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ABSTRACT

The aim of this thesis was to study the basic relationships between thinning and fertilisation,
tree growth rate and wood properties of Norway spruce (Picea abies (L.) Karst.) throughout
a stand rotation.

The material consisted of a total of 109 trees from both long-term thinning (Heinola, 61°10°N,
26°01’E; Punkaharju, 61°49°N, 29°19’E) and fertilisation-thinning experiments (Parikkala,
61°36°N, 29°22°E; Suonenjoki, 62°45°N, 27°00’E) in Finland. Wood properties, i.¢c., radial
increment, wood density, latewood proportion, tracheid length, cell wall thickness and lumen
diameter, as well as relative lignin content, were measured in detail from the pith to the bark,
as well as from the stem base towards the stem apex.

Intensive thinning and fertilisation treatments of Norway spruce stands increased (8%—64%)
the radial increment of studied trees at breast height (1.3 m). At the same time, a faster
growth rate slightly decreased average wood density (2%—7%), tracheid length (0%—-9%) and
cell wall thickness (1%—17%). The faster growth resulted in only small changes (0%—9%)
in lumen diameter and relative lignin content (1%—2%; lignin content was 25.4%—26%).
However, the random variation in wood properties was large both between and within trees
and annual rings.

The results of this thesis indicate that the prevailing thinning and fertilisation treatments
of Norway spruce stands in Fennoscandia may significantly enhance the radial increment
of individual trees, and cause only small or no detrimental changes in wood and tracheid
properties.

Keywords: forest management, growth rate, lignin content, tracheid cross-sectional
dimensions, tracheid length, wood density
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ABBREVIATIONS

Abbreviation Unit Scientific explanation

AR(1) Autoregressive covariance structure

a.s.l. m Above sea level

AVI mtha'ly! Annual volume increment

BA m?*/ha Stand basal arca

BAI cm’ Basal-area increment of an annual ring, or
earlywood or latewood

BH m Breast height (1.3 m)

Ccv Coefficient of variation

DBH cm Diameter at breast height (1.3 m)

d.d. degree days Temperature sum

DW mg Total dry weight of wood

ED g cm? Earlywood density at 12% moisture content

F, Unfertilised control treatment

F, Fertilisation treatment with nitrogen dosage of
150 kg N ha!

F, Fertilisation treatment with nitrogen dosage of
300 kg N ha'!

H,, m Dominant height at the age of 100 year

ha 10 000 m? Hectare

LD gcm? Latewood density at 12% moisture content

1d pm Tracheid lumen diameter in radial direction

LW% % Latewood proportion

MC % Moisture content

MOE GPa Modulus of elasticity

MOR MPa Modulus of rupture

NPK Nitrogen (N), phosphorus oxide (P,0,), potassium oxide
(K,0)

OMT Oxalis-Myrtillus forest site type, which corresponds to
fertile sites typical for Norway spruce

RD g cm? Average wood density of individual annual rings at
12% moisture content, cf. WD

REML Restricted maximum likelihood

TH % Relative tree height

RW mm Ring width

T, Delayed first commercial thinning

T, Normal first commercial thinning

T, Intensive first commercial thinning

TBA cm? Tree basal arca

TP Transition point between earlywood and latewood
within ring

WD g cm? Wood density at 12% moisture content, cf. RD

WS Whole-stem

wt pm Double cell wall thickness of tracheid in radial

direction (i.e., thickness of tangential cell wall)



1 INTRODUCTION

1.1 Motivation of the study

Norway spruce (Picea abies (L.) Karst.) is an evergreen coniferous tree species, native to
the temperate and boreal regions of the Northern Hemisphere (Kramer and Green 1990). In
Europe, Norway spruce grows naturally from Scandinavia to the Ural Mountains, and also in
the mountains of central and southern Europe (Jalas and Suominen 1973).

Norway spruce has a major ecological and economic importance throughout northern
Europe (Mather 1990). In Finland, 30% of the total growing stock volume comprises Norway
spruce (Peltola and Thalainen 2007). Norway spruce timber is mainly utilised in mechanical
pulping, sawmilling, plywood and laminated veneer lumber (LVL) (Hakkila 1995, Ylitalo
2007).

Wood and tracheid properties determine the suitability of wood for a particular end-
use. Wood properties result from the relative amounts of different cell types, as well as
their properties (Chaffey 2000, Pereira et al. 2003). Wood formation is controlled both by
environmental and genetic factors (e.g., Larson 1969, Olesen 1982, Megraw 1985, Lindstrom
1997, Savidge 2003). Silvicultural practices, such as thinning and fertilisation, can be used to
modify the environmental factors controlling wood formation and properties. This thesis will
study the basic relations between thinning and fertilisation, tree growth, and wood properties
of Norway spruce grown in central and southern Finland during the entire stand rotation
period.

1.2 Formation of wood

Wood (secondary xylem) is a secondary vascular tissue produced by a vascular cambium
(herein referred to as cambium) (Philipson et al. 1971). Cambium is a lateral meristem
derived from the apical meristem that induces primary (i.e., longitudinal) growth (Larson
1994). The cambial zone is located concentrically underneath the bark and consists of a thin
layer of cells, i.e., cambial initials and undifferentiated derivatives arranged in radial files
(Romberger et al. 1993, Larson 1994, Kitin et al. 2000). Wood production requires mitosis
and cytokinesis in the cambium, and xylogenesis, a complex process of cellular development
whereby thin-walled cambial cells mature into water-conducting tracheids with lignified
secondary cell walls (Roberts and McCann 2000, Samuels et al. 2006).

The cambial cells differentiate inwardly into secondary xylem and outwardly into
secondary phloem (Chaffey 1999). Vertically elongated fusiform initials give rise to
axial (longitudinal) elongate elements of the xylem and phloem (Romberger et al. 1993).
Approximately isodiametric ray initials divide to form ray parenchyma and ray tracheids
that elongate radially (Romberger et al. 1993). In conifers, the ray initials are usually
grouped together in short vertical rows, but the fusiform initials occur irregularly without
any horizontal pattern (i.e., nonstoried cambium) (Mauseth 1998).

After cambial division, the derivative cells enter a zone of radial growth where they
deposit a primary cell wall (P, Fig. 1) and expand mainly in radial diameter (Wilson 1963,
Samuels et al. 2006). The expansion is driven by turgor pressure (Kozlowski et al. 1991, Taiz
and Zeiger 1991) and is determined by cell wall plasticity (Mellerowicz 2006). Just before
the cessation of the expansion, a secondary cell wall (S, Fig. 1) deposition begins on the
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Figure 1. Schematic presentation of
the cell wall layers of a tracheid. ML,
middle lamella; P, primary cell wall;
S,, S, and S,, layers of secondary cell
wall. The picture is redrawn from Co6té
(1967).

inner surface of the primary wall (Abe et al. 1997). The differentiating cells then enter the
zone of maturation, where secondary cell wall thickening is completed and lignification and
protoplast autolysis occur (Wodzicki 1971, Samuels et al. 20006).

The successive steps of xylogenesis are driven by the expression of various genes (e.g.,
Fukuda 2004, Nieminen et al. 2004, Carslbecker and Helariutta 2005, Klein and Tibbits
2006, Tuskan et al. 2006). Xylogenesis is also controlled by a range of extrinsic (e.g.,
temperature, photoperiod and precipitation) and intrinsic (phytohormones) factors and their
interactions (e.g., Eschrich and Blechschmidt-Schneider 1992, Plomion et al. 2001, Fukuda
2004, Carlsbecker and Helariutta 2005, Bishopp et al. 2006). The knowledge of the cellular,
molecular and developmental mechanisms behind xylogenesis is still fragmentary (Plomion
et al. 2001, Nieminen et al. 2004, Samuels et al. 2006).

Longitudinal tracheids (referred to as fibres in the pulping industry) comprise 94% of
Norway spruce wood (Petri¢ and S¢ukanec 1973, Siau 1984). Radially oriented ray tracheids
and ray parenchyma cells comprise the rest of Norway spruce wood (Petri¢ and S¢ukanec
1973).

Coniferous tracheids are mainly responsible for structural support and water conduction
from roots to leaves (Romberger et al. 1993, Barnett 2004). Nearly all of the tracheids in
coniferous sapwood conduct water (Pittermann et al. 2006). Ray tracheids conduct water and
nutrients radially, while ray parenchyma cells store water and food (Romberg et al. 1993,
Barnett 2004). The water flow between the axial tracheids, as well as between axial tracheids
and radial ray cells, occurs through bordered and half-bordered (i.e., cross-field pitting) pit
pairs, respectively (Siau 1984). This torus-margo pitting of conifers is hydraulically superior
(Pittermann et al. 2005).

The within-stem variation in tracheid dimensions is predominantly caused by the
maturation of the cambium (Olesen 1977, 1978, 1982; Lindstrom 1997, Sirvié and Kérenlampi
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2001b). The cambium is subject to two types of maturation processes: 1) the maturation of the
apical meristem at the time of cambium formation (cyclophysis), and 2) the changes taking
place in the cambium after its formation (Olesen 1978, 1982). Cambial maturity is primarily
determined by the number of cambial cell divisions (Philipson and Butterfield 1967, Sirvié
and Kérenlampi 2001b, Mékinen et al. 2002a). The ageing of xylem along the three major
axes of the tree is shown in Figure 2.

The juvenile-mature wood pattern is a systematic change in the anatomy, chemistry and
properties of wood from the pith outwards (Gartner 2005). Juvenile wood is produced near
the pith by a young cambium, whereas mature wood is produced farther from the pith by
more mature cambium (Fig. 2; Larson 1994, Kucera 1994). In Norway spruce, approximately
the first 10 annual rings from the pith represent juvenile wood and the rings formed thereafter
are mature wood (Danborg 1994, Saranpdd 1994, Saranpéi et al. 2000). In juvenile wood,
tracheids are generally shorter with thinner cell walls, smaller lumen diameters, higher MFA,
lower strength, increased longitudinal shrinkage, and a lower cellulose to lignin ratio than
in mature wood (Olesen 1977, Romberger et al. 1993, Saranpié et al. 2000, Burdon et al.
2004).

Tracheid dimensions are under moderate to strong genetic control (Khalil 1985, Rozenberg
and Cahalan 1997, Hannrup et al. 2001, Larson et al. 2001, Hannrup et al. 2004). The genetic
control changes with tree age (Hannrup et al. 2004, Cameron et al. 2005). It is high in the
juvenile wood, whereas in the mature wood the environmental factors have a more marked
effect on wood formation and tracheid microstructure (Lindstrdm 1997).

—ontogenetically old
physiologically young

Juvenile B)

S

1 2 3 4 5 6
ontogenetically young  ontogenetically old
physiologically young physiologically young

Figure 2. Juvenile wood, heartwood and sapwood in Norway spruce stem (A). Ageing of
the xylem along the three major axes of the stem (B): radially from the pith to the bark (1),
vertically from the stem base to the stem apex in a given annual ring from the pith (2), and
concentrically around the given annual ring from the bark (3) (redrawn and modified from Duff
and Nolan 1953, Schweingruber et al. 2006).



12

1.3 Cell wall chemistry

The Norway spruce stem wood consists of 48% a-cellulose, 21% hemicellulose and 29%
lignin (Anttonen et al. 2002). The wood also contains small amounts of pectin, proteins
(Westermark et al. 1986), and inorganic (Berglund et al. 1999) and extractive compounds
(e.g., Sjostrom 1993). Cellulose microfibrils form the structurally strong framework of the
cell wall (Fengel 1969). This framework is embedded with matrix polymers — hemicelluloses
and pectins — and encrusted with lignin.

Cellulose provides high tensile strength for the cell wall. Cellulose is a linear polymer
chain of B-D-glucose molecules linked together by B-(1 — 4) glycosidic bonds (Saxena and
Brown 2005). Two bonded glucose molecules form an anhydroglucose unit. The pair of units
is called cellobiose, the repeating chemical entity of the cellulose polymer (Brown et al.
1996). Several chains of cellulose are linked by hydrogen bonding and Van der Waals forces
to form microfibrils, which include both crystalline and amorphous cellulose (Cousins and
Brown 1995). Microfibrils are further combined to larger fibrils and lamellae.

Hemicelluloses are heteropolysaccharides that comprise various types of sugar units
(Sjostrom 1993). They are usually amorphous, branched-chain polymers that form a link
between cellulose and lignin (Page 1976). Hemicelluloses permeate water and thus provide
flexibility and support in the cell wall. Galactoglucomannans and xylans are the main
hemicelluloses in conifers (Pereira et al. 2003).

