al. 2000; Mattsson 2002). Very often fertilisation
has a negative effect on the wood density of pines
(Saikku 1975; Verbyla and Sleinys 1981). Standpoints
described above are valid especially for sapwood
properties of pines in alkalised areas. Regression
analyses showed a strong relationship between late-
wood and the density of sapwood or heartwood in
stems of pines in sample plots.

Our results showed that alkalised growth environ-
ment and long-term dust pollution have affected the
absolute density of stemwood although not signifi-
cantly. The largest differences in stem density were
observed between different zones of the stem both in
sapwood and heartwood, being smaller in upper part
of stems. Also Mattsson (2002, p. 19) noted that the
variation from pith to bark is great in all wood
parameters. Differences are great also in the density of
middle and top logs, and in the juvenile wood and
heartwood (Duchesne et al. 1997). This means that
the density of wood is not constant, it depends on
many external and internal factors.

Conclusions

The alkalisation of the environment and long-term
emission of alkaline dust from the cement plant might
have decreased the growth of top and lateral shoots
and radial increment, but may stimulate the propor-
tion of heartwood, precocious maturation and ageing
of the stand, accompanied by decreasing wood
moisture in the growing tree. To verify these
conclusions it is necessary to identify the chemical
composition of stemwood and to elucidate lignifica-
tion intensity. Earlier research showed increasing
lignin content in conifer needles in an alkaline growth
environment, which suggests that the respective
processes may intensify also in the stem. Various
contradicting standpoints about the relationships of
soil chemical composition and wood quality can be
found in the literature. Still we can state that nutrient
disbalance in the alkaline soil, shown by our studies,
has a major direct impact on the growth of trees and
stemwood quality. Changes in wood quality in
extreme growth conditions require special attention
as the problem is of great significance from the
standpoint of forestry and in relation to pulping
technology.
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Abstract. Twenty four sample plots in artificial pine stands on productive and
less productive site types in Estonia were investigated. It is possible to increase
the productivity of pine stands with mineral fertilizers. Improving the quality
of stands has a problematical value. Unsatisfying self-pruning in repeatedly
fertilized middle-aged stands causes a low quality of first log. Great radial
growth after fertilization increased sapwood ratio of the raw material from
thinning origin. It might not contain so much latewood. Repeated fertilization
has no practical influence on heartwood formation. Heartwood ratio has no
relation with the diameter of trees, tree height, live crown length and volume
of crone in even-aged pine stands of artificial origin.

Key words: pine, heartwood, latewood, site type, fertilization, self-pruning

Authors’ address: Institute Forestry and Rural Engineering, Estonian Uni-
versity of Life Sciences, Kreutzwaldi 5, 51014 Tartu, Estonia; e-mail: jaak.
pikk@emu.ee

Introduction

Quality determines the price of raw timber and its usage. As the quality has been
described mainly through the properties of wood, the necessity to do some research
into those factors is evident. In general, it has been found that the wood properties
depend on genetics, growing conditions and the age of a tree (Hekpacosa, 1994;
Ojansuu, Maltamo, 1995; Wodzinci, 2001; Lindeberg, 2001; Bektas et al., 2003). The
quality of growing stands cannot be changed through their genotype, however, the
change of growing conditions (thinning, fertilizing and drainage) of stands is the
main way in silviculture to improve the growth and quality of stands.

There are many research papers on the importance of thinning for high-quality
stands, but the fertilizing results are problematic and often vary on a large scale.
Fertilization remarkably stimulates the growth of branches and needles that is a pre-
condjition for lush stem wood growth. The lush growth may influence wood proper-
ties. Therefore fertilization of young stands is not useful as it increases the diameter
of branches and reduces the stem quality (Nikkola, 1985; Midkinen, Uusvaara, 1992).
Despite that, stand fertilization with the aim of reducing competition for the use of
nutrients is recommended before thinning (Nikkola, 1985; Saarsalmi, Mélkonen, 2001).
In addition to bigger branchiness the mechanical wood properties reduce and also
the spread of stem rot has been spotted (Pape, 1999).

Most fertilization experiments have been established with the aim of increasing
wood production and the following economical income from forestry. For example,
the fertilization in Finland has increased the production of upland forests by 16 Mm?
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(Kukkola, Nojd, 2000). It is known that the primary quality criteria for processing
and commercial value of the stems and logs at sawmills are stem size, stem form,
technical defects and branchiness. However, in addition to external qualities, the
level and variation of the internal quality characteristics, such as annual ring width,
wood density, proportions of heartwood and sapwood, proportion and diameter of
possible juvenile wood and other internal defects (checks, pitch pockets, decay) are
important, as well.

Annual ring width varies a lot among the trees and within a single tree, depend-
ing on the tree age, site fertility and seasonal growing conditions (Henttonen, 1984).
Thereafter the radial growth rate is dependent on the available nutrient resources
(Seppadld, 1976). High heartwood ratio is usually an advantage for the use of wood,
since, for example, heartwood has good dimension stability and it is relatively resistant
to decay. The heartwood proportion of pine correlates negatively with high growth
rate, its high crown ratio and dominance of trees (Karkkdinen, 1972).

The aim of this study was to investigate the influence of up to three-time applica-
tion of mineral fertilizers on the quality of wood in stands of the Scots pine (Pinus
sylvestris L.) in Vaccinium vitis-idea and Cladonia site types. We hypothesised that the
development of a tree stand in the sandy soil depends on thinning and the nutrients
applied, and that the effect of fertilization influenced some wood properties. The
possibilities to forecast the proportion of heartwood and latewood percentage have
been checked by means of external tree characteristics.

Materials and methods

A total of 24 research plots of pine were created in 1970-s with the area of a 0.1 ha
on Cladonia and Vaccinium vitis-idaea site type, located in different parts of Estonia
(58-59°N; 22-28°E) (Table 1). The main principle for our shoice of experimental stands
was that one object would be situated in productive and the other in less fertile soil
of the same site type. When the experiment was started the Pine stands on Vaccinium
vitis-idaea site type had site index 1a and 2 (age 45 and 50 years respectively) and pine
stands on Cladonia site type had site index 3 and 5 (age 50 and 21 years respectively).
All the stands were single-storied artificial stands.

Diameter at breast height, tree height, the lowest dead branch and the height to
the first live branch of all trees were measured on sample plots. The crown diameter
was measured both in the north-south and west-east direction. Samples were taken
at the breast height of all the trees using increment borer. The boring was done either
from east to the west and from the west to the east. The growth ring widths of trees
(early wood and latewood separately) were measured within 0.01 mm accuracy. The
percentage of heartwood at breast height, the number of annual rings in sapwood as
well as the relative importance of latewood were determined. Relations between the
external tree characteristics that would help to make forecasts about the percentage
of sapwood and heartwood were dealt with. The crown volume was calculated as
follows: v=%nR’L, R - crown radius and L - crown length.

Correlation and regression analyze methods were used for data processing and a
special program WinDendro was used for measuring radial growth. Estimating rela-
tions, the correlation was estimated as weak (R<0.3), moderate (R=0.3-0.5), medium
(R=0.5-0.7), strong (R=0.7-0.9) or very strong (R>0.9).
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Results and discussion

The dynamics of wood production in four experimental stands with fertilized and
unfertilized experimental plots is shown in Figure 1. The mean productivity during
the experimental period in pine stands on Vaccinium vitis-idaea site type makes up to
9.27-13.0 m3/ha per year and in pine stands on Cladonia site type 8.41-10.37 m3/ha
per year. As shown in Table 2 there is no significant difference between the stand
density, diameter and height of the trees in fertilized and unfertilized experimental
plots. However, the mean production (Table 1) is bigger in the fertilized plots (1.1-2.1
m®/ha year) of Saare and Kubja trials.

Table 1. Production and growing stock of fertilized (F) and control (C) pine stands
Tabel 1. Tagavara ja tootlikkus vietatud (F) ja vdetamata (C) mdnnipuistutes

Object and  Variant Fertilization Preliminary  Production of  Annual Age  Growing stock

site type years stock experimental production m3/ha
volume period and year
Objekt ja Katse-  Vietamise Esialgne Katseperioodi  Aastane  Vanus Puistu tagavara
kasvukoha  variant  aastad tagavara produktsioon juurdekasv m3/ha
tiiiip m3/ha m3/ha m3/ha ja aasta
Vastseliina 4 C 159.9 289.1 9.32 81 298-2004
Vaccinium F 1973,-89,-94 148.7 287.5 9.27 303
vitis-idaea
Kubja 3 C 190.0 359.9 11.20 82 380-2004
Vaccinium F1972,-73,-74 181.9 415.1 13.00 449
vitis-idaea
Kubja 2 C 144.5 252.2 8.41 83 325-2002
(Cladonia F 1972 131.6 286.6 9.55 340
Saare 3 C 20.1 279.9 8.75 54 203-2003
(Cladonia F  1971,-86 21.8 331.8 10.37 238

Thinning and sanitation cuttings in middle-aged and older stands were carried out
regularly, but the percentage of the thinned volume in the growing stock was relatively
small accoding to the earlier silvicultural directions. The effect of fertilization on stand
parameters, i.e. the diameter, height, productivity etc., and their variability during
the stand growth is obvious. It is not clear how much fertilization affects self-pruning
and thinning percentage in different stands. Cutting intensity on experimental plots
has been limited to felling dead trees and light thinning (10-16%) only. So the stands
have generally had a high stand density, which was also observed during the last
measurement (Table 2). There is an exceptional pine stand of Cladonia site type with
low soil fertility where, at the age of 54, the thinning of the control stand was 30% and
the fertilized stand respectively — 43.6%. It should be mentioned that in certain cases
the temporary increase of foliage mass and a higher degree of canopy cover after the
fertilization may create an illusion of a growing need for thinning.

The quality of wood largely depends upon the number of branches and their
thickness. When increasing the stand density the number of branches starts to
diminish. Natural self-pruning has been aimed at in the cultivation of high-density
stands. Much more thinning has been used in fertilized pine stands of Cladonia site
type, whereas the degree of thinning has been a little lower in fertilized pine stands
of Vaccinium vitis-idaea site type. During the experimental period the productivity
of the fertilized stands of the three experimental areas has been higher compared to
the unfertilized stands.
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Table 2. Mean characteristics of the experimental stands (mean + S.E.)
Tabel 2. Katsevariantide puistu keskmised iseloomustajad (keskmine + st. viga)

Object and Stand  Diameter Stand  Crown length First knot  Crown Degree of
variant density height ratio diameter canopy cover
Objekt ja katse- Puistu D, Puistu  Vora suhteline  Esimene  Véra dia- Véra liitus,
variant taius cm korgus, m  pikkus, %  kuiv oks, m meeter, m %
Vastseliina 4 C 0.78 23.00+0,69 22.67+0.27 33.0 7.47+0.47 2.97+0,10 44.5

F 0.78 23.34+0,51 22.59+0.25 32.0 7.09+0.21* 2.75+0,09 36.2
Kubja 3 C 0.78 27.42+0,53 28.73%0.29 30.7 10.88+0.36 3.25+0,13 40.0

F0.93 26.34+0,46 28.18+0.29 31.7 9.41+0.27* 3.04+0,11 45.7
Kubja 2 C 0.95 22.15+1,16 21.55+0.42 31.8 5.34+0.31 3.59+0,26 105.3

F 0.95 22.27+0,98 21.62+0.54 35.5 5.47+0.34 3.40x0,26 94.0
Saare 3 C 0.65 19.99+0,52 18.53+0.26 44.7 2.62+0.14 3.23x0,12 53.2

F0.70 21.99+0,59 19.73+0.27 42.6 2.04£0.12* 3.56+0,12 57.5

*difference from control is significant (p<0.05) / erinevus kontrollist oluline (p<0,05)

