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Abstract

Bjoérklund, L. & Moberg, L. 1999. Modelling the inter-tree variation of knot properties
for Pinus sylvestris in Sweden. Studia Forestalia Suecica 207. 23 pp. ISSN 0039-3150.
ISBN 91-576-5957-5.

With the help of the Swedish Scots Pine Stem Bank, the variation of internal knot
properties was studied between stems and stands in sections in which the vertical variation
was small. By means of explanatory site, stand and tree variables, knot property models
were developed to describe variation between and within stands. Much of the between-
stand variation, and the lesser part of the random tree variation, in knot size, knot length
and knots per whorl, was accounted for. However, knot angle was difficult to predict. This
probably largely depended both on genetic control of this property, and on the measurement
error caused by the low longitudinal resolution of the computer tomography scanning
technique employed. Individual tree measurements of variables stable over time, such as
growth-ring width close to the pith and stem diameter at the height of the lowest dead
branch, were highly significant, and were the most important explanatory variables.
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Introduction

In recent years, it has become common to design
multi-purpose projects which involve the estab-
lishment of databases for integrated study of the
entire forestry-wood chain, from silviculture to
end-products, such as the Canadian Douglas-fir
(Pseudotsuga wmenziesii (Mirb.) Franco) task
force (Kellogg, 1989), a European Norway
spruce (Picea abies (L.) Karst.) timber quality
project (Nepveu, 1997), and New Zealand
Radiata pine (Pinus radiata D. Don) research
(Kininmonth, 1991). Such integrated projects
commonly attempt to cover a wide range of
issues related to the recovery of wood products
from a forest resource. Examples of such issues
are: (i) How to predict the interior properties
of trees on the basis of site and stand character-
istics, and measurements on individual trees
(Kellogg, 1989; Houllier, Leban & Colin, 1995;
Tian & Cown, 1997); (ii ) How to design inte-
grated models and conversion simulation tools
for linking raw-material properties with end-
user requirements (Oker-Blom, Kelloméki,
Valtonen & Viisinen, 1988; Kellogg, 1989;
Leban, Daquitaine, Houllier & Saint-André,
1997; Mikeld, Vanninen & Ikonen, 1997); (iii )
How to evaluate the effects of modified silvicul-
ture (Mitchell, 1988; Viisinen, Kelloméki,
Oker-Blom & Valtonen, 1989; Maguire,
Kershaw & Hann, 1991), and modified conver-
sion processes (Johansson & Liljeblad, 1988;
Lonner, 1996; Bjorklund & Julin, 1998); (iv)
How to identify the optimum product mix from
a given forest resource, or identify suitable raw
material for specific products (Bjérklund,
Bengtsson & Lonner, 1997). These examples
illustrate how the integrated systems approach
can be applied in a number of planning situ-
ations, with different requirements as to the
input and output of the systems. This approach
is supported by Briggs (1992), who also empha-
sises the need to establish links between growth
models and end-product properties, in order to
improve the possibilities for market research;
many existing modelling efforts tend to be lim-
ited to ‘low value, undifferentiated, primary
commodity products’.

Knot properties are important to the utilis-
ation of many tree species (Zhang, 1997), includ-
ing Scots pine (Pinus sylvestris L.) in Sweden.

The number of knots, knot diameter and knot
type (sound, loose, black, rotten, etc.) is included
in visual grading rules for sawn timber in the
Nordic countries (Anon., 1994), whereas branch
diameter and branch type (green or dead) are
the most important quality attributes in grading
of logs in Sweden (VMR, 1995). Knot angle
may be important from the point of view of
utilisation, because it influences both the size of
knots as seen on the sawn timber surface, and
the knot volume within sawn timber.

Scots pine is a uninodal species, and forms
no internodal branches. The internal knot struc-
ture is thus composed of knots distinctly
grouped into whorls. All knots first have a sound
(intergrown) part starting from the pith and,
below the live crown, a loose (encased) part
(Kollman & Coté, 1968; Panshin & de Zeeuw,
1980). After a period of decay, knots become
occluded as new growth rings are formed
around the dead branch stub. These knot types
are often used to identify three radial-
longitudinal knot type zones within stems, viz.
a sound-knot zone near the pith, a loose-knot
zone, and a knot-free zone near the stem surface
(Platzer, 1937; Schopf, 1954; Dietrich, 1973;
Kirkkdinen, 1986; Viisdnen et al, 1989,
Bjorklund et al., 1997). The distribution of these
knot-type zones can form a basis for decisions
regarding sawing patterns, e.g. in order to keep
the centre boards within the sound-knot core
(Bjorklund & Julin, 1998).

To link different components within the inte-
grated approach, tree models must often be de-
veloped. This requires statistical models for the
relationship between wood properties relevant
to end-user requirements, on the one hand, and
site, stand and tree variables on the other.
Because of the importance of knots as a quality
attribute for many solid-wood products, knot
models are an important component of tree
models. The Swedish Scots Pine Stem Bank
(Gronlund, Bjorklund, Grundberg & Berggren,
1995), upon which the present study was based,
is an example of an integrated project for which
tree model development is one objective.