Lignin is a complex, aromatic polymer of phenylpropane units (Fengel 1976). In
Norway spruce, lignin is mainly composed of guaiacylpropane units (G-lignin) derived from
coniferyl alcohol, which is the main lignin precursor of conifers (Pereira et al. 2003). Lignin
occurs both between and within the cell walls. Between the walls, it binds the adjacent cells
together. Within the walls, lignin combines cellulose and hemicellulose and gives rigidity
and compression strength to the cell (Pereira et al. 2003). Lignin is almost insoluble and
hydrophobic. Thus, lignin reduces the permeability of cell walls and improves the water
conduction efficiency of the tracheids (Romberger et al. 1993). Since lignin is difficult to
degrade, it serves as a physical barrier against pathogens (Zabel and Morrell 1992). As
expressed in chemical energy, lignin exceeds cellulose in a conifer stem (Savidge 2000a).
Aromatic monomers in lignin have higher bond energies than aliphatic bonds in cellobiose,
and thus a mass unit of lignin yields ca. 43% more heat from combustion energy than an
equal mass unit of cellulose (Savidge 2000a).

1.4 Ultrastructure of cell walls

The cell wall of the coniferous tracheid is divided into an amorphous middle lamella (M), a
thin primary wall and a multi-layered secondary wall comprised of a thin S, layer, a thick S,
layer, and a thin S, layer (Fig. 1; Kerr and Bailey 1934). The layers differ in both chemical
composition and microfibril orientation (Butterfield 2003, Pereira et al. 2003, Abe and Funada
2005).

Middle lamella is situated between the cells binding them together. During cell expansion,
M is mainly based on pectins, but becomes highly lignified later. The middle lamella is difficult
to distinguish from the primary cell wall. Thus, the M with the primary cell wall on both sides
is referred to as a compound middle lamella (CM). The CM of the spruce tracheid contains
ca. 60% lignin, 14% cellulose, and 27% hemicellulose (Fengel 1976). It is only 0.2—1.2 pm in
width, and 20%-25% of the total lignin in wood is located in the CM. The primary cell wall
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is the thinnest layer (0.1-0.2 pm; Timell 1965). It contains the loose network of microfibrils
that have a varying microfibril angle (MFA), i.e., the angle between the cellulose microfibril
orientation and the longitudinal axis of the cell (Timell 1965, Butterfield 2003, Barnett and
Bonham 2004, Abe and Funada 2005).

The S, layer of the secondary cell wall is about 0.2-0.3 pm in width, with 3—4 lamellae
(Klein and Tibbits 2006). The microfibrils in the S, layer form either an S- or Z-helix having
an MFA of 50°-75° from the longitudinal axis of the cell (Walker 1993a, Abe and Funada
2005). The S, layer contains about 29% lignin, 36% cellulose, and 36% hemicellulose (Fengel
1976).

The dominating cell wall layer is the S layer. Itis 1-5um in width, with up to 150 lamellae
(Klein and Tibbits 2006). In the S, layer, microfibrils form the Z-helix and have an MFA of
10°-30° from the longitudinal axis of the cell (Walker 1993a, Abe and Funada 2005). The S,
layer contains ca. 27% lignin, 58% cellulose, and 15% hemicellulose (Fengel 1976). Because
the S, layer accounts for 80%-90% of the wood mass in the cell wall, over 70% of the total
lignin in the wood is located in the S, layer (Sjostrom 1993).

The S, layer is thin, only about 0.1 um (Walker 1993a). It contains 27% lignin, 58%
cellulose, and 15% hemicellulose (Fengel 1976). Microfibrils are oriented in the S-helix
having an MFA of 60°-90° from the longitudinal axis of the cell (Panshin and de Zeeuw
1980, Walker 1993a).

1.5 Microstructure of Norway spruce tracheids
1.5.1 Tracheid length

Tracheid length varies both between and within Norway spruce trees (e.g., Dinwoodie 1961,
Sirvié and Kérenlampi 2000, Mikinen et al. 2002a). Within a tree, the average tracheid
length normally varies from 1 to 5 mm (e.g., Helander 1933, Atmer and Thoérnqvist 1982,
Molteberg and Heibg 2006). Tracheid length is related to the radial and vertical location in
the stem, as well as the growth rate of the tree (e.g., Sanio 1872, Bailey and Shepard 1915,
Dinwoodie 1961).

In the cambial zone, the periclinal (i.e., parallel to the tangential plane of the stem),
longitudinal divisions of fusiform initials produce tracheids in radial files, thus increasing the
stem diameter (Romberger et al. 1993, Larson 1994). The tracheids are essentially the same
length as the cambial initials, on average 3.3 mm in length (Bailey 1923), from which they
are derived, since the elongation during tracheid differentiation and maturation is limited
(Bailey 1920, Savidge 2003). In Bailey’s studies (1920), Norway spruce tracheids were only
9% longer than the fusiform initials.

As the tree grows in diameter, the pseudotransverse, anticlinal (parallel to the radial plane
of the stem surface) divisions of fusiform initials maintain the continuous circumferential
growth of the cambium (Bailey 1923). Each anticlinal division generates two short initials.
They elongate at their apices by intrusive growth and become as long as or longer than the
original initials (Bailey 1923, Bannan 1968).

As the stem increases in diameter, the anticlinal activity of the cambium decreases, i.e., a
larger tree needs a relatively smaller number of anticlinal divisions than a smaller tree in order
to maintain the continuous growth of the cambium (Bailey 1923, Bannan 1950, Philipson and
Butterfield 1967, Brandstrom 2001). Accordingly, tracheid length increases rapidly from the
pith outwards, as reported by several authors (Helander 1933, Bisset et al. 1951, Dinwoodie



14

1961, Atmer and Thornqvist 1982, Frimpong-Mensah 1987, Saranpdi 1994, Lindstrom 1997,
Herman et al. 1998a, Mikinen et al. 2002a, Molteberg and Heibe 2006). The rate of increase
levels off in mature wood, at about 20—50 mm from the pith (e.g., Philipson and Butterfield
1967, Fujiwara and Yang 2000, Mékinen et al. 2002a). Also the variability in tracheid length
increases from the pith outwards (Herman et al. 1998b).

Several authors have reported the negative relationship between ring width and tracheid
length for many conifers (e.g., Lee and Smith 1916, Helander 1933, Frimpong-Mensah 1987,
Dutilleul et al. 1998, Herman et al. 1998ab, Sirvié and Kérenlampi 2001a, Mikinen et al.
2002a). A wide annual ring is possibly associated with the high rate of anticlinal divisions
and is therefore correlated with shorter cambial initials and tracheids (Bisset et al. 1951,
Bannan 1963, 1967). In the wide ring, the anticlinal divisions may also occur earlier in the
growing season than in the narrow ring (Bannan 1963, 1965, 1967, 1968).

The average tracheid length in narrow rings exceeds that in a single wide ring having the
same total width (Bannan 1965). This is probably due to the longer period of time involved in
the production of several narrow rings compared to the single wide ring, i.e., the duration of
cell elongation during the tracheid differentiation is longer in narrow rings (Bannan 1965).

Evenifthe constant ring width is maintained, the relative growth rate of stem circumference
decreases with the increasing stem diameter. Fujiwara and Yang (2000) found a negative
relationship between the circumferential growth rate and tracheid length for several conifers.
When discussing the effect of growth rate on tracheid length, the circumferential growth
rate or the distance from the pith should therefore be considered (Fujiwara and Yang 2000,
Bréandstrom 2001).

The axial variation of tracheid length in the stem is generally less than that in the radial
direction. Tracheid length in a given annual ring from the pith first increases from the stem base
towards the stem apex until the maximum tracheid length is reached at the relative height of
about 30%—-50% in the stem (Helander 1933, Dinwoodie 1961, Atmer and Thérngvist 1982,
Kucera 1994, Molteberg and Heibe 2006). Thereafter, the tracheid length decreases with the
increasing height in the stem (Atmer and Thornqvist 1982, Saranpéi 1994). In juvenile wood,
however, the axial variation in tracheid length is less apparent (Saranpéi 1994).

Generally, the latewood tracheids are considered to be longer than earlywood tracheids
(e.g., Helander 1933, Dinwoodie 1961, Kennedy 1966, Fujiwara and Yang 2000, Mékinen
et al. 2002a). According to Mork (1928), Kennedy (1966) and Mékinen et al. (2002a), the
latewood tracheids of Norway spruce were on average 11%—15% longer than earlywood
tracheids. In a recent study, however, neither a significant difference between early- and
latewood nor a systematic trend in tracheid length from early- to latewood in Norway spruce
was found (Mikinen et al. 2008). The within-ring variation in tracheid length is possibly
related to fluctuations of favourable and unfavourable weather conditions during the growing
season. The rate of pseudotransverse, anticlinal divisions and the amount of cell elongation
during the tracheid differentiation most likely affect the variation pattern of tracheid length
within annual rings (Bisset and Dadswell 1950, Bannan 1965, Mikinen et al. 2008).

1.5.2 Cross-sectional dimensions of tracheids

The variation in cross-sectional (transverse) dimensions of Norway spruce tracheids, i.e.,
tracheid and/or lumen diameter and cell wall thickness, has been studied less than the variation
in tracheid length (Atmer and Thornqvist 1982, Tyrvédinen 1995). Similar to tracheid length,
the dimensions of Norway spruce tracheids vary both between and within stems and annual
rings depending on the radial and axial position in the stem, and tree growth rate.
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Cell wall thickness and the perimeter of single Norway spruce tracheids are the largest
in the middle of the tracheid while the rate of change is greatest in the vicinity of the tracheid
tip (Sirvid 2001). The coefficients of variation of cell wall thickness and perimeter in the
tracheids are 0.1-0.3, and they are independent of cambium maturity and the mean value of
the property in question (Sirvié 2001). Tracheids are also symmetrical relative to their middle
point, and this symmetry is not affected by the maturation of the cambium (Sirvid 2001).

Generally, the tracheid diameter increases from the pith outwards, but the rate of increase
declines in mature wood (Olesen 1977, Atmer and Thorngvist 1982, Romberger et al. 1993,
Kucera 1994, Saranpéi et al. 2000, Mékinen et al. 2002a, Burdon et al. 2004, Molteberg and
Hoiba 2006). Olesen (1977) found that the tangential tracheid diameter was about 15 um
near the pith and increased to about 30—40 pm in the outer sapwood. The thickness of cell
wall also increases from the pith outwards, but the rate of increase levels off towards the
cambium (e.g., Panshin and de Zeeuw 1980, Mikinen et al. 2002a).

Tracheid and lumen diameter have been shown to be positively related to annual ring width
(Ollinmaa 1959, Denne 1973, Atmer and Thornqvist 1982, Saranpié et al. 2000, Mékinen et
al. 2002a, Lundgren 2004a) and the rate of shoot elongation (Denne 1973). In contrast, cell
wall thickness usually decreases with increased ring width (Makinen et al. 2002a, Lundgren
2004a). Contradictory results have, however, been reported on the relationship between ring
width and tracheid dimensions (Brix and Mitchell 1980, Koga et al. 1997, Bergqvist et al.
2000).

The axial variation in tracheid dimensions has not been widely studied and the results are
contradictory. Tracheid diameter and cell wall thickness tend to decrease as height increases
in the stem (Mork 1928, Atmer and Thornqvist 1982, Mékinen et al. 2002a). The differences
in tracheid dimensions among the different stem heights are, however, small (Mékinen et al.
2002a). Furthermore, the decreasing trend of the tracheid dimensions towards the stem apex
is possibly related to the radial variation in these dimensions (Tyrvédinen 1995).

The largest variation in the tracheid dimensions of Norway spruce occurs within an
annual ring between early- and latewood. In the spring, the cambium produces large
diameter, earlywood tracheids that have thin cell walls. Towards the end of the growing
season, the cambium produces latewood tracheids of smaller diameter and thicker cell walls.
The transition from earlywood to latewood is rather gradual in Norway spruce (Butterfield
1993). The increase in cell wall thickness from earlywood to latewood is due to the increasing
thickness of the S, layer, and to a lesser degree, due to the increasing thickness of the S, and
S, layers (Fengel and Stoll 1973).

Latewood tracheids provide more mechanical support while earlywood tracheids perform
most of the water conduction. In Douglas fir (Pseudotsuga menziesii (Mirb.) Franco),
earlywood tracheids had 11 times the water conductivity of latewood tracheids and about
90% of the water flow occurred through the earlywood (Domec and Gartner 2002).

Within an annual ring, the variation in tracheid dimensions is larger in the radial direction
than in the tangential direction (Ollinmaa 1959, Fengel 1969, Tyrvédinen 1995). The radial
tracheid diameter decreases from about 40 pm in earlywood to about 13 pm in latewood
(Fengel 1969). The tangential tracheid diameter is about 33 um in earlywood and 32 pm in
latewood (Fengel 1969). The radial cell wall thickness is about 2—4 pm in earlywood and 4-6
pum in latewood (Ollinmaa 1959, Fengel 1969). The tangential cell wall thickness increases
from about 3 um in earlywood to about 5 um in latewood (Ollinmaa 1959).
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1.5.3 Environmental control of tracheid dimensions

The tracheid dimensions are a result of the combined effects of factors that 1) affect the rate
of cell production from the cambium and 2) determine the time period during which each
differentiating tracheid will spend in a particular zone of tracheid differentiation (Dodd and
Fox 1990, Uggla et al. 2001).

