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We studied the variation in average wood density of annual rings, earlywood density, and
latewood density in addition to ring width and latewood percentage within Norway spruce
(Picea abies (L.) Karst.) stems from the pith to the bark, and from the stem base towards the
stem apex. Moreover, the variation in wood density within annual rings was studied at the
different heights and radial positions in the stem. The material consisted of 85 trees from
central and south-eastern Finland. Variation between the annual rings accounted for 11-27%
of the total variation in wood density. Only small differences (3—6%) in wood density were
found between different heights in the stem. The largest (49—80%) variation in wood density
was found within the annual rings. The difference in wood density between earlywood and
latewood was smaller in the rings near the pith than in the outer rings. The increasing wood
density from the pith outwards was related to increasing latewood density and latewood per-
centage, whereas the earlywood density increased only slightly from the pith outwards. In a
given cambial age (i.e., given rings from the pith), the average wood density of annual rings
increased with increasing stem height. In contrast, in the rings formed in the same calendar
years (i.e., given rings from the bark), the average wood density of annual rings decreased
with increasing stem height. The results of this study verify our knowledge of wood density
variation and can further contribute to creating models to predict wood density.
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1 Introduction

In the Nordic countries, Norway spruce (Picea
abies (L.) Karst.) is a tree species with high
ecological and industrial importance. Wood
properties determine the end-product quality in
industrial processes. Wood density (WD) is a
commonly used indicator of wood quality since
it is related to tracheid properties, pulp yield and
timber strength. Efforts to improve wood proper-
ties are only worthwhile if the wood structure and
its natural variation are known in detail.

The within-tree variation of WD can be divided
into radial variation from the pith to the cambium,
axial variation from the stem base to the stem
apex, and intra-ring variation (e.g., Panshin and
de Zeeuw 1980). The radial variation in average
WD of individual annual rings in Norway spruce
is well-known (Olesen 1977, Frimpong-Mensah
1987, Petty et al. 1990, Danborg 1994, Saranpii
1994, 2003). WD decreases from the pith out-
wards until the minimum value is reached around
rings 10-20 (Danborg 1994, Saranpidd 1994).
Thereafter in mature wood, WD again increases
with the increasing cambial age, i.e., the increas-
ing ring number from the pith to the bark (Olesen
1977, Frimpong-Mensah 1987, Petty et al. 1990,
Jaakkola et al. 2005a).

As compared to radial variation, the axial vari-
ation in WD of Norway spruce has been less
extensively studied. Three different approaches
can be applied while studying the axial variation
in WD: 1) in given annual rings counted from
the pith to the bark, i.e., with increasing cambial
age; 2) in given annual rings counted from the
bark towards the pith; and 3) from stem cross-
sectional discs. Some studies have reported a
general increase in WD of Norway spruce from
the stem base towards the tree top while measured
at the same distance or at the same ring number
from the pith (approach no. 1; Frimbong-Mensah
1987, Petty et al. 1990, Saranpiid 2003, Molteberg
and Hgibg 2006). However, these studies pre-
sented no data on the intra-ring variation in WD
between different heights and radial positions in
the stem. Moreover, most of the existing studies
on the axial variation in WD of Norway spruce
have been based on the mean WD of cross-sec-
tional discs (approach no. 3), and the results have
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been contradictory showing either increasing or
decreasing WD along the stem (see e.g., Hakkila
1966, Hakkila and Uusvaara 1968, Olesen 1982,
Atmer and Thornqvist 1982, Frimbong-Mensah
1987, Johansson 1993, Repola 2006).

The intra-ring variation of WD is large, shifting
from ca. 300 kg m™3 in earlywood to ca. 1000 kg
m™ in latewood (Olesen 1982, Mikinen et al.
2002b, Decoux et al. 2004). The increase in WD
from early- to latewood is mainly due to anatomi-
cal changes in tracheids (Kellogg and Wangaard
1969, Skaar 1988). However, studies of high
resolution on the intra-ring variation of WD from
the pith to the bark at the different heights in the
Norway spruce stem are scarce.

In this study, we analysed in detail the variation
in average WD of individual annual rings (RD),
earlywood density (ED), latewood density (LD),
ring width (RW) and latewood percentage (LW %)
from the stem base to the stem apex with the given
radial positions in the stem. Moreover, we studied
the variation in WD within annual rings from the
stem base to the stem apex with the given radial
positions in the stem. Since the tree growth is
negatively related with the WD of Norway spruce,
as shown by numerous researchers (e.g., Hakkila
1966, Hakkila and Uusvaara 1968, Olesen 1976,
1977, Petty et al. 1990, Danborg 1994, Lindstrom
1996, Dutilleul et al. 1998, Herman et al. 1998a,
Pape 1999, Mikinen et al. 2002b, Wilhelmsson
etal. 2002, Saranpid 2003), we also analysed the
variation in WD of Norway spruce independent
of the effects of growth rate, i.e., annual ring
width. This approach allowed us to determine the
amount of variation explained by factors other
than growth rate (i.e., cambial age, height in the
stem, inter-tree variation) contributing to WD
variation within Norway spruce stems.