The crown coverage density of the stands differs depending on the time that has
passed since the latest thinning. The canopy is especially dense in Kubja 2 pine stands
of Cladonia site type. During the last five years the thinning has reduced the canopy
cover on other experimental areas although the thinning has had a modest effect on
stand density. The tree crowns of dense stands have not had an opportunity to grow
their diameter, which has generally been 2.75-3.59 m. The live crown length has
been relatively normal. The directions of silviculture recommend to limit the crown
coverage density in the way that the length of the crowns in those stands could form
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Figure 1. Production and the degree of thinning in unfertilized and fertilized stands
Joonis 1. Vdetamata ja vietatud puistute tootlikkus ja véljaraie pdrast katsete rajamist
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%-% of the tree height, which has been achieved according to our measurement. The
crown length forms up to 30.7-35.5% of the tree height on three experimental plots,
but 42.6-44.7% in the pine stands of Cladonia site type with limited soil nutrient
supply. The length of live crowns in fertilized experimental areas is higher than on
unfertilized areas in three cases out of four. But this difference is not statistically sig-
nificant. The base of live crown of almost all the trees is at the same level in cultivated
stands, but the variety of this level of each diameter class is remarkable. The height
of the pruned stem up to the first knot shows that a knot-free first log is rare in our
stands (Figure 2). There is a negative correlation between the tree diameter and first
knot height. Fertilization after the first thinning has no influence on branchiness of
buttlog, as recommended in the literature (Saranmiki, Silander, 1982; Nikkola, 1985).
The fertilization of our three objects has been carried out after the first thinning but
the results have been different. The fertilization done more than thirty years ago has
influenced first branches so that the knots are still noticeable on the stems. Most trees
have grown intensively and reacted well to fertilization especially in the pine stands
of Vaccinium vitis-idaea site type. The gaps in the stands formed in the course of thin-
ning the predominant trees with a great crown have influenced the existence knot
stubs. Self-pruning around gaps slows down, which is a special feature of the stands
with a higher site index. The pine stands of Cladonia site type have self-pruned in an
equally unsatisfactory way and knots begin to appear at a two-meter height already.
The self-pruned stem length in the stands repeatedly fertilized with N has been sig-
nificantly shorter than in the control stands (Table 2). One-time fertilization has not
influenced self-pruning (Kubja 2). Due to weak self-pruning it has been considered
more useful to fertilize older pine stands (Nilsen, 2002). In general the knot-free stem
length in the stands varies so greatly that it has had no remarkable relations with
the other investigated external characteristics (live crown length, crown width, tree
height, diameter at breast height).

An additional radial growth that has followed the fertilization of investigated
stands has already been described earlier (Pikk et al., 1999; Pikk et al., 2001). It can be
stated that re-fertilizing of pine stands of Vaccinium vitis-idaea site type often destroys
the nutrient balance and after fertilization a radial increment period will be followed
by a period when a radial increment of fertilized stands is lower than in unfertilized
stands. It can be summarized with a fact that a fertilization effect decreases totally.

First knot

[
o

—o— Vac.vitis-idaea, site index 2
—o— Vac.vitis-idaea, site index la
12 \D\D\D‘D\D\n\" —=— (ladonia, site index 3

“\D\O\ﬂ —— (ladonia, site index 5
v \0\0\0\0\0\(\

.
~

Height, m / Kérgus, m

Diameter / Diameeter D, ; m

Figure 2. The first knot height relation with breast height diameter in fertilized stands
Joonis 2. Laasunud tiiveosa korgus séltuvalt puu rinnasdiameetrist katseobjektide vietatud puistutes
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Therefore during a longer period an average annual ring in fertilized stands has not
been remarkably wider than in control stands in most cases (Table 3).

Different results have become evident when studying the wood properties after
fertilization. In Finland N fertilization (100-200 kg N ha™) increased the width of the
annual rings by an average of 0.3-0.5 mm (Mikinen, Uusvaara, 1992). The biggest
influence has been spotted during the third or fourth year following the fertilization
when the basic density of pinewood near the final cutting declined by 1-4% after
N fertilization and depends on the site type to a certain extent (Saikku, 1975). In
Novgorod region the wood density of pinewood decreased 8-11%, during the five
years after fertilization and the annual ring width increased up to 168.6% whereby
the latewood width increased only up to 17.6% (3sup0Oymnn v mgp., 1976). In the course
of fertilizing drainage bog pine stands it has been noticed that the latewood ratio has
increased a couple of percent (ITukk, 1988; Pikk ef al., 2004). The scientific literature
(Werberg, 1930; 3BupOyiis u mp., 1976; Kairitkstis, Malinauskas, 2001; Mékinen et al.,
2002) and our previous studies have verified a strong relationship between latewood
and wood density, which is a precondition for getting wood with good strength
properties (Kask, 2003).

The number of annual rings of sapwood at the moment of study was almost equal
or even higher than in the run of the experimental period, which means that the wood
growing after fertilization forms only inside the sapwood. The research of the width
of annual rings after fertilization has shown a minimal decrease of latewood at breast
height and thus, a decrease of wood density can be inferred during those years. As the
following periods showed the opposite tendencies in growth the problem is of little
importance. The basis of the consideration is the fact that wood grown after the begin-
ning of the experiment (>30 years) has lower latewood percentage after fertilization
only in two experimental areas. It is interesting to note that differences in the growth
of the ring width resulting from thinning were not accompanied by significant differ-
ences in latewood percentage and wood basic density or they have had little influence
(Loranca et al., 1996). The latewood/ earlywood ratio depends on a tree position in the
stand and varies like wood basic density (Kairiakstis, Malinauskas, 2001).

Our results did not assure that the latewood ratio could depend on the tree posi-
tion in a stand. The reasons can be the cultivated origin of the single-storied stands
and the similar age of the trees. Heartwood, having better shape stability and fewer

Table 3. Internal characteristics of pine wood at breast height (mean + S.E.)
Tabel 3. Mdnnipuidu struktuuri iseloomustajad rinnakorgusel (keskmine + st.viga)

Object Variant ~ Number of annual Annual ring width ~ Heartwood Latewood of
rings in sapwood in sapwood experiment period
Objekt Katse-  Aastaréngaste arv Aastarénga laius Liilipuit, Katseperioodi
variant maltspuidus maltspuidus, mm % siigispuit, %
Vastseliina 4 C 49.8+0.8 0.95+0.04 53.7+0.9 40.5+0.6
F 48.0£1.0 1.03+0.05 49.1+0.9* 38.1+0.5*
Kubja 3 C 40.0+1.9 1.30+0.05 53.1+2.1 40.1+0.8
F 39.5+1.4 1.36+0.11 55.9+3.8 39.3+£0.9
Kubja 2 C 41.8+1.3 1.08+0.06 52.9+1.9 37.2+0.5
F 43.4%1.2 1.17+0.07 46.4+2.5 38.2+0.6
Saare 3 C 28.9+0.4 1.69+0.06 22.0+0.5 37.1£0.6
F 29.6+0.4 1.77+0.05 22.5+0.5 39.5+0.5*

* difference from control is significant (p<0.05) / erinevus kontrollist oluline (p<0,05)
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internal stresses is a much better raw material for many products than sapwood.

Pine heartwood formation is regarded as a sign of maturation in silviculture. The
rate of heartwood is a much better indicator to determine maturation of the tree than
the age and size, because the heartwood appears to be independent of growth rate and
size (Karenlampi, Rikkinen, 2002). It is known that the pine has more heartwood in
dense stands and it decreases remarkably according to relative tree growth (Ojansuu,
Maltamo, 1995). The results by J. Uusitalo (2004) show that heartwood starts to form
when the cambium age is roughly 20 years and after that it increases by two-thirds
of the year ring annually.

According to such calculations, the sapwood of our experimental areas should have
the following annual rings: Vastseliina 4 - 40.3, Kubja 3 - 40.7, Kubja 2 - 41.0 and Saare
3 - 31.3. As seen in Table 3 the results are similar in Kubja experimental areas. Pines
in Vastseliina have relatively more annual rings in the sapwood and there are fewer
rings in Saare pine stands of Cladonia site type. Heartwood forms slower in Estonia
than in Finland because, according to E. Laas (2004), pine wood has generally more
than 40 annual rings in sapwood and this fact could be supported by our previous
studies carried out in middle-aged and older pine stands of Vaccinium vitis-idaea and
Muyrtillus site type (Kask, 2003; Pikk, Kask, 2004). Although the biggest number of
annual rings in sapwood was not recorded in the stands with the highest site index,
our results refer to the influence of nutrient conditions on sapwood formation that
was already mentined by K. Werberg in 1930.

The heartwood ratio of repeatedly fertilized stands decreased in the breast height
gross-section of the stems only in one case. The difference remained within the limits
of arelative error in other experimental areas. Also, the co-influence of fertilizing and
thinning has not had any remarkable effect on heartwood formation. There was a
significant positive interaction effect of fertilization and thinning on the tree diam-
eter under bark, sapwood area and relative heartwood area. The number of growth
rings included in the heartwood at breast height was not affected by treatments.
The possibility of affecting the amount of heartwood in individual trees by thinning
and fertilization is limited (Morling, Valinger, 1999). The differences in sapwood
and heartwood ratios might be attributed to ecological factors such as altitude, lime
and organic material content of the soil and soil type (Bektas et al., 2003). Our results
support J. Lindeberg’s (2001) opinion who wrote that both the environmental factor
and the genotype have a considerable influence on the formation of heartwood (the
latter appears in critical growth conditions).

Sapwood-heartwood ratios have been tried to forecast according to the external
characteristics of a tree and of a stand (Kelloméki et al., 1999; Fries, 1999). It has been
noticed that the base of the crown correlates remarkably with the average growth of a
tree and this is a more efficient characteristic to forecast the sapwood area in a cross-
section than the diameter at breast height and the tree height (Ojansuu, Maltamo,
1995). According to our results the crown basis is very weakly related to the sapwood
area measured at breast height (R=0.03-0.28). Also, the relation between the percent-
age of heartwood and the crown size is negative and weak. The relation between an
average annual ring width of sapwood and the crown size was medium (R=0.58-0.64)
and (R=0.76) in one case strong.

Pines on Vaccinium vitis-idaea and Cladonia site type have different wood structure.
This already becomes evident at the early age of trees when juvenile wood begins to
form at breast height. That rate is also one of the characteristics of raw timber. Annual
rings near the pith at breast height are relatively wide and do not differ remarkably
among the pines on both site types. However, the difference between their latewood
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Figure 3. Latewood ratio from the pith to the outside of pines in different site types
Joonis 3. Siigispuidu osatdhtsus aastaréngastes alates sdsist erineva kasvukohaga ménnikutes

percentage is high (Figure 3). Latewood ratio in Cladonia site type was identified start-
ing from 10% and in Vaccinium vitis-idaea site type from 20%. Comparing the data
with the results obtained from the breast height in pine stands of Myrtillus site type
studied earlier (8-12%) (Pikk, Kask, 2004), the stand site type cannot be considered as
the only causal factor. The abundance or deficiency of some nutrient elements, genet-
ics, growth intensity period, periodical climate conditions and other factors can also
influence. It is noteworthy that the dynamics of the latewood increase starting from
pith has been varied. The regression equations of latewood percentage (y) in relation
with cambial age (x) in cross-section breast height are as follows:

Saare 3 y=10.482x03917 R2=0.99;
Kubja 2 y=11.929x03207 R2=0.94;
Vastseliina 4 y=19.34665+1.215853x+0.44919/x R2=0.99;
Kubja 3 y=21.38823+1.233927x-2.92683 / x R?=0.94.

The increasing percentage of latewood of Cladonia site type stays relatively low
after the sixth year but it has been proportionate to the age in the pine stands of
Vaccinium vitis-idaea. Fertilization of middle-aged and older stands can influence
wood properties of the crown area through the increase of juvenile wood. Also, it
is possible to increase the percentage of juvenile wood fertilizing young stands of
relatively low density but it is not recommended.

Conclusions

Fertilization can increase the productivity of pine stands but the possibility to improve
the timber quality is questionable. Increase of productivity and intensive growth of
branches and needles in a site type with poor fertility can make it seem that there is a
stronger need for thinning in the stand. Self-pruning decreases in repeatedly fertilized
middle-aged stands and it causes low quality of first log.