The aims of this investigation were: (i) To
study the variation between stems and stands in
terms of internal knot properties (diameter,
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sound length, loose length, longitudinal angle
and number of knots per whorl) of Scots pine
in Sweden, on the basis of the Swedish Scots
Pine Stem Bank; (i) To study the correlations
between various knot properties; (iii ) To de-
velop knot-property models based on site, stand
and tree variables. The vertical variation within
stems was not within the scope of this study.

Material and methods

The study was based on the Swedish Scots Pine
Stem Bank (Gronlund et al., 1995; Grénlund,
Grundberg & Gronlund, 1996), a database
jointly developed by the Department of Wood
Technology (Luled University of Technology),
the Swedish Institute for Wood Technology
Research, the Department of Forest-Industry-
Market Studies, and the Department of Forest
Yield Research (SLU). The database contains
information on 198 Scots pine stems from 33
well-documented research plots (stands) in
Sweden (Fig. 1, Table 1). The plots were chosen
so as to give a broad range of latitude, site index,
regeneration method, and thinning strategy. The
stems were divided into three breast-height di-
ameter classes (DBH-CLASS) around the stand
mean quadratic DBH, with class limits at 0.5
standard deviations (SD) above and below this
mean. From each DBH-CLASS, two stems with
similar DBH were randomly chosen close to the
class mean. The mean DBH range within each
class was 8, 7 and 12 mm for DBH-CLASS I, I
and III, respectively. For each tree, a number of
external characteristics was recorded. Table 2
shows that this stratification resulted in signifi-
~ cant differences between DBH-CLASSes for
DBH, growth-ring width close to the pith, and
tree height, whereas height to lowest dead
branch and height to lowest live branch were
very similar in all three DBH-CLASSes.
Growth-ring width was measured at the butt
end of the stem along a radius from pith to
cambium. Measurements were made on digital
images of conditioned discs (9% moisture con-
tent) using image-analysis techniques. By means
of data from computerised tomography scan-
ning (CT-scanning) in the green condition,
growth-ring width was adjusted to the mean
distance of 36 directions from pith to cambium,
measured at the same height (Table 1).
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Fig. 1. Map showing the location of the sample plots.

The sawlog section of the stems was subjected
to CT-scanning for detection of interior proper-
ties. After scanning, the knots (totalling approxi-
mately 46 000) were identified and described by
means of digital image analysis techniques. Each
knot was thus described by a model with ten
parameters, giving position, diameter, length
(divided into a sound and a loose part), and
angles (Grundberg, 1994; Fig. 2). Whorls were
defined as groups of knots separated by a speci-
fied maximum distance. This distance was



Table 1. Stand characteristics (listed in order from N to S Sweden). Exact stand location and
identification are given in Appendix A

Site Mean ring
Temp  index First thinning®  width
Stand Dominant sum m Age Height DBH Regeneration Age MRW,4 5
Ne Treatment® °days Hiyppe yrs m cm method yrs  Method mm
1 890 19 145 214 272 natural 58 low 1.4
2 Low thinning 620 16 139 181 24.7 natural 59 low 1.1
3 Crown thinning 620 16 139 174 24.4 natural 59 crown 1.0
4 Low thinning 850 20 144 233 29.4 natural 53 low 1.0
5 Crown thinning 850 20 144 227 28.4 natural 53 crown 11
6 1.5 m spacing 810 24 76 194 22.4 planted 39 low 2.3
7 2 m spacing 810 23 76 179 21.6 planted 39 low 2.4
8 2.5 m spacing 810 23 76 187 227 planted 39 low 2.6
9 800 24 72 200 23.7 sowing 30 low 22
10 880 24 77 195 218 planted 37 low 20
1 850 22 82 206 24.7 sowing 39 low 20
12 820 21 82 193 23.1 sowing 40 low 1.8
13 Low thinning 1060 20 146 23.6 37.5 natural 59 low 1.7
14 Crown thinning 1060 20 146  22.6 38.0 natural 59 crown 12
15 1040 22 153 244 35.0 natural 67 low 20
16 Low thinning 1070 16 122 177 232 natural 51 low 13
17 Crown thinning 1070 16 122 176 211 natural 51 crown 0.9
18 930 24 70 177 24.5 pinted 28 fow 24
19 1000 21 127 201 26.0 natural 58 low 1.4
20 1000 21 127 200 26.6 natural 58 low 1.3
21 1050 25 85 193 25.1 natural 25 low 1.4
22 Low thinning 1350 27 127 275 40.3 sowing 37 low 1.8
23 Crown thinning 1350 27 127 246 35.7 sowing 37 crown 19
24 1340 26 110 226 319 planted 32 low 1.7
25 0.75 m spacing 1290 28 87 262 30.1 planted 21 low 1.5
26 1.25 m spacing 1290 28 87 253 34.4 planted 21 low 23
27 1.5 m spacing 1290 28 87 254 34.1 planted 21 low 2.7
28 3 m spacing 1290 28 87 250 38.6 planted 21 low 36
29 1320 25 102 236 317 natural 29 low 1.6
30 Local proven. 1310 25 88 247 29.1 sowing - low 2.3
31 North proven. 1310 25 88 258 29.7 sowing - low 29
32 1300 22 77 186 26.8 sowing 47 low 24
33 1380 25 102 246 302 sowing 25 low 1.8

*Treatment refers to silvicultural regime in planned experimental trials.
bUnrecorded precommercial thinnings may have preceded the first thinning in some of the older trials.