Abbreviations

WD, wood density; RD, average wood density of indi-
vidual annual rings (g cm=3); ED, average earlywood
density (g cm™3); LD, average latewood density (g
cm=3); RW, annual ring width (mm); LW %, latewood
percentage (%); TH, relative tree height (%); Cambial
age-class, group of given annual rings counted from the
pith to the bark; Ontogenic age-class, group of given
annual rings counted from the bark to the pith.
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Table 1. Characteristics of the experiments in Parikkala (Pa) and Suonenjoki (Su).

Site Location Altitude Temp. Site index AVI Stand age No. Height DBH Crown

as.l.(my*  sum(d.d)? Higo(m)* (m3hata)  yrs (in 2002) trees  Hgom (m)¢  (cm)/ ratio$

Pa 61°36’N 99 1211 28.5 12.2 63 45 22.7 24.9 0.61
20°22°E

Su 62°45’N 154 1118 28.8 14.9 76 40 26.1 27.9 0.55
27°00’E

4Above sea level.
bDegree-days (Ojansuu and Henttonen 1983).

‘Dominant height at the age of 100 years (Gustavsen 1980; Vuokila and Viliaho 1980).
4Annual volume increment during the experiment; in Pa 1977-2002 and in Su 1978-2003.

¢Dominant height of the 100 thickest trees per ha.
/Diameter at breast height (1.3 m) of the sample trees.
&Crown length (dm) of sample trees divided by tree height (dm).

The material of this study (85 stems) was pre-
viously analysed for the effects of long-term
fertilisation and thinning treatments on radial
growth rate, WD (Jaakkola et al. 2006), as well
as tracheid properties and lignin content (Jaakkola
et al. 2007). The experimental design comprised
three fertilisation and three thinning treatments
of varying timing and intensity, giving rise to
nine different combinations of treatments in two
experiments. The results showed that normal (T)
and intensive first thinning (T,) increased the
radial growth rate of the trees by 8% and 29%
as compared to delayed first thinning (To); at the
same time no essential changes in WD, tracheid
properties or lignin content were detected. Fertili-
sation (F; and F») enhanced radial growth rate by
about 40% as compared to the unfertilised control,
while the corresponding decrease in WD was 7%
and no essential changes in tracheid properties
and lignin content were found.

Primarily, this study aims to verify our knowl-
edge of the inter- and intra-ring variation in WD
of Norway spruce from the stem base to the stem
apex and from the pith to the bark. Secondly, the
results of this study contribute to creating more
accurate models for predicting WD in individual
annual rings of Norway spruce (see Mikinen et
al. 2007).

2 Materials and Methods
2.1 Sample Trees

The material of this study was collected from two
fertilisation-thinning experiments in Parikkala and
Suonenjoki located in south-eastern and central
Finland (Table 1). Stands were planted in 1939 in
Parikkala, and in 1925 in Suonenjoki. They were
even-aged and almost entirely Norway spruce.
They were located on mineral soil classified as
Oxalis-Myrtillus forest site type (OMT) corre-
sponding to highly fertile sites typical for Norway
spruce (Cajander 1949). The fertilisation-thinning
experiments were established in 1977 in Parikkala
and in 1978 in Suonenjoki. Both experiments
included three thinning and three fertilisation
treatments in a randomised block design, with
each treatment combination occurring only once.
Thus, the total number of plots, i.e., treatment
combinations, was nine in both experiments. Fer-
tilisation treatments were: unfertilised (Fg); 150
kg nitrogen (N), 75 kg phosphorus oxide (P,05s)
and 75 kg potassium oxide (K>O) per ha (Fy);
and 300 kg (N), 150 kg (P,05) and 150 kg (K,0)
per ha (F>). On the fertilised plots, NPK fertiliser
was applied at 5-year intervals. The thinning
treatments were: delayed first thinning, i.e., ca.
60% of the original number of stems removed
15 years after establishment (Tp); normal thin-
ning, i.e., about 30% of the original number of
stems removed at establishment, and ca. 30%
of the original number of stems 10 years after
establishment (T;), and intensive first thinning
with about 60% of the original number of stems
removed at the establishment of the experiment
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rings: 43-52 yrs

Ontogenic
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Fig. 1. Schematic presentation showing the grouping of the annual rings into different cambial
age-classes and ontogenic age-classes at different relative heights in the tree. Redrawn and
modified from Duff and Nolan (1953) and Schweingruber et al. (2006). Note: the annual rings
in the cambial and ontogenic age-classes of the same number are not necessary identical.