Bigger radial growth after fertilization increases the ratio of sapwood in raw timber
got while thinning, where less latewood can exist. This wood has lower density and
weaker wood properties. Fertilization has practically no influence upon the accelera-
tion process of heartwood formation. Estimating heartwood-sapwood ratio in a stem
by the external characteristics of trees is questionable.
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Hariliku manni (Pinus sylvestris L.) puidukvaliteet
pohla- ja sambliku kasvukohatiiiibis

Jaak Pikk, Regino Kask, Pille Peterson

Kokkuvote

Véga palju on uuritud harvendusraiete olulisust kvaliteetsete puistute kasvatami-
sel, kuid vietamise tulemus on sageli suurelt varieeruv ja seetdttu puidukvaliteedi
osas problemaatiline. Vietamine stimuleerib oluliselt okste ja okaste kasvu, mis on
eelduseks joudsale tiivepuidu kasvule. Kasvu vohamine voib aga mdjutada puidu-
omadusi. Uurimise alla voeti 1970. aastate alguses rajatud metsavietamise katsealade
24 proovitiikki suurusega a 0,1 ha sambliku- ja pohlamadnnikutes. Pohlaménnikud
kuulusid katsete rajamisel boniteediklassi 1a ja 2 (vanus vastavalt 45 ja 50 aastat) ning
samblikuméinnikud boniteediklassi 3 ja 5 (vanus vastavalt 50 ja 21aastat). Kéik olid
tiherindelised kultuurpuistud

Proovitiikkidel moddeti koigi puude diameeter rinnakodrguselt, puude korgus,
madalama kuivanud oksa korgus ja korgus esimese elava oksani. Vora 1abimoot
médrati pohja-16una ja ida-lddne suunaliselt. Juurdekasvupuuriga voetud proovidel
tehti kindlaks kéigi puude liillipuidu protsent rinnakdrgusel, aastardngaste arv malts-
puidus ning stigispuidu osakaal. Otsiti seoseid maltspuidu ja liilipuidu osatdhtsuse
ennustamiseks puu viéliste tunnuste kaudu.

Katseperioodil aasta keskmine tootlikkus pohlaménnikutes moodustas 9,27-13,0
m3/ha aastas ja samblikuménnikutes 8,41-10,37 m®/ ha aastas. Véljaraied katsealadel
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on piirdunud kuivanud puude korvaldamisega ja norgaastmeliste (10-16%) har-
vendamistega. Nii on puistud kasvanud suhteliselt suure tdiuse juures. Erandiks on
samblikuménnik toitainevaesel mullal (Saare 3), kus 54-aastaselt moodustas viimane
véljaraie viaetamata puistus 30% ja véaetatud puistus 43,6%. Tootlikkuse suurenemine
ja okste ning okaste intensiivsem kasv vahemviljakas kasvukohas voib tekitada puistu
harvendamisel niiliselt suurema véljaraie vajaduse.

Véetatud katsevariantide puudel on kolmel juhul neljast elus vora pikem kui
vdetamata variantidel. Nimetatud erinevus pole aga statistiliselt usaldusvéadrne.
Laasunud tiiveosa pikkus esimese oksatiiiikani néitab aga olukorda, kus oksavaba
jdmedat esimest palki on meie puistutes vihe. Vdetamisega on voimalik suurendada
mannikute tootlikkust, kuid puidu kvaliteedi parandamise voimalus on kiisitava vaar-
tusega. Rohkem kui kolmkiimmend aastat tagasi tehtud vdetamine on soodustanud
alumiste okste kasvu sedavord, et tolleaegsete okste jadnused piisivad veel praegu
tive kiiljes. Mida jamedam puu, seda vihem on oksavaba tiiveosa. Limmastikuga
korduvalt véetatud puistutes on iselaasunud tiiveosa oluliselt lithem kui vietamata
puistus. Uhekordne vietamine pole iselaasumist méjutanud.

Eestis moodustub liilipuit aeglasemalt kui Soomes. Kuigi suurim aastardngaste
arv maltspuidus ei esinenud just kdige korgema boniteediklassiga puistus, viita-
vad meie tulemused toitekeskkonna teatud mojule lilipuidu tekkimisel. Suurem
radiaalne juurdekasv suurendab parast vdetamist harvendusraiest saadavas toormes
maltspuidu osatdhtsust, milles v&ib olla vihem stigispuitu. Toitekeskkonna paran-
damisel vietamisega vihenes lilipuidu osakaal puutiive ristldikes rinnakérgusel
korduvalt véetatud puistus ainult tihel juhul. Teistel katsealadel jdi erinevus katsevea
piiridesse.

Puutiives liili- ja maltspuidu osatghtsuse hindamine puu viliste tunnuste kaudu
on kiisitava véaadrtusega. Meie andmetel krooni aluse korgus on viga norgalt seotud
rinnakorguse maltspuidu pinnaga (R=0,03-0,28). Ka vora suuruse (maht) ja liillipuidu
protsendi vaheline seos oli negatiivne ja nork. Vora suuruse ja maltspuidu keskmise
aastaronga laiuse vahelise seose tugevus osutus keskmiseks (R=0,58-0,64 iihel juhul
ka 0,76).

Juveniilpuidus fikseeriti erinev stigispuidu osatdhtsus sdltuvalt kasvukohast ja
stigispuidu osatdhtsuse suurenemise erisugune diinaamika. Sambliku kasvukohattiii-
bis moodustas siigispuit sasildhedastes aastarongastes 10% ja pohla kasvukohatiitibi
mannikutes 20%.
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Variations in late wood percentage, juvenile wood and sapwood properties within trees and between stands of Scots
pine from Northeast and South Estonia were analysed. The mean wood density of juvenile wood form 83,8% from sapwood
density, static bending strength 62%, compression parallel to grain 68,6% and gross-surface strength 81,2% respectively.
Investigations were conducted on the wood properties of trees from the 60-year-old stands determined the 5 year cambial
age juvenile-mature wood transition in Scots pines in Myrtillus forest site type.

Key words: Pine, sapwood, late wood, bending strength, compressive strength, surface strength, density

Introduction

The properties of the pinewood differ in stems
from pith to bark and from the roots to the top of the
tree. To the same degree the amount of latewood and
cells with thick walls increase from pith towards to the
bark. During the cells and tissues formation process
the structure and characteristics of the wood is influ-
enced by the genetic, environmental (light intensity,
nutrients, moisture) and anthropogenic factors (Stdhl
1998, Saranpad 1999, Wodzicki 2001, Larson et al.
2001). For these reasons a material with different qual-
ities can be obtained from same stem and the same
wood for different users had different value. Earlier
investigations discuss primarily the different qualities
of heart- and sapwood and wood come of the crown.
During recent years problems proceeding from prop-
erties of juvenile wood and superfluity of that in stem
have become evident (Arlinger & Wlihemsson 1999,
Larson et al. 2001, Jayawickrama 2001), as those fac-
tors decrease the general technical characteristics of
the wood.

The juvenile wood forms a homogeneous cylin-
der in the central part of the stem and so almost all
the top of the stem consists of the juvenile wood
(Saranpdd 2002). As the stem is getting older and di-
ameter is increasing the heartwood is forming around
the pith. The juvenile wood and also a part of the
surrounding wood will change to heartwood, which is
recognized by lower moisture level and higher contain-
ing of extractive matter.

The juvenile wood forms a little less than 10 an-
nual rings around the spruce pith (Saranpdd 2002),
conifers have 5-25 annual rings (Lindstrom 2002), but
the sources about pine tree are giving very different
data. According to some authors the transition peri-
od of pines juvenile wood to the mature wood at cam-
bial age approximately 22 years with the standard de-
viation of 5-7 years (Sauter et al. 1999). By E. Saar-
mann (1998) the juvenile wood is formed 10-20 near-
est annual rings to the pith. S. Mattson (2002) remarks
that variation was large for all wood property and the
juvenile wood period seems to last for at least 16 years
at 0,8 metre height. At the same time he has found out
that there was no effect of the crown position in tran-
sition from juvenile to mature wood as judged by
wood density and no evidence to support the concept
that tree spacing and live-branch pruning have a sig-
nificant effect on the cambial age in transition from
juvenile to mature wood. (Gartner et al. 2002).

Sources give several constrained terms to juve-
nile wood that some authors have used synonymous-
ly (Amarasekara & Dene 2002). Also, there is no com-
mon position on how to determine the juvenile wood
— should it be made according to density, modulus of
elasticity or use acoustics approach when sorting out
(Walker & Nakada 1999). For industry it is a question
of utmost importance because for example the quality
properties of paper (porosity, strength, density of
sheets etc.) are affected by the raw material — as the
butt log, middle log and top log have bigger differ-
ences in density and the juvenile wood as well as
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heartwood are playing there an important role (Duch-
esne et al. 1997). However, the top log of great pith
consists lot of juvenile wood. First-thinning wood has
different properties from the late- thinning wood (Hak-
kila et al. 1995). The reason comes from the great
bunch of juvenile wood around the pith in a young
tree with a small diameter. Early wood cells in such
timber are short having thin walls, containing lots of
lignin, having small amount of latewood and wood
density is low. When drying wood, several increases
and decreases cause lot of splits and timber can be-
come warped. The most part of juvenile wood is not
suitable material for construction works or building
(Saarman 1998). As there are problems with many tree
species used for economic purpose, the part of juve-
nile wood is tried to minimized by using forest selec-
tion and other methods of forestry, also the skillful
sorting out of logs in mills are used (Jayawickrama
2001).

The aim of this study was to make evident the
horizontal and vertical variation in some wood prop-
erties in Myrtillus site type of pine stems and to com-
pare the characteristics of juvenile wood with mature
wood and sapwood in the 60-year-old stands. There
are relatively few data on raw material made of pole
timber, but as the number of users has increased, the
interest about the results is really high.

Material and methods

During the last decade when the felling extent is
tripled more young wood have been started to from
strong thinning and sanitation clearcut areas. This
material should therefore contain more juvenile wood
in comparison with the material cut from old forest.
Taking that into account, the research objects with the
60-year-old pine trees in mixed stands on a Myrtillus
site were chosen in North-East and South Estonia with
the quality class I and II. The best strength proper-
ties were expected to get as according to the source
pine forests on fresh soil and pine trees in mixed type
forests have better strength qualities (Splawa-Newman
1994). On the other hand, it becomes evident that
chosen trees have got relatively small diameter of ju-
venile wood in stem and number of annual rings (25)
in sapwood, which makes a very big difference from
the stands researched so far.

Twenty two model trees were chosen among the
dominant trees, cutting of the testing disks and chop-
ping blocks for preparing the testing samples of stem,
from the highpoint of h1/4, h1/2, h 3/4. So the stub
up to h % was researched. In fresh cut trees the
spreading of humidity was measured at above-men-
tioned levels. Room-dry dried and polished disks an-

nual radial growth was measured, also the late wood
percentage in the annual ring and heart- and sapwood
relative importance as well as surface hardness in the
three directions by the Janka method was measured.
The program Win-Dendro was used for measuring the
wideness of annual rings.

A total of 280 samples for measuring density and
764 experimental samples for determining the wood
mechanical properties were made. Experimental sam-
ples of sapwood in cross-section were parcel out onto
three groups by age of wood start from bark (sapwood
1, 2 and 3). All mechanical features in this research
are explained at 12% of moisture level. All experimen-
tal data are processed using correlation and linear
regression analyses with Microsoft Excel.

Experimental results

Physical characteristics

In mid October it was measured for the pine stems
grown in North-East Estonia average sapwood relative
moisture rate as 54,2+0,5% and heartwood 33,1+£1,0%
while the moisture rate of the juvenile wood (34,5+2,1)
did not exhibit essential difference from the humidity
rate of the heartwood. Humidity rate of the sapwood
increased from the stump to the top of the stem sta-
tistically insignificant, but it was a remarkable increase
in the case of heartwood.