The rate of cambial division is adjusted to the demands of water transport required by
the live crown and the support of the increasing weight of the tree (Zimmermann 1983,
Romberger et al. 1993, Barnett 2004). Environmental factors (e.g., precipitation, temperature,
photoperiod, nutrients and CO,) interact to control the activity of the crown, €.g., leaf growth
and photosynthesis, thus adjusting transpiration, carbohydrate allocation, phytohormone
gradients (e.g., indole-3-acetic acid [IAA]) and, eventually, wood formation accordingly
(e.g., Roberts 1988ab, Luxmoore et al. 1995, Teskey et al. 1995, Larcher 2003, Iivonen et
al. 2006).

The apical growth is integrated with the cambial growth rate by the basipetal flow of IAA
from apical shoots to roots (e.g., Jacobs 1952, Brown 1970, Tuominen et al. 1997, Uggla
et al. 1998, Savidge 2000b, Aloni 2001). The radial concentration gradient of IAA acts as
a positional signal to the differentiating tracheids. It determines the width of the zones of
tracheid differentiation. In other words, it controls the duration of cell division, expansion
and secondary wall formation and ultimately the anatomical characteristics of the xylem and,
in turn, technological features of the wood (Uggla et al. 1996, Tuominen et al. 1997, Uggla
et al. 1998, Savidge 2000b, Sundberg et al. 2000, Mellerowicz et al. 2001, Butterfield 2003).
The sucrose gradient and hormones other than IAA have also been shown to control cambial
growth by interacting with [AA in a synergetic (e.g., gibberellins, cytokinins, brassinosteroids
and ethylene) or inhibitory (abscisic acid) manner (Plomion et al. 2001, Bishopp et al. 2006).
The decreasing concentration gradients of IAA down the stem have been proposed to explain
the variations in cambial growth and tracheid differentiation along the stem (Larson 1969,
Aloni and Zimmermann 1983, Aloni 2001). However, not all studies have supported this
assumption (Dodd and Fox 1990, Little and Pharis 1995, Uggla et al. 1998).

Different physiological processes regulate the consequent zones of tracheid differentiation
(e.g., Larson 1969, Brown 1970, Antonova and Stasova 1997). The different zones may also
react differently to the effects of various environmental factors (Antonova and Stasova 1997,
Uggla et al. 2001).

The transition from earlywood to latewood (Fig. 3) is a result of a slower rate of cambial
cell division, a shorter duration of cell radial expansion, a longer duration of secondary wall
thickening, and a decrease in the cellulose to lignin ratio (Wodzicki 1971, Dodd and Fox
1990, Klein and Tibbits 2006, Rossi et al. 2006). The initiation of latewood formation and
the cessation of leader growth have been found to occur around the same time (Larson 1969).
This suggests that the increase in secondary wall thickening occurs when the requirements of
the major metabolic sinks within the crown have been met and photosynthates are transported
primarily to the stem (Larson 1969). However, Renninger et al. (2006) demonstrated that in
Douglas fir saplings growing in the Pacific Northwest, the cessation of leader growth is not
a cause for latewood formation, but both phenomena are possibly correlated with the same
environmental cues independently of one another.
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Figure 3. A cross-section of Norway spruce wood in a 57-year old stem in Punkaharju in
south-eastern Finland, high magnification (x 400). Growth rings were formed in 1991 and
1992 (only the first cells formed in spring). Transition from earlywood to latewood is gradual
and determined here according to Mork’s definition (Mork 1928, Denne 1989).

For boreal and high-altitude conifer species, daily temperature and temperature sum are
important factors affecting tracheid production (Leikola 1969, Antonova and Stasova 1993,
1997; Antonova et al. 1995, Vaganov et al. 1999, Mékinen et al. 2000, 2003; Deslauriers et al.
2003, Schmitt et al. 2004, Deslauriers and Morin 2005). Cambial activity and radial growth
begins in May and concludes in August in the boreal zone or in September or October in
the southern high-altitude sites (Deslauriers et al. 2003, Mékinen et al. 2003, Schmitt et al.
2004, Gricar et al. 2005, Rossi et al. 2006). Temperature controls the post-winter recovery of
photosynthetic capacity, thus affecting the growing-season length (Bergh et al. 1998, Vaganov
etal. 1999, Jarvis and Linder 2000, Suni et al. 2003). The prolongation of the growing season
in response to elevated temperature (Peltola et al. 2002) has increased the radial growth of
juvenile Scots pine (Pinus sylvestris L.) stems in Finland (Leikola 1969, Peltola et al. 2002,
Kilpeldinen et al. 2003, 2005).

Antonova and Stasova (1997) showed that in central Siberia air temperature affected all
the zones of cytogenesis (i.e., the formation, development and variation of cells) of larch
(Larix sibirica Ledeb.), but the optimum temperatures varied between the different zones
of cytogenesis. In Scots pine growing in central Siberia, temperature had the main influence
on secondary wall formation while precipitation was the main factor affecting cambial
divisions and cell expansion (Antonova and Stasova 1993). Cregg et al. (1988) found that in
Oklahoma (south-central USA) higher temperatures increased the cambial growth of loblolly
pine (Pinus taeda) early in the growing season, but limited the growth towards the end of the
growing season.

Mikinen et al. (2003) suggested that the fastest annual growth rate of Norway spruce in
southern Finland was regulated by temperature: the most rapid xylem formation occurred
during the first 10 days of July, corresponding to the highest temperatures measured during
the year. However, Rossi et al. (2006) observed that the highest rate of cell production of the
main conifer species of the Northern Hemisphere (genera Picea, Pinus, Abies, and Larix from
high-altitude forests in Italy and boreal forest in Canada) did not occur during the warmest
period of year, but around the time of maximum day length, i.e., summer solstice on the 21*
of June. They proposed that maximum photoperiod acts as a growth constraint after which
the rate of tree-ring formation decreases, thus allowing trees to safely complete the tracheid
differentiation before winter (Gindl et al. 2000, Gri¢ar et al. 2005, Rossi et al. 20006).

Consequently, photoperiod is related to the initiation of latewood formation (Creber and
Chaloner 1984). Larson (1969) found that a shorter photoperiod stopped needle elongation
and slowed down the rate of cambial divisions, and initiated the formation of latewood-type
tracheids in young red pines (Pinus resinosa) in the northern temperate zone. Accordingly,
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when red pines growing under long days were exposed to short days, they produced false
rings with latewood type tracheids corresponding to the shorter photoperiod (Larson 1962).

Precipitation and water deficit also have an impact on the growing-season length, wood
formation, and latewood transition (Larson 1969, Brix 1972, Cregg et al. 1988, Antonova
and Stasova 1997, Horacek et al. 1999). Generally, water deficit has more influence on cell
expansion than on cell division (Kozlowski et al. 1991). In the studies of Douglas fir in the
Pacific Northwest, water deficit decreased the total amount of wood produced and resulted in
latewood formation (Brix 1972). In northern Europe, however, precipitation has been shown
to have less effect on radial growth of conifers than temperature (Henttonen 1984, Mikinen
et al. 2000).

1.6 Wood density of Norway spruce, its variation and determinants
1.6.1 Determination of wood density

Wood density is a measure of the mass of wood substance per given unit volume (Saranpaé
2003). Basic density is determined as oven-dry (0% moisture content; MC) mass per unit
volume of green wood (kg m?; g cm?) (Saranpda 2003). Weight density is also defined as
mass per unit volume of wood, but both the mass and volume are measured at the same
moisture content, e.g., at 12% MC (Saranpéa 2003). Specific gravity is the ratio of the weight
of the wood substance to the weight of an equal volume of water at 4°C (Saranpéi 2003).
Since the density of water is ca. 1 g cm™, the specific gravity of wood equals numerically
its density (Saranpéd 2003). Specific gravity is based on oven-dry mass. The volume can be
measured at any MC but it must be specified (Saranpda 2003).

Wood structure and density are related to the support of the tree against gravity, wind,
snow load, and other environmental forces (Hacke et al. 2001). In addition, the rate of water
flow through a coniferous stem is sensitive to the variations in wood structure and density
(Hacke et al. 2001, Roderick and Berry 2001). Pittermann et al. (2006) showed that in the
species of Pinaceae, wood density and the ratio of tracheid cell wall thickness to lumen
diameter were clearly associated with the protection of drought-induced embolism, indicating
that mechanical strength is needed to withstand tracheid collapse by negative sap pressure.
However, the increase in mechanical reinforcement is attained at the expense of reduced
hydraulic efficiency (Pittermann et al. 2006).

Norway spruce wood is light or moderately light (Panshin and de Zeeuw 1980). In
southern Finland, the mean basic density of Norway spruce wood is 380 £ 25 kg m? (e.g.,
Hakkila 1966, Hakkila and Uusvaara 1968, Hakkila 1979, Saranpidid and Repola 2001,
Saranpdd 2003). The main determinants of wood density are genotype, tree age, and growth
rate as controlled by the environment (e.g., Panshin and de Zeeuw 1980, Lindstrom 1996,
Hylen 1997, Hannrup et al. 2004).

1.6.2 Radial variation in wood density

The radial variation in wood density of Norway spruce is well-known (Olesen 1977,
Frimpong-Mensah 1987, Petty et al. 1990, Saranpdi 1994, 2003). Close to the pith, wood
density is high. After that, wood density decreases from the pith outwards until the minimum
value is reached around rings 10-20. Thereafter in mature wood, wood density gradually
increases outwards (Olesen 1977, Frimpong-Mensah 1987, Petty et al. 1990, Kucera 1994,
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Saranpdd 1994, 2003; Mikinen et al. 2002b, Lundgren 2004b, Molteberg and Heibe 2006).
At the same time, latewood density slightly increases and earlywood density decreases from
the pith outwards (Olesen 1976, Mikinen et al. 2002b). The radial trend in wood density from
the pith outwards is caused by the maturation of the cambium (e.g., Tyrvdinen 1995, Zhang
1998, Kérenlampi and Riekkinen 2004, Koga and Zhang 2004).

Wood density is positively related to the latewood percentage (LW%) (e.g., Lindstrom
1997, Mékinen et al. 2002b). In Norway spruce, LW% is low near the pith but increases
towards the bark. Hakkila (1968) found that the LW% was 20 in ring 20 from the pith, but
increased to 35 in ring 110 from the pith. This increase in LW% is due to a decreasing growth
rate from the pith outwards. With age, canopies become more closed and the lower bole of
the tree produces narrower rings (Larson 1969). Concurrently, the width of latewood remains
almost constant, thus increasing the LW% (Olesen 1976, 1977).

A negative relationship between wood density and radial growth rate has been reported
for many species of Picea (Zobel and van Buijtenen 1989). In Norway spruce, the negative
relationship between wood density and radial growth rate is strong (Olesen 1976, 1977; Petty
etal. 1990, Lindstrom 1996, Rozenberg and Cahalan 1997, Herman et al. 1998a, Pape 1999ab,
Mikinen et al. 2002b, Saranpéa 2003) but nonlinear (Olesen 1982, Saranpéda 2003). Wimmer
and Downes (2003) showed that the negative relationship between wood density and the
radial growth rate of Norway spruce was indirect and diminished with a constant LW%.
Furthermore, they reported that the ring width—wood density relationship was highly variable
between years and climatic conditions. Higher late-season rainfall resulted in a more positive
relationship, whereas higher early-season rainfall produced a more negative relation.

In Norway spruce, a high variation in wood density occurs within annual growth rings,
shifting from ca. 300 kg m in earlywood to ca. 600 kg m~-1000 kg m™ in latewood (Olesen
1976, 1982; Zobel and van Buijtenen 1989, Mikinen et al. 2002b, Decoux et al. 2004).
The transition from earlywood to latewood is rather gradual (Butterfield 1993), and the
distribution of intra-ring density is almost unimodal (i.e., distribution with one maximum)
(Ivkovi¢ and Rozenberg 2004).

Intra-ring variation in wood density is mainly due to differences between thin-walled,
large earlywood tracheids and thick-walled, smaller latewood tracheids. The density of dry
cell wall material is nearly constant in softwoods (1.517 kg m?-1.529 kg m*; Kellogg and
Wangaard 1969, Skaar 1988). It increases only slightly from earlywood to latewood due to
the variation in the structure and chemical composition of the cell wall (Fengel and Stoll
1973, Decoux et al. 2004). Since Norway spruce wood is mainly composed of tracheids, its
density depends on the relative proportions of tracheid cell walls and tracheid cell lumens.
For Norway spruce, Mékinen et al. (2002b) have shown a close relationship between wood
density, cell wall thickness and cell diameter. Correspondingly in Scots pine, Hannrup et al.
(2001) have reported a strong correlation between wood density and the lumen diameter of
earlywood.

Bouriaud et al. (2005) found that earlywood density was relatively independent of the
radial growth rate and climatic conditions. In contrast, latewood density was dependent on
growth rate and climate, e.g., temperature and water availability (Bouriaud et al. 2005). The
increasing density from earlywood to latewood was related to increasing temperature, solar
radiation and water depletion towards the end of the growing season (Bouriaud et al. 2005).