(T»). The plots were thinned from below. For
more information on the treatments, see Jaakkola
et al. 2006, 2007.

Altogether 85 sample trees were harvested from
Parikkala and Suonenjoki experiments. In both
experiments on each plot, the cumulative basal
area distribution was divided into five classes of
equal basal area. One sample tree was randomly
harvested per each size class on each plot. In Suo-
nenjoki, however, plot F, T was excluded because
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it had been damaged by wind. Thus, altogether 40
sample trees were harvested in Suonenjoki and 45
trees in Parikkala.

One sample disc was taken at breast height
(1.3 m), avoiding whorls and defects, from all
the sampled trees grown in all the different plots
(F()To, F()T], F()Tz, F1T0, F1T1, F1T2, F2T() (except
in Suonenjoki), F>Ty, and F,T,) in both sites.
Moreover, from the trees grown on the plots FyTy,
FoTy, FoT», FiTy, FiT}, and F;T, in both sites,
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additional sample discs were taken at 4-metre
intervals above breast height (i.e., 5 m, 9 m, etc.)
until the stem diameter was less than 16 cm, and
thereafter at 3-metre intervals until the stem diam-
eter fell below 8 cm. The sampling heights were
further converted into relative heights in the trees
(TH; % = height of sample disc / tree height x
100%). Since the relative heights varied between
individual trees, they were further grouped into
five classes of equal length along the stem (TH
6%, 0-16% of stem height; TH 20%, 17-32%;
TH 40%, 33-48%; TH 60%, 49-64%; TH 70%,
65-80%; Fig. 1).

2.2 Measurements of Wood Density

For the measurements of WD, annual ring width
(RW) and latewood percentage (LW%), 8 cm
thick wedges were sawn from the sample discs.
The wedges were air-dried for six months, and
samples (5 mm x 5 mm) were sawn throughout
the south radius. Since Norway spruce wood con-
tains only ca. 1% resins (Ekman 1980, Holmbom
et al. 1991), no extractions were performed. The
moisture content was adjusted to 12% by keep-
ing the samples at 20°C and a relative humidity
of 65% for three 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 1975, Jaakkola
et al. 2006). Films were scanned, and a continuous
wood-density profile (i.e., weight density, 12%
moisture content, g cm=3) for each sample was
measured using WinDendro™ software (version
6.4, Regent Instruments Inc., Québec, Québec,
Canada). The resolution of the captured images
was 25.4 um pixel~! (256 grey levels). In addition,
RW and LW% were determined for each annual
ring. For each annual ring, a transition point (TP)
between earlywood and latewood was separately
defined as follows:

TP = MAXp — MAX i — MINg,) X 0.3 (n

where MAX,;,, and MINy,, are the maximum and
minimum WD of the annual ring r, at height 4,
and on tree ¢, respectively. When TP were exam-
ined visually, the factor 0.3 was found to have the
best fit to the captured images.

The radial position in the stem was determined

Table 2. Grouping of annual rings into different cambial
and ontogenic age-classes.

Cambial age-class Cambial age of rings ¢

1 2-10
2 11-20
3 21-30
4 3140
5 41-50
6 51-60

Ontogenic age-class Ontogenic age of rings ?

1 13-22¢
2 23-32
3 3342
4 43-52
5 53-62
6 63-724

“ annual ring number from the pith; ? difference between the
calendar year of ring formation and calendar year of tree born, i.e.,
the annual rings near the pith at the stem base are ontogenetically
youngest and those near the bark are ontogenetically oldest, and all
the rings of ontogenetically same age at various heights in each tree
were formed during the same calendar years; ¢ Ontogenic age-class
1 only in Parikkala; ¢ Ontogenic age-class 6 only in Suonenjoki.
Note: the annual rings in the cambial and ontogenic age-classes of
the same number are not necessary identical.

both as (1) a cambial age, i.e., ring number counted
from the pith to the bark, meaning that the given
ring from the pith had the same cambial age, but
at the various heights in the stem the rings were
formed during various years; and as a (2) ring
number counted from the bark to the pith, mean-
ing that at the various heights the given ring from
the bark was formed in the same calendar year.
Since the trees from different sites had a different
number of annual rings at the selected heights, the
ontogenetic age was determined for rings counted
from the bark, i.e., the difference between the
calendar year when the ring was formed and the
year when the tree was born (Schweingruber et
al. 2006). This approach enables the within- and
between-stem analysis of WD, considering both
the differences in tree age between stems, and
the same growth conditions of the given annual
ring counted from the bark to the pith at various
heights in each tree.