At four levels of stems researched general width
of annual ring (y) excluding 2-3 annual rings around
pith, decreased linearly with increasing cambial age.
It means the bigger the cambial age (x), then narrower
is the annual ring in cross-section of the stem. The
width of the annual ring at the level of h % is explained
as well:

y =5,50049 — 0,09168x+0,547463*1/x, R>=0,79

Different situation is with relative importance of
latewood (y), which in annual rings near the pith is
small but starting from the 5-th year cambial age starts
to increase linearly with age (x) (Fig. 1). In research
object in Northeast Estonia the stem level of height h
Vs explains this as follows:

y = 17,88949+0,527125x — 17,4225*1/x, R*=0,69

In the case of stub and the level of h % the re-
sults gained from the late wood relative importance
were almost similar, but at the half way of the tree and
at the level of h % the importance of the late wood
decreases. We can see in the figure how the late wood
is divided in comparison with two different stands. The
stand with second quality class the latewood distri-
bution is more equal. In the stand with the higher
quality class the importance of latewood is increases
equally with increasing cambial age and this case: R?
=0,81...0,86.
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North-East Estonia, II quality class South Estonia, I quality class
50 1 50
40 40 7
® = an®
= 30 < 30 < h1.3m
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d
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Figure 1. The distribution by
dynamics of latewood in dif- 0 e
ferent cross-sections of pine 0 5 10 15 20 25 30 0 5 10 15 20 25 30
stem in Northeast and ASouth Cambial age Cambial age
Estonia on Myrtillus site

Density of the pinewood in stem decreases from
the bark towards the pith and from stub towards the
top (Fig. 2). The highest absolute dry density of sap-
wood was obtained under the bark from the butt log
(535,2 kg/m?). Juvenile wood density at the same lev-
el was 448,6 kg/m® e.g. 16,2% smaller.

Absolut density, kgm3

Heartwood  Juvenilwood

Sapwood 1

Sapwood2  Sapwood 3

Figure 2. The pinewood absolute density at different height
of stem from bark to pith

Density of the sapwood decreases towards the
top and at the level of % it was approximately 27%
smaller than the density of butt examples. But even
at that level the density of the sapwood is 1,2 times
higher than in juvenile wood. Density of the juvenile
wood in the stem decreases towards the top to the
level h% even 29%. So the density of juvenile wood
varies in the stem 318,3...448,6 kg/m°*.

Mechanical properties

Static bending strength, compression strength par-
allel to grain, surface strength and impact strength are
the most significant quality characteristics of the ma-
terial (Tab. 1). Mechanical strength properties depend
mainly on density as the trend of changes from the
butt log towards the top log and from pith towards
the bark are similar to the change of density as shown
in Figure 2.

The average compression strength parallel to grain
of juvenile wood was 30,7+2,4 MPa and 46,5+1,7 MPa

in the outer layer of sapwood e.g. 1,5 times bigger.
Variations range from 27,8 to 69,6 MPa and from 16,9
to 46,1 Mpa, respectively. It gave difference to com-
pression strength along stem of sapwood 2,5 times and
of juvenile wood 2,7 times.

Resistance of pinewood to impact strength does
not qualify as main characteristics of wood and it is
not taken into account when calculating wood con-
structions. But it is important characterizer for com-
paring wood material quality (Muxaiinnuenko, CanoB-
nuunii 1983). Relying on experimental results it can be
said that in juvenile wood of Northeast Estonian pine
impact strength (37,8 + 3,0 kJ/m?) in comparison with
other wood layers in the stem on average (52,1+1,2 kJ/
m?) was 27% smaller. In comparison with peripheral
sapwood, the difference was 2,4 times. It means that
impact strength in juvenile wood decreases towards
the top faster than in sapwood.

Surface strength by the Janka method was iden-
tified at three levels: along to grain (Tab. 1), radial
surface and tangential surface. The average results in
sapwood and heartwood were bigger on along to
grain, followed by tangential surface strength and the
weakest was radial surface. It was complicated to iden-
tify strength technically at along to grain and radial
surface because the testing point on experimental
material (50x50x50 mm) situated near the line of juve-

Table 1.Values of wood properties in different parts of stem

Quality, example Exterior  Iniermediate Interior  Heartwood  Juvenile
Bending strength
61,069

h0.5m MPa
hi/4 .
h1/2

h3/4

Compression urcngh
h0.5m

hi/4

hi/2

ha/4

Cross-surfuce strengih

53,8433
43,743,6
443404

h0,5m 36,6+ 1.0
h1/4 " 30,9+ 1.3
h1/2 " 29,3+ 0.4
h3/4 " 268+ 1.4 21.5+0.5
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nile and mature wood. Mean strength was 19,6+0,6
MPa and 21,0+0,5 Mpa, respectively. Tangential
strength (30,3+1,0) was 5,9% smaller and radial strength
(27,0+£0,6) 16,1% smaller than sapwood surface
strength (32,2+40,6). Tangential strength (21,0+0,5) of
heartwood was 19,2 % smaller and radial strength
(18,30,5) + 29,6% smaller than surface strength along
to grain (26,0+0,6). Those regularities are widely used
in cutting theories and elaborating cutting regimes but
absolute maximum of strength depends on lots of fac-
tors where the main one is density.

Discussion

Individual trees are remarkably different from other
when comparing the moisture content of wood. De-
pending on the season and felling month the moisture
level differs in outside and inside of sapwood and also
it differs in highpoints (Seeling 2000). Most of these
differences are caused by density of the wood (Uzu-
novic & Dickinson 1998). If we exclude the effect of
basic wood density and using the percentage satura-
tion method for measuring the humidity significant
differences related to increased moisture content ap-
pear with increasing tree height as pointed out by
above mentioned authors.

According to our data on stem crosscuts no dif-
ferences of sapwood were noticed in the rate of mois-
ture but remarkable change of moisture was noticed
in relation to height. Humidity rate in mature heartwood
crosscut was similar to that in juvenile wood.

Nutrition conditions, growing space and age of
tree are most clearly indicated by the width of the
annual ring. It is also one of the most important vis-
ual evidence when estimating the wood quality, because
increased radial growth resulted in the reduced fiber
length, fiber diameter, cell wall thickness, wood den-
sity and modulus elasticity (Mattson 2002). But exist
investigations where growth rate did not appreciably
influence the density and bending properties of tim-
ber, and so its utility as predictor of their mechanical
quality of timber is very low (Seco & Barra 1996).

Taking into account the width of annual rings in
our felled model trees we can say that those trees were
grown in normal conditions, with no influences of
thinning or hyper-density periods of stand. Juvenile
wood period is not distinguishable in the width of
annual rings, but percentage of latewood increases
from pith until the 5-th year smoothly and after that
increases proportionally to the age (Figure 1). On the
basis of gained results it is possible to estimate the
existence of juvenile wood in those stems only in the
frame of 5 annual rings which forming a cylinder with
a diameter approximately 50 mm of around the pith.

Starting form the pith in the frame of 5 annual rings
mean width and content of latewood from stub to the
top change not much. Differences appear with increas-
ing cambial age in relation to the height in the case of
heartwood.

The width of annual ring in the stem that has been
growing fast has smaller late wood than in a stem that
has been growing slower. Longer fibers are in outward
annual rings (Saranpdd 1999). So the annual ring gets
suddenly wider when the thinning takes place and
density of wood decreases in negative correlation
between the width of annual rings (Morling 2002).
After thinning in an average tree the density might be
smaller than 17% (Munnx, MockaneBa 1986). That is
why it has become evident that younger stands must
be kept thick because the best pinewood grows in
light thinned stand where grow 1300-1400 trees per
hectare at the age of 43-47 (Jluram, Ps6okous 1984).

According to the sources wood density is most
influenced by the frequency of annual rings and percent-
age of latewood (Wilhelmsson et al. 2002). The width of
annual rings has less influence (Seco & Barra 1996) that
also fits with our results where the relation of density
to the annual rings is characterized by the correlation
coefficient R= -0,44 and latewood percentage R= 0,80
(Tab. 2). Density may have strong connection with the
annual rings in a freely grown tree, but in periodically
thinned and fertilized soil the density varies. According
to the some sources (Veermets 1963) wider annual rings
do not decrease mechanical characteristics but the im-
portance of latewood percentage remains. Here we can-
not exclude that during faster growth building and re-
sistance of wood cells change as also has called atten-
tion P. Saranpidé (1999) and T. Morling (2002).

Table 2. Correlation coefficients between wood properties

Quality 1 2 3 4 5 6
1. Wood density 1
2. Impact strength 041 1
3. Compression strength 087 055 1
4. Annual ring width -044 -0,62 -0,58 1
5. Latewood % 0,80 043 077 -053 1
6. Bending strength 095 041 086 -042 079 1

Carrying out investigations about properties be-
tween juvenile and mature wood among 10 tree spe-
cies in China considerable differences were found (Bao
et al. 2001). Comparing in our research juvenile wood
density with a beside growing heartwood no remarka-
ble statistical changes were identified except some
tendency in increase of density toward bark can be
assumed as shown in the Figure 2. Therefore, the re-
lationship of outer sapwood density with juvenile
wood density remains constant (1,2) over three-quar-
ters of stem height, is notable.
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When characterizing the construction materials
then bending strength is one of the most important
properties. Reducing all researched bending strength
data of crosscuts to butt log’s crosscut (Figure 3) we
get a row with linear characteristics where bending
strength of juvenile wood forms only 62% of the bend-
ing strength of the wood near the bark. So the bend-
ing strength factor in juvenile wood has 1.2 times bigger
relative standard error of middle value that can be
explained by existence of stronger latewood in exper-
imental pieces because of wider rings of juvenile wood.

100
i \
60 —

40

Bending strength, MPa

20

Sapwood 1 Sapwood 2 Sapwood3  Hearthwood  Juvenilewood

Figure 3. Mean static bending strength (with standard er-
ror) in cross-section of stem from bark to pith

According to K. Veermets (1960) the relation be-
tween wood mechanical properties (moisture W=15%)
and density appears in parabolic equation as the curve
of parabolic is usually small the direct line that could
be used in practice for the 120-year-old pinewoods the
bending strength (B) and density (m) is: B=2500m-450.
But according to our data the relation between bend-
ing strength (y) and density (x) compared with direct
line (Fig. 4) and is better explained by equation as
follows:

y=-212,765+0,473484x+33500,86*1/x, R >=0,90

140

100 ——60-year-old|
stand

60 — —120-year-

40 old stand

Bending strength,MPa
@
=]

300 350 400 450 500 550 600
Density,

Figure 4. Relation between bending strength and density of
the 60-year-old (Northeast Estonia) and 120-year-old (South
Estonia) pine stands on Myrtillus site

The larger part of the curve in the graphic char-
acterizes the part with lower density in the juvenile
wood. Despite that the results of the investigations
in the 120- and 60-year-old pinewoods match and ex-
clude the age as a determinative factor, and the den-
sity is of utmost important.

The average bending strength in Estonian Vac-
cinium vitis-idaea and Myrtillus site type pinewoods
have been compared. In 55-90-year-old felled trees it
is 84,840,7 MPa (Kask 2003). At the age of 120 the
bending strength is 902 kg/cm? (101,0 MPa if w=12%)
(Beapmerc 1959).

The bending strength of mature pine stands in
Lithuania is generally 87,7 MPa, in Byelorussia 87,3
MPa and in North-west Russia 84,5 MPa (bopoBukos,
VYrones 1989). Based on above - mentioned data our
bending strength of the pinewood is already similar
to those at the age of 60. One of the increasing fac-
tors may be generally smaller consistence of juvenile
wood in stem as of neighbours.

After the static bending strength density has also
strong correlation with compressive strength parallel
to grain (R=0,87) but much weaker connection with
impact strength (R=0,41).

Compression strength parallel to grain has good
connection (R=0,77) with the percentage of latewood
and weak correlation (R=0,58) with the width of the
annual rings. Mean compression strength of juvenile
wood makes up only 68,6% of the strength of outer
layer of sapwood.

In a great part the surface strength of the wood
dictates the possibilities for use and the last touch of
wood surface. More frequently the surface strength
parallel to grain is described in the literature. Strength
of the radial and tangential surface is directly connect-
ed with the surface strength parallel to grain. For ex-
ample, according to A. Mihailit§enko and F. Sadovni-
t8ij (Muxainuuenko, Camoununii 1983) the surface
strength parallel to grain that forms up to 40% of tan-
gential and radial surface strength.