Table 2. Sample tree characteristics by DBH-CLASSes (SD =mean standard deviation between stems
within DBH-CLASS; Means not significantly different between DBH-CLASSes at p<0.05 are indicated
by the same letter)

Diameter at breast Height to lowest

Height to lowest

height dead branch living branch Tree height MRW;1 20

Mean SD Mean SD Mean SD Mean SD Mean SD
DBH-CLASS mm mm m m m m m m mm mm
Small 243a 7 5.3a 1.8 12.2a 1.1 20.5a 1.1 1.64a 0.69
Moderate 286b 6 5.3a 2.0 12.5a 1.7 21.9b 1.3 1.93b 0.73
Large 331c 10 S5.4a 1.6 12.4a 1.5 22.7¢ 0.9 2.14c 0.69

adjusted, depending on site index and height in
the stem. Doubtful cases were visually inspected
on the CT images.

In the present study, the analysis of knot di-
ameter (KD), sound-knot length (KLg), knot
angle (KA) and number of knots per whorl
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Sound knot length (KLg)

Knot angle (KA)

Pth Log
surface

Loose knot Knot diameter
(KD)

Fig. 2. Knot length, knot angle and knot diameter as
recorded in this study.

(KpW) was based on observations within a stem
section from 2.5m to (SI/2-1 m), where SI is
site index, the dominant height of the 100 largest
trees, or to lowest living branch if this was below
(81/2-1 m). Bjorklund (1997) found that the di-
ameter of the thickest knot per whorl is rela-
tively constant within that stem section, and
named it ‘the constant growth section’. Jyen &
Heibo (1999) similarly report that the vertical
variation of the mean sound-knot length for
Norway spruce is small between 10% of stem
height and the live crown. Mean values of knot
properties within the constant-growth section
may therefore be expected to reflect the influence
of site, stand and stem characteristics, and thus
provide a basis for analyses of variation within
and between stands. However, analysis of loose-
knot length (KL;) should be based on occluded
knots only, and was therefore restricted to knots
below the lowest dead branch. Therefore, a sec-
tion between 1 m height and the lowest dead
branch (Fig. 3) was used to model KL;. Since
large knots affect some product properties (such
as stiffness) more than do small knots, knot
diameter was described both as the mean of the
thickest knot per whorl (KD,,,,) and as the mean
for all knots (KD,,,.,). Small knots are difficult
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Fig. 3. The constant-growth section and the section used
for analysis of loose-knot length.

to detect with the methods employed (Gronlund,
1995; Oja, 1997); knots of diameter less than
7 mm were therefore excluded from the analyses.
This limit corresponds to the smallest knot
taken into account in current Nordic grading
rules for sawn timber (Anon., 1994).

Variation in knot properties was initially ana-
lysed as a mixed model (Eq. 1), with the stand-
level effects, the tree-level effect within each
stand and DBH-CLASS, and the residual
within-tree variation defined as random vari-
ables. Variance components were calculated for
these random effects by the restricted maximum
likelihood method (Littell, Milliken, Stroup &
Wolfinger, 1996). Since trees were not randomly
chosen from within each stand, and since the
same principle for classification of trees into size
classes was used in each stand, DBH-CLASS
was treated as a fixed effect.

Kijp=u+8;+ B; +8; x By + Ti(SB)ijk + &ijn
(H

where

K =knot property;

w=intercept;

S =stand-level effect (i=1-33 (see Table 1 for
stand descriptions); random);

f =within-stand tree size effect of DBH-CLASS
(j=small, moderate, large (see Table 2); fixed);



T =nested tree effect within S and § (k=1-198;
random);
e=residual error (random).

In accordance with mixed-model theory, the
stand values given (Table 5) were Best Linear
Unbiased Predictors (BLUPs), whereas the
DBH-CLASS values (Table 4) were least-square
means (Littell et al., 1996). Various preliminary
attempts to account for spatial and temporal
correlation among within-tree observations did
not appreciably change the results or improve
the model, which indicates that autocorrelation
was not a problem (Littell et al., 1996). Thus,
no additional within-tree error structures were
included in model (1).