The average ring density and its components — early- and latewood density and LW%
— are under genetic control (Hannrup et al. 2001, 2004; Raiskila et al. 2006), that changes
with tree age (Lewark 1982, Rozenberg and Cahalan 1997, Hannrup et al. 2004). In Norway
spruce, heritability for wood density was found to decrease with increasing cambial age
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(Lewark 1982). In radiata pine (Pinus radiata), genetic control of wood density was strong
at an early cambial age (rings 2 and 3), dropped to zero within the transition from juvenile to
mature wood (rings 6—8), and varied thereafter from low to moderate (Zamudio et al. 2002).

1.6.3 Vertical variation in wood density

In Norway spruce, the vertical variation of wood density from the stem base to the stem
apex in a given ring number from the pith is low to moderate (Saranpdd 2003). Some authors
have reported a slight decrease in wood density of cross-sectional discs from the stem base
to about 30%—-50% of tree height, and then a steady increase towards the stem apex (Hakkila
1966, Frimbong-Mensah 1987, Petty et al. 1990, Repola 2006). Others have found that wood
density cross-sectional discs slightly increases from the stem base to about 50% of tree height,
above which wood density decreases towards the stem apex (Hakkila and Uusvaara 1968,
Olesen 1982, Johansson 1993). The diversity of the results may be due to different sampling
practices and sample sizes (Heger 1974, Molteberg and Heibg 2006). Different silvicultural
practices may also affect the axial variation in wood density.

1.7 Wood and tracheid properties in relation to wood utilisation
1.7.1 End-uses of Norway spruce wood

In Finland, the total consumption of Norway spruce wood was 28 Mill. m? in 2006 (Ylitalo
2007). About 50% of this was used in sawmilling, 8% in plywood and LVL manufacturing,
and 42% in pulp and paper industries (Ylitalo 2007). In the pulp industries, the majority
(71%) of the Norway spruce wood was used in mechanical pulping, while semi-chemical
(0.6%) and chemical (29%) processes used less spruce wood (Ylitalo 2007). The different
end-uses of wood depend on different wood and tracheid properties.

1.7.2 Sawn goods

In wood-products manufacturing, the strength, stiffness, appearance, dimensional stability
and treatability of timber are of primary importance (e.g., Kliger et al. 1995, Zhang 1997,
Macdonald and Hubert 2002, Gartner 2005). These characteristics, with respect to wood and
tracheid properties, are related to wood density, MFA, spiral grain angle (i.e., the alignment
of tracheids relative to the axial direction of the stem; Kozlowski and Winget 1963; Gjerdrum
et al. 2002), juvenile wood, reaction wood (i.e., compression wood in conifers), and growth
stresses (Macdonald and Hubert 2002).

Wood density is the most widely-used indicator of wood quality for different end-uses.
The mechanical strength and stiffness properties of solid wood, described by the modulus of
rupture (MOR) and the modulus of elasticity (MOE), respectively, are positively correlated
with wood density (e.g., Verkasalo 1992, Zhang 1995, Saranpai and Repola 2001, Raiskila
et al. 2006). The swelling and shrinking behaviour of timber is also related to wood density,
but not as directly as the strength properties (Saranpdd 2003). Variation in wood density
affects the end-use potential: non-uniform wood is preferred for decorative products, whereas
uniform wood is favoured in the pulp industry (Tyrvdinen 1995) and veneer and panel board
manufacturing (Koubaa et al. 2002).
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MFA has a negative impact on timber stiffness and dimensional stability (Cave 1968,
Zhang 1997, Gindl 2002, Macdonald and Hubert 2002). Grain angle is also negatively related
to timber strength and stiffness, as well as the dimensional stability of timber (Harris 1989,
Kliger et al. 1995, Pape 1999¢, Macdonald and Hubert 2002, Warens;jo 2003).

Since juvenile wood is characterised by higher MFA, higher spiral grain angle and higher
variation in tracheid properties than mature sapwood, a high proportion of juvenile wood
reduces the strength, stiffness and dimensional stability of timber (Macdonald and Hubert
2002, Gartner 2005). Juvenile wood may also contain a high amount of compression wood
since a small tree is susceptible to environmental forces, e.g., wind, that causes the formation
of compression wood (Zobel and Sprague 1998).

Compression wood forms on the lower side of a leaning conifer stem and under branches
(Westing 1965). Arapid growth rate may also result in compression wood formation throughout
the stem (Walker 1993b). Compression wood is characterised by shorter tracheids, thicker
and more rounded cell walls, higher MFA, higher lignin content, and darker colour than
normal wood (Ollinmaa 1959, Timell 1986). The presence of compression wood decreases
radial and longitudinal shrinkage, but increases tangential shrinkage, thus causing drying
distortion in sawn timber (Timell 1986, Kliger et al. 1995, Perstorper et al. 2001). According
to Gindl (2002), the dominant influence of MFA leads to decreased tensile strength of timber.
Conversely, MFA causes no reduction in the compression strength of timber because of the
reinforcing action of increased lignin content and altered lignin composition in Norway
spruce compression wood (Gindl 2002).

Growth stresses may also cause deformations in timber, e.g., check, shake or crack
(Dinwoodie 1966, Savidge 2003). Growth stresses exist in all three major axes of a standing
tree (Dinwoodie 1966). The stresses are most probably caused by the shortening of the
tracheids after their formation (Dinwoodie 1966).

1.7.3 Pulp and paper

Among Fennoscandian and North American conifers, Norway spruce is one of the most
favoured species for pulping, especially for mechanical pulping, due to its light colour,
low extractive content, low wood density, and long and slender tracheids (Tyrvdinen 1995,
Varhimo and Tuovinen 1999, Da Silva Perez and Fauchon 2003).

In the pulp and paper industry, wood density is used to indicate the yield of pulp per unit
volume, and energy consumption in pulping (Varhimo and Tuovinen 1999). Wood density is
also related to potential paper properties since it is related to cell wall thickness, and indirectly
to tracheid length (Uprichard and Walker 1993).

Tracheid dimensions and their ability to bond to each other affect the physical and optical
properties of pulp and paper (e.g., Jackson 1988, Kérenlampi et al. 1996, Corson 2002,
Fuglem et al. 2003). Tracheid length is correlated with the degree of fibre-bonding and is thus
proportional to the tear strength of paper (Jackson 1988, Young 1994, Da Silva Perez and
Fauchon 2003). Fuglem et al. (2003) reported that Norway spruce wood with long tracheids
and high density (i.e., sapwood) produced thermomechanical pulps (TMP) with the highest
strength, but the lowest optical properties. In contrast, wood with short tracheids and low
density (i.e., juvenile wood) produced pulps with the lowest strength, but the best optical
properties (Fuglem et al. 2003). Short tracheids (e.g., in juvenile or compression wood)
are associated with a high MFA that lowers the tensile strength of the tracheid. Thus, short
tracheids result in low tensile and tear strength of pulp and paper (Kellogg and Thykeson
1975).
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Cell wall thickness is the main factor affecting tracheid conformability, i.e., flexibility and
collapsibility, which determines the bonding ability of tracheids (Paavilainen 1993). Thin-
walled tracheids of low-density wood (i.e., earlywood tracheids) are flexible, collapse easily
and have a good bonding potential, contributing positively to the sheet density and tensile
strength of pulp and paper (Paavilainen 1993). On the contrary, thick-walled tracheids of
high-density wood (i.e., latewood tracheids or compression wood tracheids) are rigid and
have low collapsibility. They provide tear strength, breaking length (i.e., the length of a strip
of paper of uniform width beyond which it would break by its own weight if suspended
from one end; m), the bulk and absorbance properties for pulp and paper (Da Silva Perez
and Fauchon 2003). Thick-walled tracheids require more energy in refining than thin-walled
ones (Tyrvdinen 1995, Da Silva Perez and Fauchon 2003). In addition, thick-walled tracheids
fracture easily in refining, leading to shortened fibres and lower tear strength (Da Silva Perez
and Fauchon 2003). Furthermore, high latewood percentage may cause surface instability
and poor sheet structure (Tyrvdinen 1995, Da Silva Perez and Fauchon 2003).

Lignin is responsible for poor brightness stability (i.e., yellowing) of pulp and paper
(Wallis and Wearne 1981). Fast-growing Norway spruce has thin cell walls, meaning that
a large proportion of the cell wall is formed by the middle lamella, and thus the wood has a
higher lignin content (Saranpéi et al. 2000). It has also been shown that earlywood tracheids
have higher lignin content and lower cellulose content than latewood tracheids (Fukazawa
and Imagawa 1981, Gindl 2001, Bertaud and Holmbom 2004).

Mechanical pulps contain almost all the wood components, including lignin, since wood
logs or chips are separated into individual tracheids by using steam and mechanical power
(Sjostrom 1993, Tyrvdinen 1995). Lignin-containing pulps are used for short-life products,
e.g., newsprint, magazine and fine papers (Aarne 2006). In chemical pulping, on the contrary,
the ultimate goal is to produce lignin-free tracheids (Da Silva Perez and Fauchon 2003).
Tracheid separation is obtained through delignification of the middle lamella with chemicals,
e.g., sodium hydroxide and sodium sulphide in Kraft pulping (Sjostrom 1993). Due to the
removal of lignin, chemical pulps have better optical and physical properties than mechanical
pulps, but the pulp yield is lower (Da Silva Perez and Fauchon 2003). A high lignin content
in wood reduces the chemical pulp yield and increases the need for environmentally-harmful
bleaching chemicals and energy (Tyrvédinen 1995, Chen et al. 2001, Pereira et al. 2003).

1.8 Forest management
1.8.1 Thinning

Thinning reduces stand density and, thus, competition among the remaining trees for
growing space, mineral nutrients, soil water and solar radiation (Larson 1969, Savill et al.
1997, Larson et al. 2001). Thinning does not usually increase the total yield per unit area, but
it increases tree growth rate, crown development, and the yield of log-sized timber (Vuokila
1981, Zeide 2001, Mékinen and Isomiki 2004ab). The profitability of thinning depends on
the amount and value of thinning removal, the harvesting costs, and the timing and intensity
of the thinning (Huuskonen and Hynynen 2006).

Thinning intensities increased during the 1960s in response to the mechanisation of
harvesting operations. Currently in Finland, tending of young stands is recommended and
one to three successive thinnings should be carried out during the stand rotation which often
exceeds 80 years (Tapio 2006). The number of commercial thinnings depends on the tree
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species, site fertility, geographical location, altitude, and the goal of forest management
(Tapio 2006).

In 2006, the total area subject to fellings was 619 000 ha, of which the commercial
thinnings amounted to 71% (Juntunen and Herrala-Ylinen 2007). Nevertheless, neglected
or delayed tending and delayed first commercial thinning are problems that may result in
decreased timber supply. The reason for neglect or delay is probably the low profitability
due to small stem size and high harvesting costs (cf. Huuskonen and Hynynen 2006). To
increase the profitability of the first thinning, the trend in forestry has been towards larger
removals. However, heavy thinnings may decrease the total volume increment per unit area.
Late timing of first thinning has been shown to increase the thinning removal and revenue,
assuming that early tending of the stand was carried out (Huuskonen and Ahtikoski 2005,
Huuskonen and Hynynen 20006).

1.8.2 Fertilisation

Low availability of nitrogen (N) usually limits the growth of boreal forests on mineral soils
(Viro 1972, Tamm 1991). Nitrogen fertilisation either alone or together with phosphorus (P)
has proved to be the added nutrients that have the greatest impact on tree growth (Kukkola and
Saraméki 1983, Ingerslev et al. 2001, Nilsen 2001, Saarsalmi and Mélkdnen 2001, Saarsalmi
et al. 2006). Increased atmospheric deposition of N has also increased the availability of N in
forest soils (Matson et al. 2002).

In Finland, the introduction of state subsidies in the 1960s increased the area of forest
fertilisation (Saarsalmi and Milkonen 2001). In the late 1980s, the area of forest fertilisation
decreased because of diminishing subsidies and increasing awareness of nutrient leaching
(Saarsalmi and Malkdnen 2001, Ingerslev et al. 2001). Currently in Finland, the area of
fertilised forests equals 26 000 ha yr' (Juntunen and Herrala-Ylinen 2007). N-fertilisation is
recommended for Norway spruce stands on mineral sites of moderate fertility and good soil
water conditions where the main growth-limiting factor is the availability of N (Kukkola and
Saraméki 1983, Tapio 2006). Moreover, fertilisation should be carried out at the latter part
of the stand rotation, ensuring that the N addition does not increase the branchiness of the
butt log, but increases the yield of high quality wood before final harvesting (Saraméki and
Silander 1982, Tapio 2006). Besides N application, a balanced nutrient status is important
for wood production (Méttdnen et al. 2003). Low boron (B) availability has caused growth
disturbances in many areas in eastern and northern Finland (Hyndnen et al. 1999, Saarsalmi
and Milkonen 2001, Saarsalmi and Tamminen 2005). Vitality fertilisation is recommended
for the stands suffering from nutrient imbalance (Saarsalmi and Tamminen 2005).