According to our data surface strength parallel to
grain (y) of sapwood decreases in line with the height
of stem crosscut (x):

y=29,0791-1,04403x+8,507463*1/x, R>=0,99 and in
juvenile wood correspondingly:

y=23,43433-0,99552x+7,880597*1/x, R>=0,82

The most varying is surface strength parallel to
grain that is confirmed by annual ring weakest con-
nection to the surface strength (Tab. 3). In the case
of wide annual rings the results are influenced by the

Table 3. The correlation coefficients characterise the rela-
tion between growth ring width and pinewood strength of
radial, tangential and cross surface

Quality 1 2 3 4
1. Gross-surface strength 1
2. Radial surface strength 084 1
3. Tangential surface strength 0,86 0,86 1
4. Annual ring width -0,50 0,62 -0,61 1
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testing part that may be totally in early wood or part-
ly in latewood.

Differentiation of pinewood properties influenced
by geographical heritage is clearly defined by several
researchers (Saarman 1998, Jayawickrama 2001) but in
Estonia there are few data on it. In the framework of
this research no remarkable differences in the mechan-
ical properties in collected testing materials between
Northeast and South part of Estonia were identified.
This can be taken as normal as the distance between
the areas is only 220 km.

Conclusions

Summing up the results it can be said that the ju-
venile wood is less favoured in most areas of wood
use because of weaker strength characteristics. Den-
sity of the juvenile wood makes up 83.8% of the sap-
wood near the bark, bending strength 62% and sur-
face strength 81,2% in the 60-year-old stands. Com-
pression strength parallel to grain in juvenile wood
decreases faster towards the top log as than in sap-
wood.

In comparison with the southern neighbouring
states, Estonia has good possibilities for growing pine-
wood with low content of juvenile wood and good
properties because of the tested model trees had it
relatively few annual rings. It is not possible to avoid
juvenile wood in pine stems but definitely it can be
reduced by forest growing methods.
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MEXAHUYECKHUE KAYECTBA IOBEHWJIbHOM JTPEBECHHBI COCHBbI OBbIKHO-
BEHHOW (P SYLVESTRIS L.) B COCHAKAX YEPHUYHUKAX

S1. Inkk, P. Kack

Pesiome

ITo nuTepaTypHBIM IaHHBIM IOBCHUIbHAS IPEBECHHA 00pa3yeTcs BOKPYT CEPLEBHHBI U3 5—25 rOJUYHBIX CIIOCB.
OTHOCHTEBHO GOHBmOﬁ 06'beM TOBEHUJIBHOM JAPEBECHUHBI B HEHOBOﬁ JAPEBECUHE MPUBOANUT K He6J’Ial‘O]’lpVIflTHLIM SIBJICHUAM
st moTpebuTerneil B qepeBoobpabareiBaeMoM pou3BoacTBe. PeHOMEH IOBEHHIBHONW JPEBECHHBI W BO3MOXKHOCTH
COKpAIIICHHS BIHSHHS FOBEHIWIBHOM APEBECHHBI B CHIPbE B JCTOHHH BOOOIIE MaJO M3yYEHBI.

Llesblo JITAaHHOTO HMCCIIE0BAHKS SBISIETCS M3yYCHHsI BapbUPOBAHHMS HEKOTOPBIX MOKa3aresieil KadecTBa B CTBOJAX
nepeBbeB 60-T€THUX COCHAKOB-uepHHIHHKOB B CeBepoBocTouHOU M FOXKHOH DcTOHMH. Y TOCTIOACTBYIOMNUX JePEBbEB OBLIN
BbIpe3aHbl KpsbkH Ha Beicote 0,5 M, h1/4, h1/2 u h3/4. Jlnsa onpeneneHust aGCOMOTHON IUIOTHOCTH OBLIO MOArOTOBICHO 280
00pasIoB U ISl ONIPeJeICHUs MEXaHHIECKIX CBOHCTB JIPEBECHHEI -764 o0pa3mna.

OJI[HOI:I U3 OCHOBHBIX XapaKTEPUCTUK KauyeCTBa APECBECUHBI SBJISICTCA COACPKAHUE H03}Z[Heﬁ JIPEBECHUHBI B TOAUYHOM CJIOE.
Coucpmax—mc H03HHCI>/I JAPEBECHUHBI IATU I'OAUYHBIX CIIO€B BOKPYI CEPALECBUHBI HUXKE YE€M Y OCTaJIbHBIX CJIOEB 10 KOPBI.
I110THOCTE IPEBECHHBI CHIXKACTCS B HANPABICHUU OT KOPbI JIO CEPLEBHHBI M MO CTBOIY OT IHs 10 BepXywku. [Ipounocts
JOBEHMIIBHOI IPEBECHHBI NIPH CTAaTH4ECKOM M3rube (mpu BnaxkHocTH 12%) Ha BeicoTe h1/4 3HaunMTENBHO HIDKE YeM y 3a007T0HH.
CraTnyeckuii u3ru6 (y) TECHO CBA3aH C IUIOTHOCTBIO (X) ApeBecuHbl: y= -212,765+0,473484x+33500,86*1/x, R*=0,90.
JIOBOJIBHO TECHast CBSI3b MMEETCS MEKITy IUIOTHOCTBIO M IPOYHOCTHIO Ha C)KAaTHE BIOJb BOJIOKOH M Majo CBS3aHO C yIapHOH
BsA3KOCTHIO. IIIMpHHA FOAMYHOIO CIIOSI B KAKOH-TO CTENEHH CBSI3aHA CO CTATHYECKOM TBEPOCTBIO. YCTAHOBIECHO, YTO IUIOTHOCTH
I0BEHMIIBHOI IPEBECHHBI COCTABIISIET COOTBETCTBEHHO 83,8% ot 3a00/0HH, H3rHb 62% 1 CHKaTHE BIOIH BOTOKOH 68,6%.

KuoueBsble ciioBa: COCHa, 33.60J'IOH]>, TO3QHAs Ip€BECUHA, CTaTHYECKHI I/l3l'H6, IIPOYHOCTH Ha C)KaTHE, INIOTHOCTH.
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Abstract. The relationship between pine wood physical properties and tree
characteristics were studied. One hundred and sixty six model trees were
felled from 21 different pine stands. Blocks of stem were cut as samples at
breast height, half of tree height and 3/4 of tree height. Wood moisture
content and sapwood ratio were determined. Correlation and regression
analysis were used to test for significant relationship between tree and site
type characteristics and sapwood area. There is more wood moisture in pines
growing on peatlands than in those growing on Vaccinium vitis-idaea or
Muyrtillus site types. On peatlands, heartwood moisture content in pines is
higher at half of tree height than at breast height. Sapwood moisture con-
tent is higher on the south side of the stem than on the north side. This
difference is great in the crown part of the stem. A close correlation was
observed between sapwood ratio and stand quality class and age. The cor-
relation between sapwood ratio and tree crown volume is moderate.
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Sissejuhatus

Harilik m&nd on meil enamlevinud puuliik ja seetdttu majanduslik huvi selle kas-
vatamiseks ja ratsionaalseks kasutamiseks viimasel aastakiimnel on suur. Kahjuks
piirdub huvi rohkem méannipuidu td6tlemise ja turustamise kvantiteediga, kvali-
teedinditajad ja nende uurimine on jadnud tagaplaanile. Siiski on rahvusvahelises
puidukaubanduses hakatud rohkem ndudma puidu kvaliteedinditajate ja péaritolu
tdpsemat esitust. EU standard LVS EN 338 néeb ette saematerjali tugevusklasside
(C14 kuni C40) madramiseks mehaaniliste tugevusomaduste piirid (painde-, tdmbe-,
survetugevus, elastsusmoodul, tihedus jm), sest tipsem teave véimaldab paremini
orienteeruda puitmaterjali hinnapakkumises. Meil aga on puiduomaduste kindlaks-
madramisega tegeldud suhteliselt vdhe. Varasemad andmed on liinklikud, sest roh-
kem kasutati GOST-ides ettekirjutatud tildistatud andmeid ja puudus seetottu uute
uuringute vajadus. Nii ongi meil praegu vastavasuunaline uurimistd6 jadnud maha
praktika vajadustest.

Sama puuliigi puiduomadused séltuvad muuhulgas suuresti geograafilisest piir-
konnast ja kasvutingimustest (Mencuccini, Bonosi, 2001). Looduslike tingimuste
erisuse tottu pole naabermaade uurimistulemused sageli otseselt tilevdetavad,
mistdttu vajatakse kohapealseid uuringuid. Sellesuunalisi uurimistdid on viimastel
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aastatel uuesti intensiivistatud Soomes (Saranpad, 1999; Sipi, Rikala, 2000), Latis
(Zalitis, 1999; Pushinskis et al., 1998) ja Rootsis (Lindstrom, 1996).

Uuringute taasalustamist lihtsustab meil toetumine varem véljatodtatud rahvus-
vaheliselt tunnustatud metoodikale, puiduproovimise eeskirjadele ning olemasole-
vate uurimistodde labitdotamisele. Pohjalikke puiduomaduste uurimusi on avalda-
nud K. Veermets (varem K. Werberg) alates 1930. aastast. Enne K. Werbergi t6id
puudusid Eesti médnni tehniliste omaduste kohta andmed. Hiljem on puiduomadusi
Eestis kasitlenud A. Kasesalu (1965), O. Henno (1963), U. Veibri (1973, 1982), U. Tamm
(2000) jt. Arvestades, et tegemist on vaga suurt fiilisilise t66 mahtu néudvate uuri-
mistega, on katseobjektide arv enamikul juhtudel jadnud suhteliselt tagasihoidli-
kuks. Selle tdestuseks olgu mérgitud, et K. Werbergi doktorités “Liili- ja maltspuu
suhe mannil” katsematerjaliks olid 29 mudelpuud, liili- ja maltspuidu osatdhtsus
453 kannus ja 444 palgis ning 132 tiivest saadud sortimentides. Suurem osa materja-
list koguti tilikooli 6ppemetskonnast ja 132 tiive modtmisest Kivindmme metskon-
nas. Kokku késitletakse kuut erinevat vanemas kasvueas mannipuistut boniteediga
I-1V.

Maénnipuidu tehniliste omaduste uurimise eesmérgil langetatud mudelpuude
koguarv Eestis, hinnatuna kirjandusallikate pdhjal, ei iileta 150 puud. Kui see arv
jaotada erinevate kasvukohatiitipide, boniteediklasside, vanuseklasside ja kasvuklas-
side vahel, siis igasse neist jadb katseandmeid suhteliselt vidhe. Selliselt pihustunud
andmestik ei voimalda saada tdielikku tilevaadet meie mannipuidu omadustest.
Muidugi ei suuda seda liinka tdita ka kédesolevaga alustatud uurimistdo, mille esi-
meses etapis piiiitakse selgitada puiduniiskuse erinevust ja maltspuidu osatdhtsust
puu erinevates osades ning selle vdimalikku seost takseertunnustega ménedes kasvu-
kohatiitipides. Jargnevas kisitletakse manni fiitisikalisi omadusi peamiselt harven-
dusealistes ja ménni peenpalki andvates puistutes ning piiiitakse leida maltspuidu
osatdhtsuse madramise vdoimalust puu takseertunnuste abil.

Uurimismetoodika ja uurimisobjektid

Kirjandusallikate pdhjal selgusid puiduomaduste uurimise katseobjektide valikul
erisugused ldhenemised ja pdhjendused. Nii on enamasti peetud olulisemaks kas-
vukohta, ménel juhul aga boniteediklassi vdi vanuseklassi. Uuritud on puiduoma-
dusi kasvuklasside 16ikes, kuid on piirdutud ka keskmiste mudelpuude valikuga.
Mudelpuudest proovipakkude 16ikamise koha valik on samuti erinev. Kui rinna-
korgus (h1,3) ja puu pool kdrgust (h1/2) on koéigil uurijatel olnud peamiseks, siis
teised korgused on leidnud erinevaid pohjendusi. Puutiive tildiseks uurimiseks on
proovipakkude 16ikamiseks valitud sagedamini kannukérgus, kérgus h3/4, vora-
osa algus ja elusa vora algus. Proovipaku 16ikamist 12 cm diameetri kohalt pdhjen-
datakse puhttehniliselt ehituspalgi ladvadiameetri miinimumiga.