The correlation analysis between knot proper-
ties of the constant growth section, and various
stem, stand and site variables, started with the
screening of a large number of growth-ring vari-
ables. These included the widths of the first 10,
20, 30, 40 and 50 growth rings, as well as interval
widths from ring 11 to 20, ring 11 to 30, etc.
The two variables which consistently gave the
highest correlations were the width of 50 rings
(RW,_s0) and the width from ring 11 to 20
(RW,4_30)- In addition, since DBH and AGE are
easily obtainable in a practical implementation,
and are correlated with mean ring width at
breast height, approximated RW,,,, was also
included in the regression analyses. Mean values
from measurements on a number of sample trees
within a stand presumably reflect the combined
effect of site characteristics and silvicult-
ure. Mean values of the six sample trees may
therefore be seen as stand-level variables in the
correlation analysis (MRWiy 55, MRW, s,
MRWmean)'

Tree size variables, such as tree height, height
to live crown or DBH were not included in any
model. The reason for this was that tree size will
continue to change until the tree dies, whereas
the knot properties of the constant-growth sec-
tion will not change once they are formed.
Therefore, there is a risk that possible corre-
lations with tree-size variables may generate
misleading conclusions. Instead, stem diameters
at the height to lowest dead branch (D;pz) and
at the height to lowest live branch (Dpp),
as well as the difference between the two
(D1pg—Drrg), were included. Stand sample mean
values corresponding to these variables were
also tested (MD;pp and MD,;5, respectively).

The heights of these measurements will move
upwards along the stem as the tree ages, and
corresponding stem diameters may thus remain
fairly stable over time for depicting the size of
the knotty core. The difference variable could in
this respect be expected to correlate with KL, .
For similar reasons, live crown length (CL) and
its mean stand counterpart (MCL) were in-
cluded. There is also a need to find readily ob-
tainable variables that can describe within-stand
variation. In this perspective, relative DBH
(DBH,,,;, ie. tree DBH divided by stand mean
DBH) appears to be a practicable option.

Three alternative sets of explanatory variables
were chosen for the development of knot prop-
erty models:
(A). An ambitious field inventory, in which the
aim is to describe the wood properties of the
standing resource base. Data collection can in-
clude, e.g. increment cores from sample trees,
crown length and stem diameter measurements.
This might be used for tactical planning of future
harvesting and wood utilisation strategies, such
as the choice of stands for harvesting and the
specification of assortments;
(B). Like (A), but assumes that stand age is
known and that field measurements do not
include increment cores or stem-diameter
measurements except DBH. This might also be
used for tactical planning of future harvesting
and wood utilisation strategies;
(C). Assumes that stand mean values from pre-
vious inventories (type (A)) are available, but
that field measurements in direct conjunction
with harvesting are restricted to DBH,,, (which
can be recorded by a harvester when gripping
the tree). This type might be used to evaluate
the assortment distribution during the har-
vesting operation.

In summary, the following variables were
considered:

Type (A) (2.1),
K=f(SI, T, DBH,,, RW,

l]’

CL, Dypp Dyys,
DLDB_DLLB)

Type (B) (2.2),
K f(SI Tsum) DBHrelr RWMean)

Type (C) (2.3),

K=fSI, Tymw DBH,, MRW,;, MD;p
MDy g MDypg—MD; 5 MCL)

where



K =knot property;

SI = Site index (dominant height at age 100; m);
T.m = Temperature sum (above a threshold of
5°C), calculated as a function of altitude and
latitude (Morén & Perttu, 1994; °C days);
DBH,,, = Relative DBH (DBH/stand sample
mean DBH);

RW = Growth-ring width between ring i and
J (mm);

CL = Live crown length (m);
D =Stem diameter at a
location (mm).

M before a tree-level variable denotes the stand
sample mean value of the variable.

Variables included in the models were selected
in an initial model-screening phase, using ordi-
nary least squares based on the following cri-
teria: (i) significant at the p<0.01 level; (i)
significant contribution to R?adj (partial R%ad;
>0.02); (iii ) if R®adj was very similar, then the
combination with lowest C(p)-value was chosen
(Myers, 1990); (iv) at most one growth-ring
variable and one stem diameter in each model.
In summary, the final models were chosen to
include logical variables given an intended im-
plementation, and to give good statistics of fit
while avoiding multicollinearity. The final
models were fitted using a mixed-modelling
approach, thus making it possible to separate
the random variation into variance components
(Littell et al., 1996).

All statistical analyses were made by means
of standard procedures of the Statistical
Analysis System (SAS), version 6.12 (SAS
Institute, 1989; SAS Institute, 1997).

specified crown

Results

Apart from the residual variation, the most im-
portant source of variation was at stand level
(Table 3). In general, the interaction between
STAND and DBH-CLASS was very small, indi-
cating that the within-stand tree size effect was
similar among the stands. The random TREE
variance within STAND and DBH-CLASS (i.e.
the variation within tree pairs) was substantially
smaller than the STAND variance for every knot
property except knot angle.