1.8.3 The effects of thinning and fertilisation on wood density and tracheid properties

To maintain a high level of timber supply, increase incomes and reduce harvesting costs,
the trend in silviculture has been towards more intensive forest management (i.e., intensive
thinnings and repeated fertilisations) with shorter rotations. Increasing the growth rate of the
trees may, however, result in changes in wood properties.

The overall effects of thinning and fertilisation on radial growth rate and wood density
of Norway spruce are fairly well known (e.g., Klem 1972, Saikku 1975b, Kukkola and
Saraméki 1983, Barbour et al. 1992, Lindstrom 1996, Eriksson and Karlsson 1997, Herman
et al. 1998a, Mékinen et al. 2002b). In general, a faster growth rate due to thinning or N
addition has been suggested to decrease wood density (e.g., Petty et al. 1990, Herman et
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al. 1998a, Mikinen et al. 2002b). This decline is due to increased production of earlywood
relative to that of latewood (Hakkila 1966, Smith 1980, Zhang et al. 1996, Mékinen et al.
2002b). In addition, an increased growth rate has been suggested to decrease the density of
earlywood and latewood (e.g., Zhang et al. 1996, Borders et al. 2004, Alteyrac et al. 2005,
Mikinen et al. 2002b).

A faster growth rate caused by intensive thinning or fertilisation may change tracheid
properties — enlarge cell lumen diameter, and decrease tracheid length and cell wall thickness
(Helander 1933, Dinwoodie 1961, Herman et al. 1998a, Mékinen et al. 2002a, Lundgren
2004a). In addition, lignin content has been suggested to increase with increased growth rate
(Brolin et al. 1995, Anttonen et al. 2002).

However, many of the existing studies on radial growth rate and wood properties have
been based on temporary sample plots and information on previous management history is
lacking. Permanent sample plots could possibly provide more reliable information on the
long-term effects of environmental factors and management practices on wood properties.
Moreover, detailed research on the long-term effects of intensive thinning and/or fertilisation
regimes on wood density and tracheid properties of Norway spruce is still scarce under
Nordic conditions.

2 THE AIMS OF THE THESIS

The aim of this thesis was to study the relationship between silvicultural treatments, i.e.,
thinning and fertilisation, tree growth rate, and wood and tracheid properties of Norway
spruce throughout the entire stand rotation. The hypotheses were that the long-term thinning
and/or N-fertilisation would affect the radial growth rate of the trees, and the changes in
growth rate would be reflected in wood and tracheid properties. The stand development of
the utilised experiments (two long-term thinning and two long-term fertilisation-thinning
experiments in southern and central Finland) has already been recorded for ca. 30 years since
the phase of the first commercial thinning. This made it possible to study in detail the wood
properties of the sample trees from the pith to the cambium, and at different heights in the
stems during the entire rotation period at a stand level. The specific objectives of the thesis
were:

o to study the long-term effects of the intensity and timing of thinning and/or N-
fertilisation on annual radial increment, latewood percentage, and wood density (i.e.,
mean ring density, early- and latewood density; I, IT), as well as to study in detail the
intra-ring and inter-ring variation in wood density from the pith to the cambium, and at
the different heights of Norway spruce stems (III), and

o to study the long-term effects of the intensity and timing of thinning and/or N-
fertilisation on tracheid properties (i.e., tracheid length, cell wall thickness, lumen
diameter and cell wall proportion; IV, V) and lignin content (V) from the pith to the
cambium, and at the different heights of Norway spruce stems (lignin studied only at
the height of 1.3 m).
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3 MATERIALS AND METHODS

3.1 Experimental design and sampling
3.1.1 Thinning experiments in Heinola and Punkaharju

The sample trees (I and I'V) were harvested from two thinning experiments in south-eastern
Finland. The experiments were established in Heinola (He; 61°10'N, 26°01'E) in 1970 and
in Punkaharju (Pu; 61°49'N, 29°19’E) in 1964 by the Finnish Forest Research Institute (Fig.
4). The experiments were even-aged, pure, or almost pure Norway spruce stands planted
with seeds of local origin in 1917 (He) and 1938 (Pu). The experiments were on mineral
sites classified as Oxalis—Myrtillus (OMT) forest site type (Cajander 1909), corresponding to
fertile sites typical for Norway spruce. For other stands’ properties, see I and IV.

To study the effects of thinning intensity on radial increment, wood density (I) and
tracheid dimensions (IV), three plots of different thinning intensity from both experiments
were chosen: normal thinning intensity recommended for forestry practice in the 1970s, low
thinning intensity with a stand denser than normal, and high thinning intensity with a stand
sparser than normal. The thinning intensities were defined based on the stand basal area
(BA) remaining after thinning. The plots of normal and high thinning intensity were thinned
from below (i.e., the suppressed or damaged trees were removed first), twice in Heinola and
three times in Punkaharju. In Punkaharju, the plot of low thinning intensity was also lightly
thinned 15 years after establishment. In contrast in Heinola, no thinning operations were
carried out at the plot of low thinning intensity. The development of the BA as plotted against
dominant tree height is shown in Figs. 5A and 5B.

Both in Heinola and Punkaharju, 12 trees were felled in autumn 2001. The cumulative
basal area distribution on each plot was divided into three classes, each class having the same
basal area: small, intermediate, and large trees. Because the spread of stem size increased
with increasing stand density, the number of sample trees was also increased with increasing
stand density. One sample tree on each plot was randomly chosen from each size class. On
the plots of normal and low thinning intensity, one additional sample tree was chosen from
the size class of the largest trees. On the plot of low thinning intensity, one sample tree was
also chosen from the size class of intermediate trees. Thus, the total number of sample trees
was 3, 4 and 5 for the plots of high, normal and low thinning intensity, respectively. From
each tree, 30 cm thick sample discs were cut at breast height (BH; 1.3 m) and at a height of
12 m, avoiding whorls and defects.

3.1.2 Fertilisation-thinning experiments in Parikkala and Suonenjoki

The sample trees (II, III and V) were harvested from two fertilisation-thinning experiments
in south-eastern and central Finland. The experiments were established by the Finnish Forest
Research Institute in Parikkala (Pa; 61°36'N, 29°22'E) in 1977 and in Suonenjoki (Su;
62°45'N, 27°00'E) in 1978 (Fig. 4). The stands were even-aged and almost entirely Norway
spruce. They were planted with seeds of local origin in 1939 (Pa) and in 1925 (Su). The
experiments were on mineral soil classified as OMT forest site type (Cajander 1909). For
other stands’ properties, see II, I and V.
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Both experiments comprised three fertilisation and thinning treatments of varying
intensity and timing in a randomised block design, giving rise to nine different combinations
in both experiments. Fertilisation treatments were: unfertilised (F); 150 kg nitrogen (N), 75
kg phosphorus oxide (P,0O,) and 75 kg potassium oxide (K,O) per ha (F,); and 300 kg (N),
150kg (P,0,) and 150 kg (K,O) per ha (F,). On the fertilised plots, NPK fertiliser was applied
every five years. Thinning treatments based on the number of stems ha' were: delayed first
thinning, i.e., 60% of the original number of stems removed 15 years after establishment (7,);
normal thinning with ca. 30% of the original number of stems removed when the treatment
was established, and ca. 30% of the original number of stems 10 years after establishment
(T), and intensive first thinning with 60% of the original number of stems removed at the
establishment of treatment (7). The plots were thinned from below. The development of the
BA as plotted against dominant tree height is shown in Figs. 5C and 5D.

The cumulative basal area distribution on each plot was divided into five classes (tree
size-classes 1-5; tree size-class 1: the smallest trees, ..., tree size-class 5: the largest trees),
each having the same BA. One sample tree was randomly chosen per plot and size class.
In Parikkala, 45 sample trees were felled in autumn 2003. In Suonenjoki, 40 sample trees
were felled in spring 2003. From each tree, one sample disc (30 cm thick) was sawn at BH,
avoiding whorls and defects. From the trees on plots 7, F. T, F T, F T, F T, and F T
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Figure 5. Stand basal area (BA) related to the dominant height of the stand in Heinola (A,
1970-1998) and Punkaharju (B, 1964—-1999) in low, normal and high thinning intensity (for
the stand basal areas after thinning operations, see I), and in Parikkala (C, 1977-2002) and
Suonenjoki (D, 1978-2003) in fertilisation-thinning treatments. In C and D, the values for T,
T, and T, are the means for thinning treatments in combination with all the different levels of
fertilisation intensity (e.g., T, is the average of T F, T.F, and T F, T, delayed first thinning,
i.e., 60% of the original number of stems removed 15 years after treatment onset; T,, normal
first thinning, i.e., 30% of the original number of stems removed at treatment onset, and 30%
of the original number of stems ten years after treatment onset; T, intensive first thinning, i.e.,
60% of the original number of stems removed at treatment onset; F,, unfertilised; F,, 150 kg
N ha™; and F,, 300 kg N ha™). Grey dotted lines indicate the currently suggested timing and
intensity of thinning operations and black dotted lines show the suggested BA after thinning for
the stands with annual temperature sum of > 1200 d.d. (in Heinola, Punkaharju and Parikkala)

and 1000—-1200 d.d. (in Suonenjoki) (Tapio 2006).

additional sample discs were sawn at 4-metre intervals above BH (i.e., 5 m, 9 m, etc.) until
the stem diameter was < 16 c¢cm, and thereafter at 3-metre intervals until the stem diameter
was < 8 cm.

In addition to the tree size-classes described above, sample trees in each plot were grouped
into ‘small” and ‘large’ trees according to the median basal area of sample trees (TBA; as
calculated for all sample trees together) at the time of treatment onset (i.e., TBA > median:
‘large’ tree, TBA < median: ‘small’ tree) in order to more accurately describe the treatment
effects on wood properties of different tree size-classes.
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3.2 The structural analyses of wood and tracheid properties
3.2.1 Radial increment and wood density

Wood density (weight density, 12% moisture content, g cm) and annual radial increment
(ring width, mm) (I-V) were measured using X-ray densitometry. From the sampled discs, 8
cm thick wedges were sawn along the south radius. The wedges were air-dried for 6 months,
and samples (5 mm wide and thick) were sawn. Resins were not extracted due to the low
extractive concentration (ca. 1%) in Norway spruce. The moisture content of the samples was
adjusted to 12% at 20°C and 65% relative humidity for ca. 3 weeks. The samples were then
placed on a film and X-rayed for 5 min, 16 kV, 20 mA, at a distance of 2.5 m (Saikku, 1975a).
Films were scanned (25.4 um pixel”, 256 grey levels) and a continuous wood-density profile
for each sample was measured using WinDENDRO™ software (Regent Instruments Inc.,
Québec, Québec, Canada). The measured grey levels were converted to wood density with
a standard plastic step wedge of known physical and optical density. For each annual ring
or disc, the mean density values (RD, ring density; ED, earlywood density; LD, latewood
density) were determined. In addition, the widths of annual ring, early- and latewood,
and latewood percentage (LW%) were determined. The widths of annual ring, early- and
latewood were converted into basal-area increments (BAI, cm?, I-1T) with the assumption of
circular stem cross-section. A transition point (TP) between early- and latewood was defined
separately for each annual ring:

TP = MAX — [(MAX — MIN) x 0.3] (1)

InEq. 1, MAX and MIN are the maximum and minimum densities of the ring. When examined
visually, the factor 0.3 was found to have the best fit to the captured images.

3.2.2 Tracheid length

For tracheid length measurements (IV-V), wedges (3 cm thick and wide) were sawn along
the south radius of the sampled discs. Earlywood zones of every fifth annual ring from the
bark to the pith were split into match-size sticks and macerated in a solution of glacial acetic
acid and hydrogen peroxide (1:1, v/v) at +60 °C over one to two nights (Franklin 1945).
A suspension of washed tracheids was deposited on microscope slides. The lengths of 50
unbroken tracheids per annual ring were measured by image analysis (Image-Pro Plus,
Media Cybernetics, USA) from the images captured with a camera (IV: Cohu 4912, Cohu
Inc., Poway, USA; V: SPOT Insight B/W, Diagnostic Instruments, Inc., Burroughs, USA)
attached to a light microscope (Olympus BH-2, Olympus Optical Co., LTD., Japan). The size
of a pixel was 10.64 um (IV) and 4.48 pm (V).