Puiduniiskuseks (absoluutne) on niiskuse massi suhe antud puidumahu juures
absoluutkuiva puidu massiga, véljendatuna protsentides. Selles t66s kasutatud suh-
teline niiskus on aga niiskuse massi suhe antud puidumahu juures mérja puidu
massiga. Praktikas maaratakse niiskus kuivatusmeetodiga vodi elektrilise niiskus-
modtjaga.

Kéaesolevaks tooks valiti looduses vélja 21 erinevat mannipuistut, mis paiknesid
pohla, mustika, kuivendatud kddusoo, kuivendatud madalsoo, kuivendatud siirde-
s00, kuivendatud siirderaba ja raba metsakasvukohattiiibis (tabel 1). Katsematerjal
périneb Elva (Konguta), Kaansoo, Kabala, Kubja, Laeva (Tahtvere), Saare, Surju,
Somerpalu, Misso (Vastseliina) ja Vddtsa metskonnast ning Jarvseljalt.

130

138



Metsanduslikud uurimused XXXVII

Tabel 1. Katseobjektid ja mudelpuude keskmised takseernditajad
Table 1. Experimental objects and model tree mean characterisics

Objekt Tutp D1,3 Vanus Taius Boniteedi klass Vora maht  Tiive maht Vormiarv
Object Site Age  Stand Quality Crown Trunk Form
type density class volume, m3  volume, m3 factor
Téhtvere Rb 13,7 85 0,6 5,5 12,6 0,0922 0,577
Tahtvere Krb 14,7 88 0,8 5,3 16,6 0,1283 0,536
Surju Krb 15,8 70 0,6 5 28,5 0,1024 0,476
Tahtvere Ksrb 15,7 88 0,9 5,0 11,4 0,1296 0,483
Surju Kss 21,4 120 0,6 4 43,2 0,3378 0,472
Kaansoo Kss 21,1 90 0,8 4 65,8 0,2593 0,434
Vaatsa Kss 18,1 80 0,7 3 21,1 0,2462 0,519
Vadtsa Kmds 16,6 70 0,7 4 32,5 0,1486 0,481
Kabala Kks 18,5 90 0,8 3 33,0 0,2621 0,483
Vaatsa Ms 18,9 73 0,8 2 30,4 0,2788 0,467
Jarvselja Ms 24,2 79 0,8 1 46,2 0,5367 0,461
Saare Ms 25,1 109 0,8 2 42,3 0,5163 0,415
Kubja Ms 20,3 55 1,0 1 56,0 0,3244 0,453
Konguta 2 Ms 25,7 72 0,8 1 45,0 0,5365 0,439
Konguta 1 Ms 19,5 59 0,9 1 35,6 0,2688 0,446
Somerpalu 1 Ms-ph 17,6 67 0,75 2 36,8 0,2112 0,459
Somerpalu 2 Ph 18,5 66 0,7 1 36,1 0,2879 0,511
Misso 1 Ph 22,5 77 0,7 1 46,3 0,4552 0,451
Misso 2 Ph 20,9 72 0,8 2 46,7 0,3262 0,457
Surju 1 Ph 26,4 150 0,7 3 61,9 0,5471 0,443
Surju 2 Ph 22,4 70 0,9 2 64,9 0,3108 0,380

Metskonnas viljavalitud puistusse rajati esmalt ajutine proovitiikk suurusega 0,1
ha. Selle keskmise rinnasdiameetri jargi valiti proovitiikilt 6-12 mudelpuud. Mudel-
puude arv sdltus puistu hooldamisest. Hastihooldatud puistust, kus kluppimise jargi
esines vihem diameetriastmeid, valiti vihem mudelpuid. Halvemini hooldatud
puistutes langetati keskmise diameetriga puudele lisaks ka mdned peenemad ja j&-
medamad mudelpuud. Mudelpuudel tihistati enne langetamist pohjapoolne kiilg.
Langetatud puul moddeti pikkus, kiimne viimase aasta ladvakasv, elusa vora algus
ja vora laius ning tiive diameetrid korguselt h1,3, h1/4, h1/2 ja h3/4. Kokku lange-
tati 166 mudelpuud, millest 16igati proovipakud (1,2 m pikad) korguselt h1,3, h1/2
jah3/4. Samal péeval 16igati igalt pakult ketas, millel méarati suhteline puiduniis-
kus 16una- ja pohjakiiljel ning keskosas, et hiljem selgitada tehniliste omaduste eri-
nevuse vdimalikke pohjusi, mida on leidnud O. Henno (1963) kasepuidu uurimisel.
Niiskuse méidramiseks kasutati elektrilist niiskusemdotjat Hydromette HT 85T. Ketas-
tel médrati liiliosa diameeter, kooreta diameeter, maltsaosa aastaringide arv. Seoste
hindamisel loeti korrelatsioon nérgaks, kui R < 0,3, moddukaks, kui 0,3 < R < 0,5,
keskmiseks, kui 0,5 <R < 0,7, tugevaks, kui 0,7 <R < 0,9, ja viga tugevaks, kui R > 0,9.

Vora pikkuse ja 1abimoddu jérgi méarati vora suurus podrdkeha valemiga. Puu-
tiive maht leiti Simony valemiga (Krigul, 1972): v = (h/3)*(2*g1/4 = 812 + 2%83/4)
ning puu vormiarv valemiga f = v/ (g, 5*h); kus: g - ristldikepind vastaval kdrgusel
ja h - puu kérgus.
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Puu niiskusesisaldus

Puu kasvuks ja ainevahetuseks on niiskuse olemasolu kasvavas puus vajalik, kuid
raiutud puidus on niiskuse olemasolu ebasoovitav, sest see voib soodustada seente,
varvimuutuste, kdverdumise jt ilmingute teket. Puiduniiskus avaldab suurt méju
puidu fiitisikalis-mehaanilistele ja tehnoloogilistele omadustele, olles iiheks kvali-
teedinditajaks (Veibri, 1982).

Virskeltraiutud pohla- ja mustikaméannikute puidus on niiskust oluliselt vihem
kui soopuistutest raiutud puidus (joonis 1). Siinkohal tuleb mérkida, et rinnakérgu-
sel malts- ja liillipuidu osas oluline erinevus puudus, kuid ladva suunas erinevus
suurenes. Tosi kiill, paljudel juhtudel ei olnud kérgusel h3/4 liilipuitu selgepiirili-
selt vilja kujunenud, mistottu voeti siin kasutusele moiste “keskosa niiskus”, mis
kaménnikutes lilipuidu niiskus rinnakorgusel ning puu poolel korgusel samaks,
kuid korgusel h3/4 oli niiskuse protsent oluliselt suurem. Ilmselt vorapiirkonnas
votab ka lilipuit teatud mééral elutegevusest osa, millele on viidanud mitmed uuri-
jad (Veibri, Kokk, 1980; ITepensirms, Yrosnes, 1971). Varasemates uurimustes mérgib
aga K.Werberg (1930) viitega Danckelmanni (1890) ning Hartigile (1885), et niiskuse
hulk lillipuidus ei s6ltu korgusest, kuid tildine vee hulk tiives suureneb kiiresti alt
iiles.

Meie andmetel on soopuistutes juba puu poolel korgusel lillipuit niiskem kui
rinnakorgusel ja niiskusesisaldus ladva suunas suureneb veelgi. See seletub osali-
selt sellega, et soopuistutes on elusa vora algus madalamal kui hésti laasunud pohla-
ja mustikaméannikutes. Soopuistutes mérgiti elusa vora alguseks keskmiselt 0,6 h
ning pohla- ja mustikaménnikutes 0,7 h.

Maltspuidu niiskusesisaldus suureneb ladva suunas (joonis 1). Rinnakorguselt
puu poole korguseni on see vihemargatav, kuid edasi juba oluline. Samuti vihe-
mirgatav oli keskmine puiduniiskuse erinevus pohja- ja lounapoolses tiiveosas.
Erinevus suurenes ladva suunas, kuid korgusel h3/4 oli 1dunapoolses maltsaosas

01
H2

Malts Liili  Malts Malts Liili Malts Malts Keskel Malts

Puiduiiskus, % / Wood moisture, %

N S N S N S
Korgus hl1,3 Korgus hl1/2 Korgus h3/4
Height hi,3 Height h1/2 Height 3/4

Joonis 1. Keskmine puiduniiskus kasvava puu erinevates osades pohla- ja mustikamannikutes (1)
ning soomannikutes (2)

Figure 1. Mean moisture content in pine wood of different tree part growing on Vaccinium-vitis idaea
and Myrtillum site type (1) and on peatlands (2)
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niiskust pohla-mustikaménnikutes rohkem vaid 3,3% ja sooménnikutes 1,4%. Tule-
mus on analoogne kirjanduse andmetega, kus ilmakaarte suhtes puiduniiskuse eri-
nevus maltspuidus kdnnu- ja rinnakdrgusel puudub, kiill aga on poolel kdrgusel ja
ladvas puiduniiskus madalaim p&hjapoolses tiiveosas ja maksimaalne ldénekaares:
vastavalt vahe 7% ja 2%. Liilipuidus see seaduspérasus puudub, sest puidu soojuse
tihtlustumine valispinnalt ltlipuitu on véga aeglane (Ilepessirus, Yroses, 1971).
Kirjanduse andmetel on aga puiduniiskus suurem nooremates puudes ja selle koi-
kumine aastas on suurem kui vanadel puudel (Muxarmmuenko, Cagmosunumnii, 1983;
Banmn, 1945), millest tulenevalt voiksid antud t66s uuritud sooménnikute ja pohla-
mustikaménnikute niiskuses olla veelgi suuremad vahed, kui viia sisse keskmise
vanuse (vastavalt 86,8 ja 79,1 aastat) erinevusest tulenevad paranduskoefitsiendid.
Pohla- ja mustikaménnikute puiduniiskuse séltuvus kasvukoha niiskusest on tdes-
tamist leidnud juba varem (Kask, 2001), mistdttu vaatleme jargnevas puiduniiskust
rabamé&nnikutes. Voib eeldada, et rabaménnikutes on vett kiillaldaselt ja puiduniis-
kuses erinevused seetdttu puuduvad. Katsetulemused Tahtvere 85-88-aastastest puis-
tutest nditasid aga siiski moningaid puiduniiskuse erinevusi, mida saab pdhjenda-
da vaid kasvukoha erineva niiskusega. Joonisel 2 on esitatud keskmised tulemused
rabamannikutest voetud mudelpuude niiskusest. Katseobjektide 16ikes puudub rin-
nakorgusel ja puu poolel korgusel maltspuidu pdhja- ja lounapoolse tiiveosa niis-
kuse erinevus, samuti on maltspuidu niiskus {ihesugune rinnakérgusel ja puu poo-
lel korgusel. Voraosas on niiskust maltspuidus rohkem kui tiive alumistes osades ja
mone protsendi vorra on niiskust rohkem Idunapoolsel kiiljel, kus soojust on roh-
kem ja elutegevus seetottu aktiivsem, nagu mérgiti eespool.