The variation of knot properties between
DBH-CLASSes is presented in Table 4.
Significant differences were found between
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DBH-CLASSes for knot diameter, sound-knot
length, and loose-knot length; large trees had
larger and longer knots than small trees. The
effect of DBH-CLASS on knot angle and
number of knots per whorl was not as distinct;
large trees had slightly larger angles and more
knots per whorl.

Mean stand values are listed from north to
south in Table 5. There was a large difference in
knot size between plots: KD,,,.. ranged between
15.6 mm and 36.2 mm; KD,,,,, ranged between
129 mm and 25.6 mm. In general, northern
localities resulted in smaller knots and in fewer
knots per whorl. Similar observations could be
made for knot length (KLg 40.7-80.3 mm; KL,
29.1-52.3 mm), although the trend with latitude
was not as distinct. Knot angle and knots per
whorl had, in relative terms, a slightly smaller
range (KA 54.0-73.7°; KpW 3.8-6.2) and no
clear trend with latitude.

The material includes two initial spacing
trials, five thinning trials and one provenance
trial. The spacing trial in southern Sweden
(stands 25-28) showed a clear tendency to
thicker and longer knots with increasing spa-
cing, whereas the spacing trial in northern
Sweden (stands 6-8) did not. In most thinning
trials, crown thinning resulted in thinner and
shorter knots, although the difference in many
cases was not significant. The northern prov-
enance (stand 31) had slightly thicker knots, but
the provenance effect was small for other
properties. Knot angle and the number of knots
per whorl were not substantially affected in any
of these trials.

Correlations between knot properties and
stem, stand and site variables are shown in
Table 6. Knot diameter, knot length and number
of knots per whorl were all positively correlated
with variables associated with high growth rate,
whereas knot angle was negatively correlated
with most of them. In general, the highest corre-
lations were found with stem variables: knot
diameter was best correlated with stem-level
growth-ring variables (RW (5, and RW_s0),
and with stem diameter at the height to the
lowest dead branch (D pg); knot length (KLg
and KL;) was best correlated with Dy pp; knot
angle showed weak correlations with all stem
variables. Correlations with stand variables (i.e.
means of stem variables for the six sample stems)
followed the same pattern as correlations with



Table 3. Variance components (V.C.) of the knot properties

Sound Loose Knots per

Diameter* Diameter®* length® length® Angle* whorl?

KD,,. KD, KL, KL, KA KpW
Source of variation vC. % V. % VC. % VC % VC % VC %
STAND 214 50 78 18 719 31 275 17 264 9 049 19
STAND x DBH-CLASS 0.8 2 05 1 4.4 2 0.09 4
TREE (STAND DBH-CLASS)* 53 12 21 5 246 11 214 13 341 11 023 9
Residual 15.7 36 340 76 1277 56 1166 70 2372 80 173 68
Total 432 100 444 100 228.6 100 1655 100 297.7 100 254 100

2Knots in constant-growth section.
YKnots between 1 m and lowest dead branch.

“The parentheses denote that TREE was nested within STAND and DBH-CLASS.

Table 4. Analysis of variation among DBH-CLASS levels. A total of 198 stems divided into 2 stems
per DBH-CLASS and 33 stands (means not significantly different between DBH-CLASSes at p<0.05
are followed by the same letter). Number of observations and standard errors are shown in Appendix

B and C, respectively

Sound Loose
Diameter® Diameter® length? length® Angle® Knots/whorl*
KD, KD, . KL, KL, KA KpW
DBH-CLASS DBH,,, mm mm mm mm ° No./whortl
I Small 0.85 19.7a 15.4a 47.6a 33.2a 61.7a 4.6a
II Moderate 1.00 22.6b 17.2b 55.3b 40.8b 62.8ab 4.9b
IIT Large 1.16 24.7¢c 18.5¢ 62.3¢ 45.6¢c 64.5b 5.1b

2Knots in constant-growth section.
YKnots between 1 m and lowest dead branch.

stem variables. For knot diameter and knot
length, these correlations were somewhat lower
than corresponding correlations with stem vari-
ables. For knot angle and number of knots per
whorl, correlations with stand variables were in
some cases higher than corresponding corre-
lations with stem variables. Site variables (SI
and T,,,) showed relatively strong positive cor-
relations with knot diameter and number of
knots per whorl, but weaker correlations with
knot length and knot angle. The correlations
between different knot properties were high and
positive between knot diameter, knot length and
number of knots per whorl, but weak and
mainly negative between knot angle and all
other knot properties (Table 6).

Knot-property models presented in Table 7
include parameters significant at the p<0.01
level. The highest reduction of variance was at-
tained for knot-diameter models, and very simi-
lar reductions of variance were obtained for
KD,,,, and KD,,.,,. However, the standard devi-
ation was considerably lower for KD,,,,, than

for KD,,,., indicating that KD,,,,, was predicted
with greater precision than KD,,,.. Models for
sound-knot length showed slightly higher re-
duction of variance, but also slightly higher stan-
dard deviation, than models for loose-knot
length. Models for knot angle showed the small-
est reduction of variance of the investigated knot
properties.