3.2.3 Cross-sectional dimensions of tracheids

For the measurements of cell wall thickness and lumen diameter (IV-V), wedges (3 cm x 3 cm)
were sawn from the southern half of the sampled discs. Small samples (1 cm™) were boiled in
water in a microwave oven for 1-4 min, then frozen and cut into transverse sections (16 pm
thick) at —16°C by cryo-microtome (Leitz 1516, Leica Microsystems, Wetzlar, Germany).
The sections were stained with a 1%-solution of safranin, rinsed with water, dehydrated in an
ascending alcohol series, rinsed with xylene, and mounted in Canada balsam.
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Digital images were taken from the annual rings with a camera (IV: SPOT Insight B/W,
Diagnostic Instruments, Inc., Burroughs, USA; V: CCD digital camera, Media Cybernetics,
Inc., Maryland, USA) attached to a light microscope (Olympus BX-60 microscope, Olympus
Optical Co., LTD., Japan). The size of the pixel was 0.182 um (IV) and 0.115 pm (V). To
cover the whole annual ring from early- to latewood, successive overlapping images were
taken and joined. The cell walls and lumens were identified by a threshold method (Otsu
1979). The cell wall thickness (i.e., double cell wall thickness) and lumen diameter were
measured in radial direction along three cell rows in each annual ring. The transition point
between early- and latewood was determined according to Mork’s definition: a cell belongs
to the latewood when its double cell wall thickness is equal to or greater than half of the
lumen diameter as measured in radial direction (Mork 1928, Denne 1989).

3.3 Determination of lignin content

The FTIR (Fourier transform infrared spectroscopy) -based estimation method was used to
predict the total lignin concentration of the sampled discs (V). Wedges were sawn along the
north radius of the sampled discs, and further split into small samples. Potassium bromide
(KBr) pellets (13 mm, 3.0-3.4 mg wood powder with 299.9-300.1 mg KBr) of dried,
milled and sieved (hole size 0.125 mm) wood samples were prepared. From the pellets, the
FTIR spectra (FTIR-spectrometer: Perkin Elmer System 2000, MIRTGS detector, resolution
of 4 cm™') were recorded and normalised by the line subtraction method. The baseline passing
through the intensity values at wave numbers 4000, 1929, 835 and 500 was subtracted from
the spectrum, and the maximum intensity value was set to 1.5.

The total relative concentration of lignin (Klason lignin and acid soluble lignin) of wood
dry mass (WD) was predicted by the principal component regression (PCR) model devised
for predicting the lignin content of Norway spruce wood (Raiskila et al. 2007). The 4 PCs
calculated from the spectral range of 1850-500 cm™' were used as independent variables of
the model while the total lignin concentration was a dependent variable. The model selection
criteria included an adequate fit in the estimation data (R? = 0.74; root mean squared error of
lignin content in the estimation data, RMSE = 0.61%) and a good prediction performance in
the test data (R? = 0.90; root mean squared prediction error in the test data, RMSPE = 0.53%)
(Raiskila et al. 2007). The model was based on three different Norway spruce cutting clones
(12 trees), from three different sites in Finland. The model estimation data comprised 18
samples from 9 trees, and the model test data consisted of 6 samples from 3 trees for which
the relative concentration of Klason and acid soluble lignin was determined by the Klason
method (KCL 1982, Dence 1992).

3.4 Statistical analyses

The statistical significance of treatment effects was analysed with mixed models (Linear
mixed models in SPSS; PROC MIXED in SAS) including both fixed and random effects. The
differences between treatment means were analysed by Bonferroni’s pairwise comparisons
(I, IV) or Tukey’s post hoc tests (II, V). The statistical analyses were obtained by the SPSS
(I, IV; versions 12.0.1 and 14.0, SPSS, Inc., Chicago, IL, USA) and the SAS software (II-
I, V; version 9.1, SAS Institute Inc., Cary, NC, USA).
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In T and IV, the wood and tracheid properties of Norway spruce (i.e., mean annual, early-
and latewood increment; latewood percentage; mean ring, early- and latewood density;
tracheid length; cell wall thickness of early- and latewood; lumen diameter of early- and
latewood) were tested for the effects of thinning intensity, the year of ring formation and
their interaction. In I, a covariate was employed in the model in order to remove the initial
differences between trees. In IV, the tracheid properties were also tested for the random
effect of distance from the pith, i.e., the effect of tree size.

In IT and V, wood and tracheid properties (i.e., mean annual, early- and latewood
increment; latewood percentage; mean ring, early- and latewood density; tracheid length;
cell wall thickness of early- and latewood; lumen diameter of early- and latewood; relative
total lignin content) were tested for the effects of thinning and fertilisation, the year of ring
formation, the relative height in the stem, the distance from the pith, i.e., the effect of tree size
(only in V), and their interactions. The covariates were applied in the models to remove the
initial differences between trees prior to the treatment onset.

In IT1, the variation in wood density was analysed independent of the effect of growth rate
(i.e., annual ring width was used as a covariate). The high resolution data on wood density
was tested for several random factors: tree, relative height in the stem, cambial age (i.e., ring
number from the pith), and the ontogenic age of annual rings (i.e., the difference between the
calendar years of ring formation and tree birth date).

The data of I-V had a hierarchical structure (e.g., individual tracheids within annual rings,
discs, trees, plots and sites), i.e., the individual measurements from the same batch were
correlated. This correlation was taken into account by employing the nested data structure in
the mixed models (I-V). In the mixed models, the parameters are allowed to vary randomly
around the fixed population mean from one individual to another. In addition, the successive
observations from each tree were dependent, i.c., there was autocorrelation within trees (I-11,
V). To model this autocorrelation, a first-order autoregressive covariance structure (AR(1))
was applied in the statistical analyses in I-II, and V. The restricted maximum likelihood
estimation (REML) was applied in all the analyses (I-V). When necessary, the data were
transformed in order to fulfil the assumptions of valid statistical analysis.

4 RESULTS

4.1 Radial increment and proportion of latewood

All the results presented throughout this results section are based on the estimated marginal
means at BH predicted by the statistical models in I-V (except in Figs. 6, 8 and 9, where
the original values are presented). In the models (except in Eq. 3 in I as wood density from
Punkaharju was analysed, and Egs. 2 and 3 in IV), a covariate was used to remove the initial
differences in wood properties between the different thinning and fertilisation treatments pre-
existing the treatment onset.

In the thinning experiments in Heinola and Punkaharju, normal and high thinning
intensity significantly increased (24%—64%) the basal area increment (BAI) of the sample
trees as compared to low thinning intensity (Table 1, Fig. 6; I). At the same time, in normal
and high thinning intensity, the proportion of latewood was slightly lower (9%—33%) than in
low thinning intensity (Table 1, Fig. 6; I).
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In the fertilisation-thinning experiments in Parikkala and Suonenjoki, fertilisation (#, and
F)) significantly increased the BAI of sample trees by ca. 40% as compared to unfertilised
control () (Table 2, Fig. 6; II). In normal thinning (7') and intensive first thinning (7),
the BAI of sample trees at BH was 8% and 29% higher, respectively, than in delayed first
thinning (7)) (Table 2, Fig. 6; II). In Parikkala and Suonenjoki, only small differences (1%~
14%) were found in the proportion of latewood between different fertilisation and thinning
treatments (Table 2, Fig. 6; II).

Fertilisation and thinning had an effect on the BAI in all tree-size classes (despite size-
class 3, Fig. 2A in II) that were formed on the basis of the basal area distribution on each
plot at the time of sampling, as well as in the groups of ‘small’ and ‘large’ trees based on the
median TBA of sample trees at the time of treatment onset (Fig. 7A).

4.2 Wood density
4.2.1 The effects of thinning and fertilisation on wood density

In both Heinola and Punkaharju, the differences in the mean ring density (RD), earlywood
density (ED) and latewood density (LD) of the sample trees between the thinning intensities
were not statistically significant (Table 1; I). In normal and high thinning intensity, the RD
and ED were slightly (up to 5%) lower than in low thinning intensity (Table 1, Fig. 6). In
contrast, the LD was slightly higher (3%—-8%) in normal and high thinning intensity than in
low thinning intensity (Table 1).

In Parikkala and Suonenjoki, fertilisation (/, and F,) decreased the RD and ED of sample
trees by 6%-9% compared to unfertilised control (F; Table 2, Fig. 6; II). Moreover in
fertilised plots (F, and F,), the LD of the sample trees was slightly lower (1%-3%) than in
unfertilised control plots (¥; Table 2, Fig. 6; II). Between the thinning treatments, however,
the differences in RD, ED and LD were small (2% —4%) and not statistically significant
(Table 2, Fig. 6; II). The effects of fertilisation and thinning treatments on growth rate and
wood density were similar in direction, and the relatively largest increase in growth and the
greatest reduction in wood density were obtained by the combined effects of fertilisation (/)
and intensive first thinning (7).

The effects of fertilisation and thinning on RD, ED and LD were similar in the groups
of ‘small’ and ‘large’ trees formed using the TBA distribution of sample trees at the time of
treatment onset (Fig. 7). While studied between five tree-size classes used in I, the effects of
fertilisation and thinning on RD and ED were relatively largest in the classes of the smallest
and largest trees (size-classes 1 and 5; Fig. 2 in IT). For LD, the effects of fertilisation and
thinning were variable among the size-classes (Fig. 2 in II).

4.2.2 Within-stem variation in wood density

In all the experiments, the general trend for mean ring density in mature wood was an increase
towards the bark (I-IIT). However, wood density was highly variable between annual rings.
The variation among rings explained up to 27% of the total variation in wood density (III).
Between different heights in the stem, wood density varied only slightly (I and III). The
largest variation (up to 80%) in wood density was within annual rings (III). The difference
in wood density between early- and latewood increased from the pith to the bark (IIT). Both
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Figure 6. Percent change in tree basal area (TBA at tree harvesting relative to that prior
treatment; note that the treatment period differs between A, B, C and D), and the proportion
of latewood and ring density at breast height of the sample trees in normal and high thinning
intensity as compared to low thinning intensity in Heinola (A) and Punkaharju (B); and in
fertilised plots (F, and F,) and thinning treatments (7, T, and T,) as compared to unfertilised
plots (F,) in Parikkala (C) and Suonenjoki (D). The values for the proportion of latewood and
ring density are means for the whole treatment period (A, 1970-2001; B, 1964-2001; C,
1978-2002; D, 1979-2001). In A and B, the means are weighted by tree size-class (see I). For
an explanation of treatments, see Fig. 5.

latewood density and the proportion of latewood increased from the pith outwards, while
earlywood density increased only slightly (III). Therefore, an increase in the mean wood
density of annual ring from the pith to the bark is due to an increasing amount and density
of latewood.
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Figure 7. Radial increment (A), ring density (B), earlywood (C) and latewood density (D) of
the sample trees at breast height in the groups of small and large trees in fertilisation and
thinning treatments in Parikkala (1978-2002) and Suonenjoki (1979-2001). The values are
the estimated marginal means of the statistical analyses (Egs. 3 and 4 in Il). The number
of trees per size group and treatment is 1—4. The same letter below the bars indicates non-
significant (p > 0.05) differences between the means. For an explanation of treatments, see

4.3 Tracheid properties
4.3.1 Tracheid length

After the treatment onset in Heinola and Punkaharju, high thinning intensity resulted in 9%
and 4% shorter tracheids, respectively, as compared with low thinning intensity (Table 1,
Fig. 8; IV). In Parikkala and Suonenjoki, only small (0%—6%) differences in tracheid length
were found between the different combinations of fertilisation and thinning treatments as
calculated over the whole treatment period (Fig. 8; V). When examined as a function of
calendar year, the effects of fertilisation and thinning on tracheid length varied according
to treatment combination, and the interaction effect between fertilisation and thinning was
statistically almost significant at the significance level of 95% (p = 0.06, Table 2).

When examined as a function of distance from the pith (i.e., tree size was taken into
account), the effects of fertilisation and thinning on tracheid length were not statistically
significant (Table 2).
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4.3.2 Cell wall thickness and lumen diameter

Cell wall thickness and lumen diameter were highly variable between and within annual
rings and trees both before and after the treatment onset in all the experiments. However
in all the experiments, the proportion of cell wall within an annual ring slightly (2%—9%)
decreased with increasing thinning and fertilisation intensity (Tables 1 and 2).

In Heinola and Punkaharju, high thinning intensity resulted in 3%—12% thinner cell walls
of early- and latewood tracheids than low thinning intensity (Table 1, Fig. 9; IV). For lumen
diameter, only small changes (1%-3%) due to increasing thinning intensity were found
(Table 1; IV).

In Parikkala and Suonenjoki, only small differences in cell wall thickness (1%—17%; Fig.
9) and lumen diameter (0%—9%) were found among different fertilisation-thinning treatments
(Table 2; V). As studied in the relation to calendar year, fertilised trees had 7% thinner cell
walls of earlywood tracheids than unfertilised trees (Table 2; V). Fertilisation and thinning
also had a significant interaction effect on the cell wall thickness of latewood when studied as
a function of calendar year (Table 2; V). When examined as a function of distance from the
pith (i.e., tree size was considered), fertilisation and thinning had no statistically significant
(p <0.05) effect on tracheid dimensions (Tables 1 and 2, Fig. 9; IV and V).