Kirjanduse andmetel on kdige rohkem niiskust kasvavas puus talveperioodil
(nov-veebr) ja minimaalselt suvekuudel (juuli-august). Niiskusesisaldus tiives muu-
tub ka oopédeva jooksul - hommikul ja Shtul on niiskust rohkem kui péeval
(Mwuxarmaenko, Cagosavanii, 1983; Banns, 1945). Niiskusesisalduse perioodiline
muutumine puutiives iseloomustab puus toimuvate fiisioloogiliste protsesside inten-
siivsust ja kaitsereaktsioonide aktiivsust (Ilepemsrun, 1969). Eestis on kindlaks
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Puiduniiskus, % /Wood moisture, %

Joonis 2. Kasvava puu niiskus (koos suhtelise veaga) raba, kuivendatud raba ja kuivendatud
siirderaba kasvukohatiiiibis erineval kdrgusel puu pdhjakiilje maltspuidus, Lilipuidus ja
[dunakiilje maltspuidus

Figure 2. Moisture content of growing pine in different cross-section in North-side of sapwood, in
heartwood and South-side sapwood on raised bog (RB), drained raised bog (KRB) and on
drained transitional raised bog (KSRB)
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tehtud maltspuidu suurima niiskuse olemasolu 75-80-aastasel siirdesoomé&nnil
novembris (Veibri, Kokk, 1980)

Erinevalt rabaménnikutest suurenes puiduniiskus kasvavas puus Kabala kuiven-
datud kédusooménnikus ja Kaansoo kuivendatud siirdesoomannikus 29.11.2000. a
maltspuidus ladva suunas mérgatavalt, kuid lilipuidu osas kuni poole puu kérgu-
seni jdi samaks. Puiduniiskuse absoluutvddrtused osutusid kdigis mootmiskohta-
des vdiksemaks, kui need olid kindlaks tehtud kuivendatud siirdesoo- ja karusamb-
la-mustikaménnikus eelmisel aastal (tabel 2). Saadud tulemustest v6ib jareldada, et
kasvava puu niiskus sdltub mdotmisele eelnenud pikema perioodi sademetest. Kui
1999. a stigisel katseobjektidele lihemate vaatlusjaamade keskmisena esines sade-
meid mudelpuude I6ikamisele eelnenud kahel kuul kokku suhteliselt rohkem (166,5
mm), oli suurem ka puiduniiskus. Aasta hiljem esines rohkem sademeid suvel, kuid
novembri 16pus mudelpuude raiumisele eelnes suhteliselt kuivem periood (oktoob-
ris sademeid 61 mm; novembris 48 mm), mistdttu puiduniiskus Kabala ja Kaansoo
objektil saadi tunduvalt vdiksem kui eelmisel stigisel. Puutiive ulatuses on aga puidu-
niiskus sdltuv lillipuidu osakaalust tiives, st mida vanem puu, seda suurem on liili-
puidu osa ja seda vdiksem on puidu keskmine niiskusesisaldus.

Langetatud keskmistel mudelpuudel samas puistus ilmnes puiduniiskuse suur
varieeruvus. Selgitamiseks piititi leida lineaarseid seoseid tiksikpuude niiskuse ja
teiste parameetrite vahel. Eeldati, et suhteliselt suurema véraga puu vajab elutege-

Tabel 2. Puiduniiskuse keskvdartused erinevates puistutes sdltuvalt ilmakaarest
Table 2. Wood moisture mean values in cross-section depending on stand side and height

Katse- Kasvu- Puiduniiskus, % / Wood moisture %

objekt koha-  Kdrgusel h 1,3 m Height  Kdrgusel h 1/2 Height Korgusel h 3/4 Height

Object tiitip Pohi Lili  Louna Pohi Lili ~ Louna  PGhi  Keskel Louna
Site North  Heart- South North  Heart- South  North Center- South

type side  wood  side side  wood  side side  wood  side
Téhtvere Rb 65,9 36,0 66,2 65,1 57,7 67,5 67,9 64,5 68,5
Téhtvere  Krb 62,9 35,5 60,4 63,2 48,3 65,0 65,2 61,1 67,2
Surju Krb 62,5 34,4 60,6 65,0 51,0 64,2 64,6 63,1 64,5
Tahtvere  Ksrb 58,6 35,0 58,9 60,0 42,1 60,0 62,2 57,6 62,1
Surju Kss 61,1 34,3 59,2 58,1 35,4 57,7 59,2 60,1 60,2
Kaansoo Kss 45,0 31,4 48,6 45,7 30,4 47,1 46,9 44,7 46,7
Vaatsa Kss 60,0 37,8 61,6 61,6 34,0 60,9 62,4 52,0 65,3
Vaatsa Kmds 56,3 36,4 58,0 56,1 38,0 56,7 60,5 53,3 60,4
Kabala Kks 45,6 28,8 47,3 46,4 31,7 48,0 48,0 47,7 48,0
Vaatsa Ms 65,0 35,5 63,3 60,7 35,4 64,1 66,2 59,1 66,4
Jdrvselja Ms 54,8 32,4 53,6 49,7 32,0 51,5 54,0 33,9 56,6
Saare Ms 63,5 38,1 62,7 62,7 350 64,3 64,0 44,2 68,2
Kubja Ms 48,6 31,9 48,9 46,8 32,9 48,1 50,3 42,6 52,0
Konguta 1 Ms 59,7 37,3 59,4 58,0 36,8 58,7 60,1 54,7 59,8
Konguta 2 Ms 60,6 36,8 60,5 59,1 38,5 60,6 57,9 60,4 63,1
Somerpalu Ms-ph 58,8 34,9 58,8 57,2 36,6 54,1 58,1 55,0 59,5
Soémerpalu Ph 60,6 35,3 63,3 55,0 34,4 53,0 60,6 51,4 58,3
Misso 1 Ph 63,8 350 64,9 63,0 33,9 62,9 64,2 44,7 64,7
Misso 2 Ph 67,9 41,5 69,4 67,9 37,3 68,6 67,0 54,4 69,4
Surju 1 Ph 52,3 31,7 54,9 51,7 30,6 55,3 54,2 33,6 57,3
Surju 2 Ph 54,3 30,2 56,5 52,2 32,4 55,0 62,9 48,5 57,4

134

142



Metsanduslikud uurimused XXXVII

vuseks rohkem vett ja tema puiduniiskus on suurem kui vdiksema vdraga puul.
Suurem vora on aga tavaliselt hdredamas puistus, kus tédisttivelisus on suurem ja
lillipuidu osatdhtsus voiks olla suurem ning kogu puu puiduniiskus seetdttu viik-
sem.

Mudelpuude vora diameetriga oli rinnasdiameetri seos nérgem kui tiive diameet-
riga korgusel h3/4 ja h1/2. Nditeks, Tédhtvere rabamé&nnikus andis véra diameeter
mddduka seose (R = 0,30) iiksnes tiive diameetriga korgusel hl/2. Kubja mustika-
mannikus ja Vadatsa kuivendatud siirdesooméannikus oli seos tugev (R = 0,87) dia-
meetriga korgusel h3/4 ning Vaatsa kuivendatud madalsoos kdrgusel h1,3 ja h1/2.

Metoodika kohaselt valiti puistutest peamiselt keskmisi mudelpuid. Soltuvalt
kasvukohatingimustest on puistute keskmine rinnasdiameeter sama vanuseklassi
puistutes suuresti varieeruv. Varieeruv oli ka véra diameeter, mida mdjutab lisaks
kasvukohatingimustele veel tdius ja hooldusraied. Tulemuste analiitisil selgus, et
rinnasdiameetri seos vora liabimddduga erineval ajal hooldatud mineraalmaapuis-
tutes on ndrgem, kui see on hooldamata soopuistutes (vastavalt R = 0,57 ja R = 0,75).

Vora ruumala soltub suhteliselt valguselembelisel méannil elusa vora pikkusest,
ehk millises tiheduses on puistu kasvanud. Vora suurem ruumala on eelduseks laie-
ma aastaringi kasvamiseks ning on seetdttu otseses seoses puiduomadustega. Kui
hooldamata rabaménnikutes oli seos rinnasdiameetri ja vora mahu vahel viga nork,
siis Vddtsa harvendatud kuivendatud siirdesoomé&nnikus oli see keskmine (R = 0,56)
ning madalsooméannikus moéddukas (R = 0,40). Hooldatud Kubja mustikaménnikus
oli nimetatud seos tugev (R = 0,79). Siit ndhtub tugevama tiive diameetri ja vora
dimensioonide seose kujunemine puistu hooldamise tagajirjel, mille arvestamine
on praktikas ammu rakendamist leidnud.

Vormiarv voib mojutada sortimentide valjatulekut, kuid tldjuhul ei loeta seda
puiduomaduste mdjutajate hulka. Kuna kéesolevas uurimuses on keskmisi mudel-
puid paljudest puistutest, siis on vormiarvu esitus siin iildistavat laadi. Nagu tabe-
list 1 selgub, on keskmine vormiarv ithevanuselistes midnnikutes suuresti erinev.
Metsakasvatuse pohitddedest on teada, et puistu vormiarv suureneb boniteediklas-
si alanedes ja viheneb samas boniteediklassis vanuse suurenedes. Puistu tdiuse vahe-
nedes vormiarv viheneb. Kuid on ka erandeid, nagu ndeme tabeli 1 viimasest reast,
kus 70-aastases luiteménnikus tehti kindlaks suhteliselt viiksem vormiarv kui teis-
tes puistutes.

Kasvukohatiitibi viljakuse parimaks iseloomustajaks on boniteediklass. Tabelist
3 ndeme keskmist seost (R = 0,53) boniteedi ja vormiarvu vahel. Samas on aga vormi-
arvul tugev negatiivne korrelatsioon vora mahuga (R = -0,79).

Tabel 3. Puistu ja mudelpuu takseernditajate vahelist seost iseloomustavad korrelatsioonikordajad
Table 3. Correlations between stand and tree characteristics

Nr/No Parameeter / Parameter 1 2 3 4 5 6 7
1. Rinnasdiameeter / Diameter breast height 1

2. Vanus / Age 0,25 1

3. Tdius / Stand density 0,19 -0,36 1

4. Boniteet / Quality class -0,57 0,34 -0,42 1

5. Vora maht / Crown volume 0,71 0,16 0,27 -0,52 1

6. Tiive maht / Trunk volume 0,8 0,36 0,15 -0,68 0,64 1

7. Vormiarv / Form factor -0,64 -0,04 -0,47 0,53 -0,79 -0,58 1
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Maltspuidu seos puiduniiskuse ja takseerniitajatega

Liili- ja maltspuidu vahekord méérab antud puidu kasutamisvoimalused. Liiprites
ja postides on suurem liilipuidu hulk kasulik, kuid oluliselt tumedama virvusega ja
suurema vaigusisaldusega liilipuit ei ole sageli soositud mooblitoostuses. Tumeda-
mavérvilisem liilipuit on viiksema kahanevusega. K. Werbergi (1930) andmetel on
tume virv lilipuidus ka harilikult suurema kestvusea tunnus, sest tema 6hukuiv
tihedus, kdvadus, vastupanu méddanemisele on suurem kui sama puu pehmel ja
kergel maltsaosal. Samas on aga liilipuidu painduvus tunduvalt vdiksem kui malts-
puidul.

Juba varem on kindlaks tehtud, et Eestis kasvaval ménnil maltsaosa aastaringide
arv ei ole samas puus piisiv suurus ja liilipuidu piir ei kulge aastaringi mosda. Liili-
puidu piirjoon tiives nihkub kdrgusega (iilespoole) jarjest hiljem tekkinud aastarin-
gidesse, paremates boniteetides on selle piirjoone aastaringide vahe ladvas ja kéin-
nul suurem, halvemates aga vdiksem (Werberg, 1930). Kirjanduses on maltspuidu
osatdhtsust ristldikepinnas seostatud ménni okkamassiga (Albrektson, 1984), samu-
ti leidub andmeid okkapinna (ka okkamassi) ja maltsapinna suhte markimisvéaér-
sest seosest kasvukohatingimustega (Livonen et al., 2001; Berninger, Nikinmaa, 1994;
Grier, Waring, 1974), siit loogilise jatkuna peaks maltspuidu osatdhtsust mojutama
ka vora maht. Samuti asjaolu, et okaste ja maltspuidu ristldikepinna suhe Euroopas
soltub kliimast (Mencuccini, Bonosi, 2001) voiks pohjustada moningat maltsa osa-
tdhtsuse erinevust ka soopuistutes ja mineraalmaal kasvavates ithevanuselistes ja
sama boniteediklassiga puistutes.