The annual rings were grouped into classes
according to the cambial age, i.e., cambial age-
classes 1-6 (cambial age-class 1, rings 2—10 from
the pith,..., cambial age-class 6, rings 51-60 from
the pith; Fig. 1 and Table 2), and the ontogenetic
age, i.e., ontogenetic age-classes 1-6 (ontoge-
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netic age-class 1, the age of the rings 13-22
yrs,..., ontogenetic age-class 6, the age of the
rings 63-72 yrs; Fig. 1 and Table 2). Each class
of cambial age and ontogenetic age per tree con-
sisted of 10 rings (with exception of 9 rings in
cambial age-class 1). The total number of rings
per each cambial and ontogenetic age-class was
100-850, depending on TH. An arithmetic mean
of the individual pixel densities for RD, ED, LD
was determined for each individual annual ring
and for each cambial and ontogenic age-class at
the various TH. Moreover, the average RW and
LW% were determined for cambial and ontogenic
age-classes at the various TH.

Additionally, in order to examine the variation
in WD within individual annual rings, the relative
position of each measured pixel within an annual
ring was determined and each ring was divided
into ten parts of equal size.

2.3 Statistical Analyses

Mixed model analysis was carried out to study
the variation in WD explained by the tree, TH,
and radial position in the tree (for the determi-
nations of the radial position, see above). The
whole data set, i.e., the WD of each individual
pixel (p) (excluding the first annual ring counted
both from the pith and from the bark) was used
as a dependent variable. The data was not nor-
mally distributed and, therefore, earlywood and
latewood were analysed separately. Moreover,
a logarithmic transformation was used for both
ED and LD. The observations in the data have
a hierarchical structure (tree, TH, annual ring
at the given height, individual pixel within an
annual ring). In the mixed models, this correlation
structure of dependent variables was taken into
account by using random variables describing the
nested effects of trees, TH and radial positions
in the trees.

In this study, we wanted to analyse factors other
than radial growth rate that affect WD. For that
purpose, RW of each annual ring was used as a
covariate (RWy,, in Eq. 2) in order to remove the
effect of growth rate on WD. The log-transformed
WD of individual pixels was linearly related to
the covariate.

To analyse the variation in WD between the
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Table 3. Wood density in Parikkala and Suonenjoki: per-
centage of the variation in earlywood and latewood
accounted for by the random variables in Eq. 2.

Cambial age Ontogenic age

Parameter % variation % variation
Densityearly
Tree 5.45 5.44
Relative height (within tree) 3.44 4.17
Cambial age (within height &

tree) 1143 -
Ontogenic age (within height

& tree) - 26.98
Residual 79.68 63.40
Densityjate
Tree 11.13 20.59
Relative height (within tree) 5.87 5.93
Cambial age (within height

& tree) 16.15 -
Ontogenic age (within height

& tree) - 24.55
Residual 66.86 48.93

The effect of covariate RW,, i.e., annual ring width, on WD was
significant (P < 0.001) both in the analyses of earlywood and
latewood density; —, not analysed; for explanation of cambial and
ontogenic age, see Table 2.

trees, TH and annual rings, and within annual
rings, a nested model for hierarchical data struc-
ture was used:

log(ythrp) =u+ Bthhrut + U + Ushy + Ethrp 2)

where Y is the dependent variable; w the general
mean; B the regression coefficient for covariate
RW,, i.e., ring width of each annual ring (fixed
effect in the model); u, the random effect of the
tree f; uy, the random effect of relative height h
within the tree t; uy,, the random effect of annual
ring r (i.e., cambial age or ontogenic age of an
annual ring) within the relative height / and tree £,
and &, is the random error. The MIXED proce-
dure of SAS software (SAS 2004; SAS Institute,
Inc. Cary, NC, USA) with the estimation of the
restricted maximum likelihood (REML) was used
in the analysis.