For all knot properties, the difference between
model type (A) (including individual tree
measurements) and model type (C) (with tree
variables expressed as stand means) was small.

The independent variables of model type (A)
in Table 7 were introduced as covariates in
Eq. 1. As is evident when Table 8 is compared
with Table 3, this resulted in a substantial
reduction, primarily in terms of the random
STAND variance. The DBH-CLASS variable
was no longer significant, and the random
within-stand variation was only slightly reduced.
Since no within-tree variables (such as distance
from the ground) were considered in this study,
the slight change in the residual variation was
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Table 5. Knot properties by stand (values are best linear unbiased predictors, see Littell et al., 1996).
Six sample stems per stand (planned trials are separated by blank lines; means not significantly
different at p<0.05 between treatments within trials are followed by the same letter). Number of
observations and standard errors are shown in Appendix B and C, respectively

Diameter®* Diameter* Sound length®*

Loose length® Angle* Knots/whorl®

Stand KD, KD, eom KLg KL, KA KpW
Ne Dominant treatment mm mm mm mm ° N/m
1 18.5 14.8 50.3 42.9 69.5 4.6
2 Low thinning 17.0a 13.6a 50.3a 36.8a 679a 4.la
3 Crown thinning 17.0a 13.3a 49.1a 36.9a 68.6a 4.0a
4 Low thinning 18.7a 15.4a 51.7a 43.4a 61.6a 4.2a
5 Crown thinning 16.4a 13.4b 54.6a 41.3a 639a 4.2a
6 1.5 m spacing 21.2a 16.8a 49.3a 41.0 54.0a 4.7a
7 2 m spacing 22.1a 16.9a 48.8a - 56.6a 50a
8 2.5 m spacing 22.0a 17.5a 51.1a - 57.8a 4.6a
9 19.6 15.6 47.0 - 578 47
10 171 13.7 559 41.5 68.6 47
11 20.6 15.9 60.3 42.4 613 48
12 18.7 14.5 62.3 - 631 50
13 Low thinning 25.3a 19.6a 60.6a 46.2a 68.0a 4.6a
14 Crown thinning 21.0b 16.7b 52.3b 42.6a 7372 48a
15 239 18.4 54.4 44.7 70.1 4.6
16 Low thinning 18.2a 14.8a 452a 34.2a 64.2a 3.8a
17 Crown thinning 15.6a 12.9p 40.7a 29.1b 66.0a 3.8a
18 21.5 16.8 52.1 - 554 5.1
19 20.0 15.9 479 359 66.0 39
20 19.2 15.3 55.0 33.0 650 42
21 19.3 15.6 459 349 591 44
22 Low thinning 27.3a 19.4a 80.3a 52.3a 669a 5.5a
23 Crown thinning 27.1a 19.0a 66.6b 44.8b 62.2a 5.6a
24 24.5 17.6 66.1 42.6 613 53
25 0.75 m spacing 23.6a 17.6a 54.7a 37.9a 62.8a 5.7a
26 1.25 m spacing 24.9ab 19.3ab 62.9b 41.6a 60.7a 5.7a
27 1.5 m spacing 27.1b 20.4b 64.1bc 42.5a 59.6a S.6a
28 3 m spacing 36.2¢ 25.6¢ 72.0c - 61.5a 6.2a
29 23.7 18.0 52.7 377 61.7 4.7
30 Local proven. 27.1a 19.0a 53.8a 36.5a 60.7a 6.0a
31 North proven. 29.9b 22.2b 58.9a 39.9a 56.8a 6.1a
32 24.8 18.2 48.1 354 616 54
33 27.6 19.2 513 38.0 649 55

2Knots in constant growth section.
bKnots between 1 m and lowest dead branch.
~Too few observations.

due to missing annual-ring width (RW) values
for some trees.

Discussion

Materials and methods

Owing to limited resources and to the fixed
number of research plots available to the
Swedish Scots Pine Stem Bank project, a strictly
random sampling scheme could not be applied
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at stand level. The plots included in the Stem
Bank were chosen primarily to provide substan-
tial variation in terms of site characteristics (site
index, latitude and altitude) and silviculture
(stand establishment and thinning). Random-
isation was chiefly applied to those plots
which, by chance, were available for destruc-
tive sampling, while also providing the desired
variation in site characteristics and silvicultural
background. The lack of proper randomisation,
the limited number of stands, and the lack of
‘modern’ forest management practices, implies



Table 6. Correlation coefficients (r) between knot properties and stem, stand and site variables respect-
ively, and correlations among knot properties at the tree and stand levels (198 stems from 33 stands)

Knot properties of constant-growth section (except KL;)