Kéesolevas uurimistoos madrati maltspuidu osatidhtsus ja aastaringide arv malts-
puidus puude ristldikepinnal korgusel h1,3, h1/2 ja h3/4. Soltuvalt kasvukohast ja
boniteediklassist on maltspuidu osatidhtsuse muutumine ladva suunas 55-90-
aastastes mannikutes erinev (joonis 3). Paljudel juhtudel, eriti kuivendatud puistute
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Joonis 3. Maltspuidu osatdhtsus 55-90-aastastes puistutes puutiive ristlike erineval kdrgusel
soltuvalt metsakasvukohatiiiibist ja boniteediklassist. Rb - raba, Krb - kuivendatud raba,
Kss - kuivendatud siirdesoo, Kmds - kuivendatud madalsoo, Ph - pohla, Ms - mustika
kasvukohatiiiip

Figure 3. Sapwood ratio in 55...90-year-old pine stands at different cross-section heights depending
on the site type and quality class. Rb - raised bog, Krb - drained raised bog, Kss — drained
transitional bog, Kmds - drained birch fen, Ph — Vaccinium vitis-idaea site type, Ms —
Myrtillus site type
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puudel, kdrgusel h3/4 koosnes ristldikepind tdielikult maltspuidust. Koigi katseob-
jektide jargi mddratuna oli maltspuidu osatdhtsus suurem nooremates puistutes, seos
vanusega oli méddukas kuni keskmine, R = -0,40...-0,53. Nende hulgas parim tule-
mus saadi pohla- ja mustikamadnnikute mudelpuudega (joonis 4).

Maltspuitu moodustavate aastarongaste arv rinnakdrgusel sdltus peamiselt puistu
vanusest. Nooremas puistus leiti maltspuidus aastaringe vidhem kui vanemas, puu
vanuse ja aastaringide arvu vahel maltspuidus registreeriti mdodukas seos (R =
0,45...0,55). Boniteediklassi ja maltspuidu aastaringide arvu vahel saadi keskmise
tugevusega seos (R =-0,14...-0,33), paremas kasvukohas on aastaringe maltsas roh-
kem. Maltspuidu protsendi ja boniteediklassi positiivne seos ilmnes rinnakorgusel
ja puutiive poolel kdrgusel, vastavalt R = 0,40 ja R = 0,56. Puu 3/4 kdrgusel oli seos
keskmine (R = 0,48). Kuna boniteediklass on tiheks olulisemaks kasvukohattiitibi ise-
loomustajaks, siis vdib eeldada maltspuidu osatidhtsuse ja kasvukohatiiiibi vahelise
seose olemasolu.

Keskealiste ja valmivate puistute boniteediklassi ja maltspuidu osatdhtsuse tugev
positiivne korrelatsioon tehti kindlaks rinnakorgusel ja puu poolel korgusel, vasta-
valt R = 0,80 ja R = 0,83. Puu kdrgusel h3/4 on seos margatav (R = 0,65).

Soopuistutes iseloomustas kiillaldaselt hasti maltspuidu osatdhtsuse (y) seost
boniteediklassiga (x) sirge vorrand (joonis 5):

y =73,593 + 3,7122*x.

Pohla- ja mustikaménnikutes sarnast seost ei tdheldatud. Kui aga opereerida boni-
teedi (x) ja vanusega (x;), saab maltspuidu osatdhtsust iseloomustada viheinforma-
tiivse seosega: y = 62,98948 + 11,16207*x - 0,35392*x,, kus R = 0,77...0,89.

Voramahu ja maltspuidu protsendi vaheline moddukas seos (R = -0,40...-0,50)
tehti kindlaks {iile 55 aasta vanustes puistutes. Kindlasti ei voi seda tulemust iile
kanda noorendikele, kus liillipuit puudub. Samas aga puu biomassi jaotuse pohi-
motet interpreteeritakse veejuhtivuse mudeli teooria alusel (Shinozaki et al., 1964;
Grier, Waring, 1974), kus vastavalt lehepinnale (massile) on igal puul vastav maltsa-
ringi pindala. Kuna lehepinna suurus ja mass on sdltuv vora suurusest, siis kontrol-
liti voramahu seost maltsapinna suurusega. Tdhtvere rabaménnikutes osutus aga
nimetatud lineaarne seos suhteliselt norgaks (rinnakdrgusel R = 0,37, puu poolel
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Joonis 4. Maltspuidu osatdhtsuse seos vanusega pohla- ja mustikamannikutes
Figure 4. The relationship between relative sapwood area and stand age in pines growing on
Vaccinium vitis-idaea and Myrtillus site types
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Joonis 5. Maltspuidu osatdhtsuse seos boniteediklassiga manni soopuistutes kdrgusel h1/2
Figure 5. The relationship between sapwood area % and quality class at h1/2 in pine stands growing
on peatlands

korgusel R = 0,51), kui seda vorrelda nditeks kuuse uurimisel (Eckmiiller, Sterba,
2000) saadud tulemustega, kus korrelatsioonikordaja on tile 0,9.

Voéramaht oli mannil negatiivses korrelatsioonis ka maltspuidu niiskusega kogu
puu ulatuses (R = -0,47...-0,55). Voib oletada, et suurem vora kasutab rohkem vett,
mida aga stigistalvisel perioodil transporditakse tiive modda vahem. Seos malts-
puidu niiskuse ja maltspuidu osatdhtsuse vahel puutiive erinevates kdrgustes puu-
dub (R =0,10...0,27). Samuti ei leitud seost maltspuidu niiskuse ja maltspuidu aasta-
ringide arvu vahel.

Voéramahu ja maltsaosa aastaringide arvu vaheline seos analiiiisitud katsemater-
jali alusel puudus rinnakérgusel, mdodukalt positiivne seos saadi puu poolel kor-
gusel ja voraosas (h3/4).

Voéramahu ja maltspuidu protsendi suhtel ning boniteediklassil oli seos statistili-
selt mdodukalt negatiivne, mis tugevneb ladva suunas: kérgusel 1,3 m R = -0,52,
korgusel h1/2 R =-0,57 ja kdrgusel h3/4 R = -0,58. Negatiivne seos tuleneb boniteedi-
Kklassi negatiivsest seosest nii maltspuidu protsendi kui ka voramahuga. Ilmselt meie
tingimustes ei asenda manni voramaht lehepinda ja okkamassi analoogsetes uurin-
gutes.

Jareldused

Uksikpuu kasvu puistus mojutavad paljud tegurid, mistdttu puu takseertunnused
ja puidu futisikalised omadused on samas kasvukohas varieeruvad. Varieeruvus on
suur ka paljudelt kasvukohtadelt kogutud andmete summaarses analiiiisis. See lubab
eeldada, et uurides kasvukohatiitipide viisi puiduomadusi, on véimalik tuua vélja
iseloomulikke fiitisikalisi omadusi, mis voimaldavad hinnata mehaanilisi omadusi
lihtsamalt, kui seda on puiduomaduste mddaramine proovikehade abil. Selleks peab
aga olema pohjalikumalt labitootatud katseobjektide andmestik.
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Puiduniiskus soltub otseselt kasvukohatingimustest. Kasvavas puus on puidu-
niiskust rohkem sooménnikutes kui pohla- ja mustikaménnikutes. Soomé&nni lili-
puidus puu poolel kérgusel on niiskust rohkem kui rinnakdrgusel, mida ei esine-
nud kuivemates kasvukohtades kasvavatel méndidel. Maltsaosa suurem niiskus
ldunakiiljel, vorreldes pohjakiiljega, on selgelt eristatav vora piirkonnas.

Maltspuidu osatdhtsus on suurem parema boniteediga ja nooremates puistutes.
Paremas kasvukohas on maltsardngas aastaringe rohkem. Véramahu ja maltspuidu
protsendi vahel esineb mdoduka tugevusega seos, mis ei vdimalda hinnata malts-
puidu osatdhtsust kasvavas puus voramahu jargi kuigi suure tdpsusega.

Tanuavaldus. Taname uurimist6dd rahaliselt toetanud Keskkonnainvesteeringute
Keskust ja Eesti Teadusfondi (grant 4968).
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Scots pine (P. sylvestris L.) wood moisture and sapwood ratio
on different forest site types

Kask R., Pikk J., Kuusepuu T.

Summary

In Estonia, relatively little research has been done on wood properties. As appears
from literature, the total of model trees felled in Estonia for studying pine wood
technical properties does not exceed 150.

The first half of this ongoing research dealt with the determination of wood mois-
ture differences and sapwood ratios in different tree parts and their potential corre-
lations with tree survey criteria on some site types. Pine physical properties were
investigated mainly in thinning-age and poletimber-tree stands. The possibility of
determining sapwood ratio from tree survey criteria was also examined.

In nature, we selected 21 different pine stands growing on cowberry (Vaccinium
vitis-idaea), bilberry (Myrtillus), full-drained bog, drained birch fen, drained transi-
tion bog, drained transition raised bog and raised bog site types (Table 1). Six to
twelve model trees were selected by the stand mean breast height. Altogether, 166
model trees were felled, from which sample blocks (1.2 m in length) were cut at
1.3 m, 1/2 of tree height and 3/4 of tree height.

Pine wood freshly felled on Vaccinium vitis-idaea and Myrtillus site types con-
tained considerably less moisture than that on bog site types (Figure 1). Differences
in sapwood and heartwood contents were insignificant at breast height but increased
towards the top.

In pine stands growing on Vaccinium vitis-idaea and Myrtillus site types, heart-
wood moisture content was identical at breast height and half of tree height but
considerably higher at 3/4 of tree height. Apparently, heartwood in the crown region
participates to some extent in organic life.

Our findings showed that heartwood moisture in stands growing on bog site
types was higher at half of tree height than at breast height and kept rising towards
the top.

Similarly, sapwood moisture increased towards the top. The change was slight
from breast height to half of tree height yet considerable higher up. The difference
in mean wood moisture was slight between the south and the north side of the stem.
It increased towards the top, yet at 3/4 of tree height sapwood moisture on the south
side was higher by just 3.3% on Vaccinium vitis-idaea and Myrtillus site types and

140

148



Metsanduslikud uurimused XXXVII

1.4% on bog site types.

Supposedly, raised bog stands should evidence no differences in wood moisture
as they are exposed to plenty of water. The results from 85...88-year-old stands,
however, demonstrated some differences in wood moisture, which can only be ex-
plained by differences in site type soil moisture content (Figure 2).

The absolute wood moisture values proved smaller in all measurement sites in
which the felling was preceded by a longer period of low precipitation (the objects
of Kubja, Kaansoo and Kabala) (Table 2).

A greater crown volume obviously results in a wider annual circle, which, in
turn, bears direct relationship to wood properties. While the correlation between
pine breast height diameter and crown volume was very weak in untended bog stands
it was strong in tended Myrtillus stands.

The best indicator of site type fertility is the quality class. Table 3 shows the mean
correlation (R = 0.53) between quality class and form factor. At the same time, how-
ever, the form factor exhibits a strong negative correlation with crown volume (R =
-0.79).

Depending on the site type and the quality class, changes in sapwood ratio to-
wards the top reveal some differences in 55...90-year-old pine forests (Figure 3). In
many cases, particularly in trees of drained stands, the cross section at 3/4 of tree
height was fully composed of sapwood. Results from all the experimental objects
showed that sapwood ratio was higher in younger stands; the correlation with age
was moderate to medium (R = -0.40...-0.53). In these stands, the best results were
gained from model trees growing on Vaccinium vitis-idaea and Myrtillus site types
(Figure 4).

Younger stands evidenced fewer annual rings in their sapwood than older stands;
a moderate correlation was registered between tree age and sapwood annual ring
number (R =0.45...0.55). A medium correlation was observed between quality class
and sapwood annual ring number (R = -0.14...-0.33); a higher-quality site evidenced
more annual rings in sapwood. A positive correlation between sapwood percentage
and quality class was observed at breast height and half of tree trunk height (R =
0.40 and R = 0.56, respectively).

In bog stands, the correlation between sapwood ratio (y) and quality class (x)
was adequately characterized by a linear equation (Figure 5). No similar correlation
was observed in Vaccinium vitis-idaea and Myrtillus stands.

Crown volume and sapwood percentage appeared to be moderately correlated,
which renders it possible to roughly assess the sapwood ratio of a tree by its crown
volume.
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