Pearson’s simple correlation coefficients (r)
between RD, ED, LD, RW and LW % were cal-
culated for each TH, cambial and ontogenic age-
class in the stem using the arithmetic mean values
of each individual annual ring. Partial correlations
(rp) were calculated for RD and RW in order to
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Fig. 2. Ring width along the stem in different cambial (a, b) and ontogenic age-classes (c, d)

in Parikkala (a, c¢) and Suonenjoki (b, d) (for an explanation of cambial and ontogenic

age-classes, see Fig. 1 and Table 2).

find out the part of the correlation between them
that is not due to their relationship between the
third variable, latewood percentage (LW %). The
significance levels of the multiple correlations
were corrected using Hochberg’s step-up adjust-
ment procedure (Hochberg 1988).

3 Results

According to Eq. 2, 5-21% of the variation in
ED and LD was between-tree variation (Table 3).
Between-ring variation accounted for a somewhat
larger part (11-27%) of the variation in WD
(Table 3). In contrast, TH accounted for only
3—6% of the variation in WD. The major source
of the variation was the within-ring variation (i.e.,
the residuals of the Eq. 2). It accounted for 63—
80% of the variation in ED and 49-67% of that in
LD (Table 3). In Figs. 2-7, the variation in RW,
LW%, RD, ED and LD is based on the measured
data, not on the values predicted by Eq. 2.

3.1 Inter-Ring Variation of Ring Width and
Latewood Percentage

At all TH, RW decreased and LW% increased
from the pith to the bark (Figs. 2 and 3). In a
given cambial age-class, RW decreased and LW %
increased with increasing TH (Figs. 2 and 3).
In contrast in a given ontogenic age-class, RW
increased and LW% decreased with increasing
TH (Figs. 2 and 3).

3.2 Inter-Ring Variation of Wood Density

At all TH, RD and LD increased from the pith
to the bark (Figs. 4 and 6). In contrast, ED was
higher near the pith (in cambial age-class 1, rings
2-10 from the pith), but decreased outwards until
the cambial age-class 2 (rings 11-20 from the
pith) at all TH (Fig. 5). Thereafter, ED was almost
constant or increased slightly with increasing
distance from the pith at all TH (Fig. 5).

In a given cambial age-class, RD, ED and LD
tended to increase with increasing TH (Figs. 4, 5
and 6). In contrast, in a given ontogenic age-class,
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RD decreased with increasing TH (Fig. 4), ED
varied only slightly (Fig. 5) and LD was highly
variable between various TH (Fig. 6).

3.3 Intra-Ring Variation of Wood Density

As averaged over the whole data set, WD in the
first formed earlywood within an annual ring
was 0.396 + 0.096 ¢ cm™3 (mean + SD). There-
after, WD slightly decreased with the increasing
distance from the ring boundary, reaching the
minimum value (0.350 * 0.056 g cm™3) at the
relative distance of 20% from the ring boundary
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(Fig. 7). After that, WD continuously increased
towards latewood. At the relative distance of
about 70%, the rate of increase speeded up and
the faster increase rate continued towards the end
of the ring.

In the first formed earlywood, WD was higher
in the rings near the pith than in the outer rings.
In the outer rings, however, WD increased faster
towards latewood. Thus, the largest intra-ring
variation of WD was in the outermost rings. In
addition, the LW % was higher in the outer rings
than in the rings near the pith.
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Table 4. Correlation coefficients between ring width and wood density components at different relative heights
(TH; %) in the tree. Data from Parikkala and Suonenjoki are combined.

TH RW RW RW RW RW LW% LW% LW% RD RD ED

VS. Vs. Vs. Vs. Vs. VS. Vs. Vs. Vs. VS. Vs.

LW% RD RDP ED LD RD ED LD ED LD LD
70% -0.38*% -0.35*% -0.17* -0.11* -0.45% 0.59* 0.34% 0.33*  091* 0.61* 0.38*
60% -0.53* -0.49* -0.23* -0.23* -0.45* 0.62* 0.31* 0.29*  0.89* 0.60% 0.32%
40% -0.57% -0.50* -0.20* -0.21* -0.38* 0.66*  0.32% 0.28* 0.86% 0.59* 0.36*
20% -0.61* -0.50* -0.15* -0.21* -0.32* 0.68*%  0.35% 0.22* 0.86* 0.57* 0.37*
6% -0.48* -0.52%¥ -0.32* -0.34* -0.26% 0.63* 0.35* 0.16%*  0.89*  0.60* 0.46%

RW, ring width; LW %, latewood percentage; RD, average wood density of individual annual rings; ED, earlywood density; LD, latewood
density; *, P <0.01; P Partial correlation between RW and RD, controlling for LW%.

Table 5. Correlation coefficients between ring width and wood density components in different cambial age-classes.
Data from Parikkala and Suonenjoki are combined.