4.4 Lignin content

In Parikkala and Suonenjoki, the predicted relative total lignin content was 23.4%-29.6%
(+ 0.8%) of DW. Over the entire study period, normal first thinning (7') and intensive first
thinning (7)) had slightly higher (2%) lignin content than delayed first thinning (7)) (26.0%
and 25.9% vs. 25.4%; Table 2; V). In fertilisation levels F', and F,, the amount of lignin
was 1% and 2% higher, respectively, than in unfertilised control (F) (25.8% and 26.0% vs.
25.4%; Table 2; V).
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Table 1. Summary of all the variables studied at breast height (BH; 1.3 m) and at the height
of 12 m in the sample trees in thinning experiments in Heinola (He) and Punkaharju (Pu). The
p values for the main effect of thinning obtained in the statistical analyses in | (Eq. 3) and IV

(Egs. 2 and 3).

Exp. Variable Thinning Change compared with low thinning
effect (p) intensity (%)
Normal thinning  High thinning
intensity intensity
BH 12m BH 12m BH 12m
He Increment total 0.01 0.02 +64 +53 +42 +69
Increment early 0.01 0.02 +67 +54 +44 +70
Increment late  0.01 0.03 +76 +73 +40 +65
Latewood % 0.37 035 17 -16 -9 -6
Density ring 0.68 0.48 -4 -4 -4 -0.1
Density early  0.67 0.91 -4 -1 -5 +1
Density late 0.38 0.71 +6 +3 +3 +4
Eg.2#2 Eq.3* Eq.22 Eq.3*
Tracheid length 0.01  0.01 - - - -9 -9 -
wt early 063 062 - - - -8 -8 -
wt late 028 028 - - - -11 -12 -
Id early 0.61 058 - - - -3 -3 -
Id late 060 069 - - - -3 -3 -
Cell wall % 063 063 - - - -9 -9 -
Pu Increment total 0.09 0.06 +24 +65 +59 +101
Increment early 0.06 0.07 +30 +64 +72 +100
Increment late  0.77 0.03 +4 +63 +13 +91
Latewood % 0.01 0.58 -18 -7 -33 —6
Density ring 0.81 1.00 -2 +0.2 -3 -0.3
Density early  0.90 0.99 -2 +0.6 -2 -0.3
Density late 0.20 0.73 +6 +2 +8 +2
Eq.2# Eq.3* Eq.22 Eq.3*
Tracheid length 0.51 051 - - - —4 -4 -
wt early 080 0.77 - - - -3 -4 -
wt late 0.00 0.08 - - - -11 -12 -
Id early 082 084 - - - -1 -1 -
Id late 079 072 - - - +1 +3 -
Cell wall % 036 036 - - - -8 -8 -

—, not measured; @ Tracheid dimensions analysed as a function of calendar year (Eq. 2 in
IV); ® Tracheid dimensions analysed as a function of distance from the pith (Eq. 3 in IV). wt,
thickness of double cell wall; Id, lumen diameter; Cell wall %, relative amount of cell wall within

an annual ring.
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5 DISCUSSION AND CONCLUSIONS

5.1 Fertilisation and thinning operations and their impacts on tree growth
rate and wood properties

5.1.1 Wood density

In thinning experiments (Heinola and Punkaharju), the radial growth rate of the sample
trees at BH was considerably increased (up to 64%) by normal and high thinning intensity
compared to low thinning intensity (I and IV) as calculated over the entire study periods,
i.e., 32 and 38 years in Heinola and Punkaharju, respectively. At the same time, normal and
high thinning intensity caused a small reduction (2% —4%) in mean ring density compared to
low thinning intensity. Also in fertilisation-thinning experiments (Parikkala and Suonenjoki)
as averaged over the entire study period (i.e., 24 years), fertilisation (/, [150 kg N/ha/5 yrs]
and F, [300 kg N/ha/5 yrs]; in II and V) significantly (ca. 40%) increased the annual radial
increment of the sample trees compared to the unfertilised plots (#), while the ring density
on fertilised plots decreased by 7%. In normal and intensive first thinning, the radial growth
rate of the sample trees was also higher (by up to 29%) than in delayed first thinning, whereas
the reduction in ring density was 2%—4% (II and V). The increased growth rate affected
wood density in a similar manner irrespective of the treatment, i.e., thinning or fertilisation,
promoting individual tree growth.

The higher growth rate following long-term thinning and/or N addition in this study
was of a similar magnitude as the growth increase reported in many previous studies on
various conifer species (Tamm 1991, Gustavsen and Lipas 1975, Kukkola and Saramaéki
1983, Valinger et al. 2000, Mékinen et al. 2002a, Nyakuengama et al. 2002, Kostiainen et al.
2004, Lundgren 2004ab, Mékinen and Isoméki 2004ab, Brockley 2005). Correspondingly,
our results on wood density agree well with the previous findings; many authors have found
a relatively small decrease in wood density after a considerable increase in radial growth
rate due to thinning and fertilisation of spruce and pine stands (e.g., Klem 1972, Wolcott
et al. 1987, Petty et al. 1990, Valinger et al. 2000, Mékinen et al. 2002b, Morling 2002,
Lundgren 2004b). For instance, Saikku (1975b) found a 26% increase in volume increment
with 4% decrease in wood density during the five-year post-fertilisation period in Norway
spruce stands (age of the stands varied between 10 and > 95 years). Similarly for 56-year
old Scots pine, Morling (2002) found no significant change in wood density after a 14% and
40% increase in mean ring width during the 12-year period after thinning and fertilisation,
respectively. For 34-year old Scots pine, Peltola et al. (2007) reported that heavy thinning
(post-thinning stand density < 1000 stems ha') resulted in 9%-20% higher radial growth
rate, but only 0%—4% lower wood density as compared to moderate thinning (post-thinning
stand density 1000-2000 stems ha') during a 12-year post-thinning period.

In the nutrient optimisation trials of Norway spruce in Sweden, Mékinen et al. (2002b)
and Lundgren (2004b) demonstrated the potential growth increase and the resultant decrease
in wood density of 40-year old Norway spruce during the 12-year period of treatment. They
found a reduction of ca. 20% in wood density following a higher increase (100%—-200%) in
radial increment after nutrient addition. However, the nutrient additions applied in commercial
forestry, like those used in this thesis, increase tree growth rate and decrease wood quality
considerably less (Mékinen et al. 2002a).
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The results of this thesis are based on long-term data (study periods of 24-38 years
in different thinning and fertilisation experiments) while many of the above-mentioned,
previously reported results on growth rate and wood density had been based on shorter-
term data. Thus, the results obtained in this thesis may be considered as more representative
in terms of the effects of repeated thinning and fertilisation on growth rate and concurrent
changes in wood properties throughout the stand rotation.

In thinning experiments in Heinola and Punkaharju, the decrease in wood density was
due to increased production of earlywood relative to the proportion of latewood (cf., Hakkila
1966, Smith 1980, Zhang et al. 1996, Mikinen et al. 2002b). In contrast in fertilisation-
thinning experiments in Parikkala and Suonenjoki, only small differences in the proportion of
latewood were found among different fertilisation and thinning treatments. The decrease in
ring density following thinning and/or fertilisation was mainly due to a decrease in earlywood
density. Also latewood density was slightly decreased with increasing treatment intensity, but
the differences among the treatments were not significant. The decrease both in early- and
latewood density after increased tree growth rate has been reported in some previous studies
on conifers (e.g., Zhang et al. 1996, Borders et al. 2004, Alteyrac et al. 2005, Mékinen et al.
2002b).

Wood density is closely linked to many mechanical wood properties, e.g., strength and
stiffness. Saranpdd and Repola (2001) reported that the MOR of mature Norway spruce
grown in monocultures and mixed stands in Finland, Sweden and Norway increased linearly
with increasing wood density and decreased with increasing ring width. The MOE was
also dependent on wood density, but the relationship was weaker than in the case of MOR
(Saranpdi and Repola 2001). In their study, the average weight density of wood was 462
kg m?3, the MOR 82.3 MPa and the MOE 12.6 GPa (Saranpdi and Repola 2001). In this
study, the average ring density (i.e., weight density) of wood varied from 481 kg m™ to
569 kg m? between the treatments (i.e., low, normal and high thinning intensity in Heinola
and Punkaharju, and F,, F,, F,, T,, T, and T, in Parikkala and Suonenjoki) as calculated
over the whole study periods, indicating that the strength properties of this material were
most likely within the range of values reported for spruce (Kliger et al. 1995, Zhang 1995,
Saranpdd and Repola 2001, Raiskila et al. 2006). However, growth rate may have a larger
impact on mechanical properties than on wood density (Zhang 1995). Therefore, the effect
of growth rate on mechanical properties cannot be entirely evaluated through the relationship
between wood density and growth rate (Kliger et al. 1995, Zhang 1995). Moreover, wood
density alone is not always a good indicator of mechanical properties of timber; the end-use
potential of timber is also dependent on the integration of other factors, such as knots, grain
angle, microfibril angle, as well as the proportion of juvenile wood (Perstorper et al. 2001,
Macdonald and Hubert 2002).

5.1.2 Tracheid properties

Both in thinning experiments (Heinola and Punkaharju, IV) and fertilisation-thinning
experiments (Parikkala and Suonenjoki, V), the differences in tracheid length, cell wall
thickness and lumen diameter were small (0%—17%) between different thinning and
fertilisation treatments. A faster growth rate due to intensive thinning and/or N addition
slightly decreased tracheid length (Fig. 8) and cell wall thickness (Fig. 9), and somewhat
changed lumen diameter. The proportion of the cell wall within an annual ring was slightly
(2%-9%) lower in faster-growing trees than in slower-growing ones. The effects of higher
growth rate on tracheid properties were of a similar magnitude irrespective of the treatment,
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i.e., thinning or fertilisation, accelerating tree growth. In fertilisation-thinning experiments,
the effects of fertilisation and thinning on tracheid properties varied among the treatment
combinations.

In many previous studies, the faster growth rate of conifers has resulted in the formation
of shorter tracheids with a larger diameter and a wider lumen, but thinner cell walls (e.g.,
Helander 1933, Denne 1973, Herman et al. 1998a, Sirvié and Kérenlampi 2001ab, Mikinen
et al. 2002a, Lundgren 2004a). Herman et al. (1998a) reported that the tracheid length of
Norway spruce decreased by 2.5% when ring width increased by 56% after heavy thinning.
According to Mikinen et al. (2002a), Norway spruce tracheids were 17% shorter when ring
width was tripled after nutrient optimisation. For the same Norway spruce stems, Mékinen et
al. (2002a) found a 12% increase in tracheid diameter while the cell walls were thinner and
lumens wider. However, the differences in tracheid dimensions diminished when examined
as a function of distance from the pith instead of calendar year (Mékinen et al. 2002a).

Some contradictory results on the relationship between radial growth rate and tracheid
dimensions in Norway spruce have also been reported. Bergqvist et al. (2000) found that the
tracheid length of Norway spruce growing under birch shelterwood decreased with decreasing
growth rate, and was shortest for suppressed trees. According to Zobel and van Buijtenen
(1989), tracheid length is correlated with shoot length, with suppressed trees having shorter
shoots and tracheids than dominant trees. Brix and Mitchell (1980) found for Douglas fir
that cell wall thickness of earlywood increased due to the faster growth rate after thinning.
In the same study, fertilisation and combined fertilisation-thinning treatments decreased the
cell wall thickness of latewood (Brix and Mitchell 1980). In the studies of Kilpeldinen et
al. (2003, 2005), elevated temperature (2—6 °C > ambient) increased the tracheid length of
juvenile Scots pine trees by 5%—15% while the radial growth rate increased by 19%—47% as
compared to control trees.

The development of wood properties is a complex process that is controlled by multiple
factors — genetics, environment, maturation processes, and the size and the status of the tree
in a stand (e.g., Bowyer et al. 2007). Both in thinning and fertilisation-thinning experiments,
tracheid dimensions were strongly related to the distance from the pith, i.e., the radial and
vertical variation in tracheid properties was controlled by cambial maturation as trees grew
in diameter (Olesen 1978, Mitchell and Denne 1997, Sirvio and Karenlampi 2001b, Mékinen
et al. 2002a). In this thesis, the differences in tracheid dimensions found between the trees
from different thinning and fertilisation treatments were smaller than the inherent variation in
tracheid dimensions from the pith outwards within individual stems. For instance, the average
tracheid length varied from 3.4 mm to 4.3 mm between the different treatments as calculated
over the entire study periods. Within the stem, the average tracheid length of Norway spruce
normally increases from 1 to 5 mm from the pith towards the cambium (e.g., Helander 1933,
Atmer and Thornqvist 1982, Molteberg and Heibe 2006). Thus, the magnitude of changes in
tracheid length between slow- and fast-growing trees of this thesis was within the range of
changes between juvenile and mature wood. In addition, there was a large random variation
in tracheid dimensions both between and within annual rings and trees. The effects of forest
management practices on wood and tracheid properties are intricate and difficult to interpret
in northern long-rotation forestry. Therefore, long-term studies, as in this thesis, provide
more reliable information on the effects of repeated thinning and fertilisation treatments over
the entire rotation.