KD, KD poun KL, KL, KA KpW
Correlation coefficients ()
Stem variables
Wii20 0.69 0.71 0.45 0.40 —0.35 0.64
W, _so 0.75 0.75 0.59 0.42 —0.34 0.75
RW,, 0.65 0.65 0.50 0.35 —0.28 0.70
DBH 0.67 0.65 0.72 0.74 0.30 0.44
DBH,,, 0.36 0.36 0.52 0.55 0.19 ns.
CL 0.34 0.38 0.37 0.38 0.27 ns.
Dyip 0.44 0.47 0.52 0.60 0.39 ns.
D, ps 0.73 0.75 0.80 0.79 ns., 0.44
D;ps—Dirs 0.48 0.46 0.50 0.23 —0.37 0.57
Stand variables
MRW_5 0.59 0.60 027 0.20 —042 0.67

Wi_so 0.63 0.63 0.39 0.23 —0.41 0.76
MCL 0.30 0.35 0.20 0.25 0.22 ns.
MD ;5 0.39 0.39 0.35 0.37 0.28 ns.
MD; g 0.64 0.64 0.55 0.50 ns. 0.44
MD;pg—MDy;z 0.41 0.38 0.33 ns. —0.44 0.65
Site variables
hY 0.60 0.58 0.43 0.26 —0.34 0.69
T 0.63 0.58 0.34 ns. ns. 0.53
Knot properties
KD,in 0.96 - - - - —

s 0.65 0.64 - - - -
KL, 0.53 0.54 0.75 - - -
KA —0.15 —0.19 ns. ns - -
KpwW 0.63 0.55 0.47 0.34 —0.29 -

n.s.—not significant at p<0.05.

that the variation of the studied knot properties
cannot be assumed to represent the current,
entire Swedish forest resource of Scots pine in a
strict statistical sense. However, the Stem Bank
covers a wide range of pine forest sites and
silvicultural methods: e.g. the variation in geo-
graphical locations shown in Fig. 1; the site
index ranges between 16-28 m; the wide (3 m)
and narrow (0.75 m) initial spacing on a high
site index, by comparison with the naturally
regenerated plots with high stand density on a
low site index; the thinning trials on high,
medium and low site indices. It seems reasonable
to conclude that the values in Table 5 corre-
spond to a cross-section of the variation that
could be expected among Scots pine stands in
Sweden.

The limitation of the Stem Bank to mature
stands from older field trials precluded sampling
from stands representing modern forest manage-
ment regimes, and modern statistical methods,
such as replication of stand treatments (see
Eriksson (1986) for discussion of thinning trials).

Valid statistical inference concerning stand-level
effects was therefore not possible. However,
rather than make use of younger stands, it was
judged that the opportunity of studying the
long-term effects of branch mortality, en-
casement of the dead branch, and development
of knot-free wood outweighed these disadvan-
tages. This was especially important, since the
ultimate aim was to study the variation of knot
properties from the point of view of the recovery
of solid-wood products, for which trees
representing the harvestable resource were
required. Moreover, rather than sample from
normal, non-research stands, and thus lose the
ability to account for silvicultural effects, the
detailed documentation maintained for these
older trials (¢f. Anon., 1974) would facilitate inte-
grated, multidisciplinary studies of wood-quality
attributes — which was also a goal of the Stem
Bank project (¢f. Gronlund et al., 1995).
Within stands, the stems were separated into
three DBH-classes: around the stand mean, and
two classes separated by 0.5 SD above and
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Table 7. Modelling knot properties of the constant-growth section of an individual stem, 198 stems
from 33 stands. Model type (4) applicable in an inventory situation when growth ring data are collected
A=f(SI, T,,,, SBH,., RW;, 5, or RW,_ 5o, CL and D, pg), model type ( B) applicable for knot property
estimation based on site information and dbh distribution B=f(SI, T, DBH,, and RWy,.,), model
type (C) applicable in a harvesting situation when growth ring data from earlier inventories are
available C=f(SI, T,,, DBH,,, MRW,; 2, or MRW,_so, MCL and MD,pp)

Reduced
Model Variance
Type (only variables significant at p=0.01 are included) %* SDP
A KDypo=—49+40.0093 T, +2.74 RW,; ,,+0.049 D;pp 82 2.14
B KD,,,=701+0.012 T,,,,+4.52 RWy,,,+9.40 DBH, 65 331
C KD, =—2134+0.009 T,,,+3.24 MRW;,_5,-+15.7 DBH,.,;+0.050 MDpp 79 2.55
A KDyyan =0.614+0.0049 T, +1.79 RW,; ,,+0.032 D; pp 82 1.47
B KD,y = —0.48+0.0065 T,,,,-+2.85 RW,,,.,+594 DBH,,, 61 2.16
C KD,y =—9.75+0.0044 T, +2.11 MRW,;_4,+9.75 DBH,,;+0.035 MD,p; 78 1.62
A KLg=6.71+4.94 RW, 5,+0.17 D;pp 67 6.74
B KLg=—2380+142 SI+46.5 DBH,,, 46 8.58
C KLg=—31.7446.5 DBH,,;+0.27 MD;,;—0.025 MCL 62 7.20
A KL;=745-0.0046 T, +0.16 D,z 65 5.38
B KL,=192+378 DBH,, 32 7.09
C KL;=—34.1+38.0 DBH,,+0.15 MD, pp 59 5.87
A KA=567-933 RW, 5,+0.093 D, 5 31 6.54
B KA=514-707 RW,,,,,+222 DBH,, 17 7.14
C KA=463-10.6 MRW, 5,+113 DBH,,,+0.10 MD,p; 29 6.62
A KF=22640.0012 T, +0.95 RW,_s, 54 0.64
B KF=200400013 T;,,+1.08 RW,... 50 0.67
C KF=100+1.16 MRW, 5,+0.0010 7, +1.13 DBH,, 52 0.65

2Reduction in stand- and tree-level variance through the models as listed.

bResidual stand- and tree-level standard deviation.