Cambial ~ RW RW RW RW RW LW% LW% LW% RD RD ED
age- VS. VS. Vs. VS. VS. VS. VS. VS. Vs. VS. Vs.
class LW% RD RDP ED LD RD ED LD ED LD LD
1 -0.46* -047* -0.32* -0.34* -0.21* 049*% 0.31* 0.07*  0.95% 0.49* 0.37*
2 -0.46% -0.53* -0.33* -041* -037% 0.70% 0.48* 0.28* 0.92*  0.68%  0.58*
3 -0.40* -0.51*% -0.35*% -042* -0.22*% 0.69% 0.46* 0.17% 091* 0.61*% 0.49*
4 -0.30* -0.45%* -0.36* -0.39* -0.14* 0.64* 0.39* 0.06°  0.89*% 0.58* 0.45%
5 -0.30% -0.44* -0.35* -045* -0.07 0.64* 0.39* 0.08°  0.90* 0.60%*  0.45%

RW, ring width; LW %, latewood percentage; RD, average wood density of individual annual rings; ED, earlywood density; LD, latewood

density; *, P <0.01; °, P < 0.05; P Partial correlation between RW and RD, controlling for LW%.

Table 6. Correlation coefficients between ring width and wood density components in different ontogenic age-
classes. Data from Parikkala and Suonenjoki are combined.

Ontogenic RW RW RW RW RW LW% LW% LW% RD RD ED
age VS. VS. Vs. Vs. VS. VS. VS. VS. Vs. VS. VS.
class LW% RD RDP ED LD RD ED LD ED LD LD
1 -0.50* -0.60* -0.46* -047* -0.19% 0.52* 0.33* -0.03 0.93* 046* 0.34*
2 -0.39% -0.33* -0.17* -0.19%* -0.14* 0.49*%  0.28* 0.10*  0.93* 0.51*% 0.38*
3 -0.50% -0.51*% -0.28% -0.33* -0.33* 0.64* 0.39% 0.26* 091* 0.63* 0.45*
4 -0.58* -0.53* -0.24* -0.26* -0.42* 0.68%  0.35* 0.30*  0.87* 0.63* 0.43*
5 -0.55% -0.51*% -0.25% -0.26% -0.39* 0.64* 0.31* 0.22%  0.87% 0.61* 0.41*
6 -0.52% -0.46* -0.17* -0.23* -0.20* 0.69* 0.38* 0.11* 0.88* 0.55% 0.42*

RW, ring width; LW %, latewood percentage; RD, average wood density of individual annual rings; ED, earlywood density; LD, latewood

density; *, P <0.01; P Partial correlation between RW and RD, controlling for LW%.

3.4 Relationship Between Wood Density
Components

The correlation coefficients between WD com-
ponents at different TH are presented in Table
4. The negative correlation between RD and
RW decreased with increasing TH. Accordingly,
the positive correlation between RD and LW %
slightly decreased with increasing TH. In contrast,
the positive correlations of RD with ED and LD
tended to slightly increase with TH.

The correlations between WD components in
different cambial and ontogenic age-classes are
listed in Tables 5 and 6, respectively. The nega-
tive correlation between RD and RW decreased
with the increasing cambial age-class, but varied
among ontogenic age-classes. Accordingly,
the positive correlation between RD and LW%
decreased with the increasing cambial age, but
increased with the increasing ontogenic age-class.
Furthermore, the positive correlations of RD with
ED and LD tended to be lower with the increasing
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cambial age-class, but higher with the increas-
ing ontogenic age-class. The partial correlations
between WD and RW, controlling the effect of
LW%, were negative and statistically significant,
but lower than the simple correlations between
WD and RW.

4 Discussion
4.1 Within-Stem Variation in Wood Density

The results showed that the random variation
between trees accounted for 5-21% of the total
variation in WD (while analysed independent of
the effect of radial growth rate, i.e., ring width).
The between-tree variation was at least partly due
to genetic variation among individual trees (cf.
Bergstedt and Olesen 2000). RD and its compo-
nents — ED and LD, as well as LW % — are under
moderate to high genetic control (Hannrup et al.
2001, Raiskila et al. 2006). In 19-year-old clonal
trials of Norway spruce in southern Sweden, Han-
nrup et al. (2004) found high broad-sense herit-
ability values for RD (0.36-0.55), ED (0.33-0.51)
and LD (0.30-0.56).