Even though tracheid length and tracheid cross-sectional dimensions, i.e., tracheid width
and cell wall thickness, have a decisiverole in pulping and papermaking, itis difficult to quantify
the effect of a single tracheid property on pulping since different tracheid properties may
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counteract each other (Tyrvdinen 1995, Lundgren 2003). For instance, in thermomechanical
pulping, long fibres give high tear strength but low printability and poorer paper formation
(i.e., physical characteristics of paper, e.g., the consistency in thickness and the squareness
of the sheet, determined by the structure and orientation of fibres during the paper formation
process), whereas short fibres result in good paper smoothness and opacity, but low tear
strength (Tyrvéinen 1995). In addition, mechanical and chemical pulping processes have
different requirements for raw material quality (Paavilainen 1993, Tyrvdinen 1995).

Pulpwood assortments, e.g., wood from first thinnings, from final cuttings, and sawmill
chips, can differ greatly in end-product quality (Tyrvdinen 1995, Persson et al. 2003). Wood
from first thinnings with a high proportion of juvenile wood has been shown to give pulp of
good optical properties but lower tear strength and higher energy consumption (Persson et al.
2003). Sawmill chips give higher tear strength and require less energy, but result in inferior
optical properties (Persson et al. 2003).

5.1.3 Lignin content

Lignin content was slightly (1%-2%) higher for fertilised (/, and F,) than for unfertilised
(F) trees (25.8% and 26.0% vs. 25.4% DW, respectively). After normal (7)) and intensive
first thinning (7’,), the lignin content of the sample trees was 2% higher than in delayed first
thinning (7)) (26.0% and 25.9% vs. 25.4% DW, respectively).

Our results on lignin content are in accordance with earlier results. In nutrient-optimisation
trials in Sweden, the lignin content was slightly higher (7%) after a considerable increase
(100%—-200%) in the radial growth rate (Anttonen et. al 2002). Accordingly, the 23% increase
in the radial growth rate following nutrient optimisation was accompanied by a small (2%)
increase in the lignin content (Kostiainen et al. 2004). In contrast in the long-term fertilisation
experiments in southern (Heinola) and northern (Kemijarvi) Finland, the growth increase was
not as high as in nutrient optimisation and no increase in lignin content was found (Kaakinen
et al. 2007).

Since the lignin content is higher in the middle lamella than in the secondary cell wall, the
increased lignin content after rapid growth rate may be due to decreased cell wall thickness
(Berlyn and Mark 1965, Fengel and Wegener 1989, Gindl 2001). The increased proportion
of earlywood compared to that of latewood may also result in increased lignin content since
earlywood tracheids have higher lignin and lower cellulose content than latewood tracheids
(Fukazawa and Imagawa 1981, Gindl 2001, Bertaud and Holmbom 2004).

In general, high lignin content is undesirable for pulping processes since it increases the
demand for chemicals and energy and decreases the pulp yield. A small variation in lignin
content (25.4%-26.0% of DW) found in this study among different fertilisation and thinning
treatments is most likely of minor importance for pulping. Furthermore, the concurrent
growth gains after thinning/N addition more than compensate for the small increase in lignin
content.

5.2 Aspects of long-term thinning and fertilisation experiments

The material of this study was collected from two long-term thinning and two long-term
fertilisation-thinning experiments established by the Finnish Forest Research Institute in the
1960s and 1970s. Most previous studies on radial growth rate and wood properties have
been based on shorter-term sample plots without information on previous management
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history. Longer-term, permanent sample plots can provide more accurate information on the
long-term effects of environmental factors and management practices on wood properties.
In this study, the stand development and forest management operations have already been
recorded for over 30 years, and the stands are approaching maturity. This made it possible to
investigate the tree growth rate and wood and tracheid properties throughout the whole stand
rotation period.

All the data utilised in this thesis was collected from southern and central Finland. Thus,
the material covered the most important geographical regions with respect to wood production
in Finland. However, it is difficult to generalise the findings of this thesis to the trees grown
under different environmental conditions (cf. Peltola et al. 2002). The results should not be
applied in northern Finland. Moreover, the results of this thesis are not applicable to peatland
since all the material was collected from stands on mineral soil. Furthermore, only one level
of site fertility, classified as Oxalis-Myrtillus forest site type, was included.

The thinning experiments (Heinola and Punkaharju; I, IV) were originally planned to
study the effects of heavy and seldom-repeated thinnings on growth and yield (Vuokila
1983). However, the thinning intensity in forest practice has considerably increased in recent
decades. The highest thinning intensity used in this study equals the intensity of thinning
operations currently carried out in Finland (Tapio 2006; Fig. 5). In fertilisation-thinning
experiments (Parikkala and Suonenjoki; II, III, V), the original idea was to study the effects
of timing and intensity of first commercial thinning and fertilisation on growth and yield
throughout the stand rotation. At the time of treatment onset in the 1970s, the intensive first
thinning (7',) was considered extremely intensive. According to the current recommendations
for practical forestry, the T ,-treatment is regarded as relatively intensive even nowadays
(Tapio 2006; Fig. 5C).

Although the thinning experiments in Heinola and Punkaharju followed the same original
idea, the stand age and the timing of the treatment onset differed between them. In Heinola
at the onset of the thinning experiment (1970), the stand had already passed the phase of the
first commercial thinning. In contrast in Punkaharju at the onset of the experiment (1964),
the stand was at the stage of first thinning. Therefore in the analysis, Heinola and Punkaharju
were regarded as independent experiments instead of treating them as parallel. The number of
sample trees per treatment was thus small (5, 4 and 3 trees in low, normal and high thinning
intensity in both experiments).

The fertilisation-thinning experiments in Parikkala and Suonenjoki had been established
in consecutive years (in 1977 and 1978, respectively) and they both comprised nine treatment
combinations. The plots with similar treatment combinations in Parikkala and Suonenjoki
were treated as parallel plots, and thus the number of sample trees in each treatment level
(i.e.,30treesin F, I/, T,, T,, and 25 trees in T, and F',) was larger. In Suonenjoki, plot F,T,
was not included since it had been completely damaged by wind. This may have caused a
small bias in determining the effects of fertilisation (#,) and delayed first thinning (7}) on
wood and tracheid properties.

Regarding the population sizes used in conventional studies of forest growth and yield,
it is clear that the number of sampled trees in this thesis (altogether 109 trees) is relatively
small. However, no other detailed data exists on the long-term effects of fertilisation and
thinning on wood and tracheid properties of Norway spruce in Finland. Moreover, all the
material from different experiments in this thesis was measured with identical methods.
The resolution of the analysis was high, i.e., measurements were carried out at the level of
individual rings and tracheids, making it possible to study the radial and vertical variation of
wood and tracheid properties within the stem.
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The impact of thinning and fertilisation on wood formation and tracheid properties
depends on the status of the tree in a stand. Many previous studies have reported a higher
absolute, but lower relative growth rate for the dominant and co-dominant trees compared to
suppressed and intermediate ones (e.g., Pape 1999b, Mékinen and Isoméki 2004ab, Peltola et
al. 2007). For Scots pine, Peltola et al. (2007) found that trees from different crown classes
differed in their growth rate and wood density, and these differences were related to thinning
intensity. As compared to moderate thinning intensity, intensive thinning increased the radial
growth of the larger trees by 9%, while the growth of the smaller trees increased by 20%
(Peltola et al. 2007). The relatively higher growth rate in smaller trees was accompanied
by a 3.8% decrease in mean wood density, while the corresponding decrease in larger trees
was 0.5% (Peltola et al. 2007). These decreases in wood density were comparable to those
detected in this thesis following intensive thinning.

In this thesis, thinning and fertilisation affected the radial growth rate and wood density
in all tree size-classes in Parikkala and Suonenjoki (except size-class 3 in the case of radial
growth), while the relative effects of thinning and fertilisation on growth rate and wood
density were largest in the smallest trees. However, in this thesis, the sampling of the trees
from different tree size-classes in the different thinning intensities was carried out based on
the cumulative stand basal area at the end of the treatment period. Due to repeated thinnings,
the available range of tree sizes in the plots of different thinning intensities varied at the
end of treatment. That is, thinning intensity directed the sampling: the higher the thinning
intensity, the larger the trees available for sampling within each tree size-class. This selection
process may have contributed to the detected differences in growth rate and wood properties
between different thinning treatments (cf. Pape 1999a). On the other hand, the use of a tree-
wise covariate (the mean value of the measured variable in the wood formed prior to the
treatment onset) should have reduced the effect of the selection process on the measured
variables. Moreover, the effects of fertilisation on growth rate and wood properties were
detected based on all the plots including the same intensity of fertilisation, i.e., the effect of
fertilisation level F, is averaged over the plots of all different thinning intensities (i.e., /', T,
F,T,and F,T,). Furthermore, the objective of this thesis was to study the differences between
the trees left in the stand at the time of final felling. Considering this, the sampled trees are
representative of the different tree size-classes in different thinning treatments at the time of
final felling.

Other factors altering the impact of thinning and fertilisation on wood formation are,
e.g., the intensity, timing and type of silvicultural treatment, site fertility, crown closure, the
genetic origin of the tree, and the position in the stem. In this study, some of these factors
could not be thoroughly taken into account. Thus, further studies are still needed in order to
more completely understand the variation in wood and tracheid properties. Incorporating
climatic variables (i.e., the annual and monthly variation in temperature and precipitation) in
future studies could possibly diminish the large residual variation found among individual
trees and annual rings.

5.3 Conclusions and future prospects

The demand for wood, both as a raw material of the forest industry and as a source of energy,
is growing (Finnish Forest Industries Federation 2006, Finnish Government 2007). More
intensive forest management and shorter rotations have been suggested to ensure the timber
supply in future.
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In this thesis, it was shown that the prevailing thinning and fertilisation treatments of
Norway spruce stands in Finland considerably increased the radial growth rate of the trees,
but resulted in only minor changes in wood density, tracheid properties and lignin content.
The magnitude of the effects of faster growth rate on wood and tracheid properties was
similar irrespective of the treatment, i.e., thinning or fertilisation, promoting tree growth. The
data of this thesis were obtained from long-term experiments over the entire stand rotation;
the results thus support the findings of earlier shorter-term studies indicating that increased
growth rate of Norway spruce causes only minor changes in wood density and tracheid
properties.

However, the treatments in this thesis were not extremely intensive. More information
is thus required in order to quantify the effects of more intensive forest management on tree
growth rate and wood quality with respect to different wood end-uses. For instance, trees
being grown for sawn timber and pulpwood may have different threshold growth rates after
which the advantages of increased growth rate no longer offset the disadvantages related to
the modified wood properties. The impacts of intensive thinning and fertilisation on properties
other than those studied in this study, e.g., stem form, branchiness, as well as the uniformity
of the wood, should be evaluated against the wood end-use potential.

Not only the intensity, but also the timing of forestry practices has a major influence on
wood properties. One serious problem related to faster growth rate and shorter rotations is
the higher proportion of juvenile wood in the stem (e.g., Bowyer et al. 2007). The difference
in wood properties between juvenile and mature wood, i.e., change from the pith towards
the bark, is the main source of variation within the stem (e.g., Saranpdéd 1994); this was also
shown in this thesis. Juvenile wood adversely affects especially the strength properties of
solid wood products (e.g., Passialis and Kiriazakos 2004). Intensive silvicultural treatments
may also result in an increased amount of compression wood, especially in the juvenile core
(Timell 1986). Thinning and fertilisation should therefore be carried out after the completion
of the juvenile period. Intensive thinning and fertilisation have also less impact on older
stands than on younger stands (Saranpéd 2003).

Under Nordic conditions, other problems than the share of juvenile wood are also related
to faster growth rate and intensive management practices. For instance, silvicultural issues
associated with e.g., windfalls (also in this thesis, one plot with intensive first thinning was
damaged by the wind) and snow damage, and quality questions such as (micro) checking of
sawn timber as a result of wider annual rings are of at least equal importance.

In addition to environmental control, genetics plays a major role in determining wood and
tracheid properties. In this thesis, wood density and tracheid properties were highly variable
among individual trees indicating high between-tree genetic variation. Since most wood
properties have high heritability values, considerable improvement of both yield and quality
of wood may be attained by the means of tree breeding in the future (e.g., Bowyer et al. 2007).
The engineering of superior trees by the means of modern biotechnology, i.e., genetically
modified trees (Chen et al. 2001, Corson 2002), is, however, a hot political issue.

The potential wood production and growth rate of Norway spruce trees in the temperate
and boreal climate is shown to be considerably higher than the current yields (Bergh et al.
2005). It has also been suggested that the production of log-sized stems as fast as possible with
high thinning intensities and repeated fertilisations would be the most profitable silvicultural
regime on relatively fertile sites. The profitability of different forestry practices depends,
however, on timber prices, costs of silvicultural practices, and the applied discount rate. The
profitability of different silvicultural regimes in relation to their effects on wood quantity and
quality depends also on the future needs in the wood-conversion chain.
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