In our study, the variation between annual rings
accounted also for a large part (11-27%) of the
variation, while TH accounted only for 3-6% of
the total variation in WD. In Saranp#i (2003),
the average WD of 240 Norway spruce trees
was studied at different heights in the stem. The
distance from the pith and height in the tree
accounted for only a minor part of the total vari-
ation in WD (ca.1%), while the random between-
stem and within-stem variation accounted for
the largest part of the variation (ca. 34% and
30%, respectively). Similarly, Wilhelmsson et
al. (2002) reported that stem diameter, number
of annual rings and climatic indices as fixed fac-
tors accounted for about 50% of the variation in
WD of Norway spruce, while random within-tree
variation accounted for the remaining variation
for WD. For 31- and 47-year-old Norway spruce
trees in Denmark, Danborg (1994) found two
major sources of variation in RD: RD decreasing
with increasing RW, and RD decreasing from the
pith outwards to ring number 10 after which RD
fluctuated due to weather variations. Moreover,
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Danborg (1994) found a large annual variation
both in ED and LD due to weather variations.

In our study, RD from the pith outwards fol-
lowed the well-documented development for
Norway spruce: decreasing from near the pith
to the lowest value in the rings 10-20 and then
increasing towards the outer sapwood (e.g., Hak-
kila 1966, Olesen 1977, Danborg 1994, Saranpii
1994, Lindstrom 1996). Moreover, the variation in
RD from the pith outwards was similar at different
TH. The decrease in RD from the pith outwards
was mainly due to a decrease in earlywood den-
sity (ED). This is in accordance with the result of
Danborg (1994), who reported that the decrease
in RD from the pith towards ring number 10 was
due to decreasing ED.

The demarcation of juvenile and mature wood
of Norway spruce has been defined to occur
around ring number 10 from the pith (Danborg
1994, Saranpdd 1994). Juvenile wood is pro-
duced near the pith by a young cambium, whereas
mature wood is produced by more mature cam-
bium farther from the pith (Kucera 1994, Larson
1994). The within-stem changes in WD found in
this study were relatively smaller than the within-
stem changes in RW and LW%. Also for Doug-
las fir (Pseudotsuga menziesii (Mirb.) Franco)
and balsam fir (Abies balsamea (L.) Mill.), the
within-stem changes in WD were reported to
be smaller than the within-stem changes in RW
and LW% (Abdel-Gadir et al. 1993, Koga and
Zhang 2004).

In the present study in a given cambial age, WD
increased with increasing TH. This increase in
WD was related to concurrent decrease in RW and
increase in LW% with the increasing TH. Petty
et al. (1990) studied WD of 48-year-old Norway
spruce trees from the pith outwards at different
TH. They found that in the given radial position
from the pith, WD slightly increased from the
stem base to the tree top. Also Saranpidi (2003)
reported an increase in WD from the breast height
to the height of 15 m in given radial positions.
Moreover, in given cambial age, Molteberg and
Hgibg (2006) found increasing WD with increas-
ing TH for 28-year-old Norway spruce trees.

The vascular cambium matures with tree age
due to maturation processes in the apical mer-
istem at the time of cambium formation (cyclo-
physis) and the processes taking place in the
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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 Kirenlampi 2001).
Increasing WD along the stem at the same cam-
bial age, found in this and other studies, is most
likely caused by the maturation processes in the
apical meristem. Thus, at the same cambial age,
wood produced near the stem apex is ontogeneti-
cally older than that produced near the stem base
(Schweingruber et al. 2006).

For a given ontogenic age, we found a decreas-
ing WD with increasing TH, related to increasing
RW and decreasing LW% along the stem. This
development in WD along the stem is probably
due to the higher amount of juvenile wood at the
tree top compared to that at the lower parts of
the stem.

In most of the studies on Norway spruce, the
mean WD of cross-sectional discs was measured
at various heights. However, the results from
these studies differ. Some authors reported a
slight increase in WD from the stump to about
50% of tree height, above which WD decreases
towards the top (Hakkila and Uusvaara 1968,
Olesen 1982, Johansson 1993). The opposite has
also been reported: a slight decrease in WD from
the stem base to 30-50% of tree height, and
then a steady increase upwards (Hakkila 1966,
Atmer and Thornqvist 1982 (only one stem ana-
lysed), Frimbong-Mensah 1987, Repola 2006).
The disparity of the results may partly be due
to different sampling practices and sample sizes
(Heger 1974, Molteberg and Hgibg 2006). Dif-
ferent silvicultural operations may also affect the
axial variation in WD.

4.2 Intra-Annual Variation in Wood Density
Along the Stem

In this study, the intra-ring variation was the
major (up to 80%) source of the variation in
WD. Decoux et al. (2004) have reported that
WD exhibits maximum variance within individ-
ual annual rings, ranging from ca. 300 to 1000
kg m=3. We found that within individual annual
rings, WD decreased from near the ring bound-
ary outwards to about 20% relative distance from
the boundary. After that, WD increased towards

latewood, and the rate of increase speeded up at
70% relative distance from the boundary. Our
finding is in accordance with earlier results. A
small decrease in WD at the beginning of annual
ring, prior to the phase of low WD, followed by
a quick increase was reported for Norway spruce
and Scots pine (Pinus sylvestris L.) by Deleuze
and Houllier (1998). Similarly, for Douglas fir,
Rathgeber et al. (2006) found a slight decrease
of 10% at the beginning of ring and an increase
of 212% thereafter.

We found that within annual rings, the differ-
ence between ED and LD was larger in the outer
rings than in the rings near the pith. The increase
in WD from the pith outwards was related to the
increasing LD and LW %. Similar findings were
also reported for radiata pine (Pinus radiata D.
Don; Walker and Dodd 1988) and balsam fir
(Koga and Zhang 2004). The variation in WD
between early- and latewood may be heritable
(Kennedy 1966, Abdel-Gadir et al. 1993). WD
is also reported to be rather constant in early-
wood, but fluctuate more in latewood due to, e.g.,
climatic characteristics (e.g., Heger et al. 1974,
Olesen 1982, Bouriaud et al. 2005).

The changes in intra-ring WD from earlywood
towards latewood are mainly due to the changes
in tracheid dimensions (Kellogg and Wangaard
1969, Skaar 1988). The Norway spruce wood
consists mostly (94%) of longitudinal tracheids
that are derived from cambial fusiform initials
(Petric and Scukanec 1973, Siau 1984). In the
present study, the resolution of the WD meas-
urements, i.e., the size of the measured pixels
was 25.4 um. Thus, the resolution was in a near
proximity of the average sizes of Norway spruce
tracheids: the radial tracheid diameter decreases
from about 40 um in earlywood to about 10 um
in latewood (Fengel 1969, Jaakkola et al. 2005b,
2007).

The cambial activity during the growing season
is the key process in determining the tracheid
anatomical characteristics, and further, the intra-
ring variation in WD (Mitchell and Denne 1997).
The intra-ring variation in tracheid dimensions is
found to be larger in the outer rings than near the
pith (Herman et al. 1998b, Mikinen et al. 2002a).
For Douglas fir, model simulations showed that
the increase in WD from earlywood to latewood
is mainly due to the thickening in tangential and
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radial cell walls and reduced tracheid diameter
in the radial direction (Rathgeber et al. 2000).
However, changes in tracheid characteristics did
not account for all the changes in WD in Douglas
fir (Rathgeber et al. 2006) and Sitka spruce (Picea
sithensis (Bong.); Mitchell and Denne 1997).

4.3 Relationship Between Wood Density
Components

Correlation coefficients between RD, ED, LD,
RW and LW % had no large differences between
TH and radial positions in the stem. However, we
found decreasing negative correlations between
RD and RW with cambial age, as well as with
increasing TH. Zhang (1998) reported a simi-
lar decreasing negative correlation between RD
and RW with increasing cambial age for black
spruce (Picea mariana (Mill.) B.S.P.). In addition,
Koga and Zhang (2004) found a slight tendency
for lower correlation between RD and RW with
increasing stem height in balsam fir.

In this study, the partial correlation between
RD and RW, controlling for LW%, was lower
(rp = -0.17 = -0.46, P < 0.01) than the simple
correlation (r = -0.33 — -0.6, P < 0.01). Simi-
larly, Wimmer and Downes (2003) reported that
the partial correlation between RD and RW of
70-year-old Norway spruce trees was lower as
compared to simple correlation. The negative
relation between RW and WD is thus indirect
and diminishes with constant LW %. Wimmer and
Downes (2003) also found that the correlation
between RD and RW fluctuates between calen-
dar years according to weather variation (e.g.,
precipitation and temperature) and silvicultural
operations (e.g., thinning and fertilisation).
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Conclusions

The detailed analyses of this study verified our
knowledge of the variation in WD and enable us
to make more reliable models to predict WD in
Norway spruce. The between-tree variation in
WD of Norway spruce was lower than the within-
tree variation. The inter-ring variation accounted
for a larger part of the variation in WD than the
variation between TH. Variation within annual
rings was the major source of variation in WD.
The difference in WD between earlywood and
latewood was smaller in the rings near the pith
than in the outer rings. The increasing WD from
the pith outwards was related to the increasing LD
and LW %, whereas ED remained almost constant
from the pith to the bark. Understanding the vari-
ation in WD can lead to practical benefits while
sorting wood raw material for different end-uses
in forest industry.
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