Table 8. Variance components (V.C.) of the knot properties when the independent variables of Model
type (A) in Table 7 were introduced as covariates in Equation 1

Sound Loose Knots per

Diameter*  Diameter* length® length® Angle? whorl®

KD, KD, .o KL, KL, KA KpW
Source of variation vC % VC > VC. % VC % VC % VC %
STAND 1.1 5 03 1 29 18 7 5 9 3 006 2
TREE(STAND)* 4.6 22 18 5 16 10 19 14 34 12034 14
Residual 15.6 73 332 94 120 73 116 82 236 85 206 84
Total 21.3 100 353 100 165 100 142 100 278 100 246 100

*Knots in constant-growth section.
®Knots between 1 m and lowest dead branch.

“The parentheses denote that TREE was nested within STAND.

below this mean. Each class therefore represents
30-40% of the variation, under the assumption
of a normal distribution. Two trees were chosen
close to each class mean. Since the trees were
not randomly chosen from within the whole
class, statistical inference concerning within-
stand variation should be restricted to these
class means (Tables 2, 3 and 4). A different
partition between classes would probably have
resulted in corresponding differences in class
mean values (Tables 2 and 3). Moreover, had
the study trees been selected completely at
random from all of the trees within each class
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(i.e. not just close to its mean), the within-stand
variation would also be slightly different (the
random variation would be larger). On the other
hand, the stand means (Table 5) for individual
plots might in that case become less representa-
tive of the treatments, given the few trees per
stand and the lack of stand-level replication.
In the present study, internal knot properties
were described by using a non-destructive
method: CT-scanning and digital image analy-
sis. Each knot was described by a model with
ten parameters. The accuracy of the knot model
for diameter and sound-length determination



was tested and verified by Gronlund (1995),
who found that the model slightly overestimated
these properties compared with manual
measurements (+5mm and ca. +2.5 mm, re-
spectively). This is to be expected, however, since
manual methods have difficulty in locating the
maximum diameter. The SD of knot length is
9.7mm (it is not reported for diameter). The
knot-angle estimate of the model has a rather
large random error, owing to low longitudinal
resolution and to the algorithms used, but
should be relatively bias-free (Grundberg pers.
com.). The CT-method has also been compared
with two destructive methods in a study on
Norway spruce (Oja, 1997). The destructive me-
thods were (1) the whorl method, whereby every
knot visible on the log surface is split through
its centre (e.g. Maguire & Hann, 1987), and (2)
the flitch method, whereby knots are measured
on boards after through-and-through sawing
(e.g. Samson, 1993). Although measurement of
small knots and total knot length is difficult,
Oja (1997) concludes that the CT-method is
competitive with the destructive methods.
Morteover, the whorl method would be difficult
to apply on old pine stems, when knots are not
visible on the log surface. Therefore, it seems
reasonable to conclude that CT-scanning is a
viable method for large-scale measurement of
the internal knot properties of Scots pine.

Within-stand variation

The stems in the Stem Bank were sampled from
intensively managed, relatively small research
plots (0.1 to 0.5 ha) with uniform site conditions.
Much of the within-stand variation has thus
been removed in previous silvicultural treat-
ments. This means that variation within stands
might be larger in normally managed, full-size
stands, in which within-stand differentiation into
crown classes would be expected to occur to a
greater extent. Furthermore, such differentiation
could potentially be used to a greater extent by
more radical thinning methods than the ones
employed, with the aim of consistently removing
trees with undesirable properties.

The within-stand variation in DBH was a
basis for the sampling scheme applied. This re-
sulted in an average relative DBH of 0.85, 1.00
and 1.16, respectively, for the three DBH-
CLASSes (Table 4). From the average growth
ring width close to the pith (RW_54; Table 2),

it can be concluded that these DBH relations
were similar on average when the sample trees
were young. This is probably a reason why
DBH,, was not significant when these ring-
width variables were included together with
D, pp in the models of type (A) listed in Table 7.

Knot diameter and length

DBH-CLASS was a highly significant variable
for knot diameter and length (Table 4). DBH,,;
was also significant in all models of type (C)
presented in Table 7, where all other variables
were at stand level. This effect was an expected
result of within-stand differentiation, and
formed an important part of the sampling strat-
egy. Similar observations have been reported in
numerous other studies for knot size, sound-
knot length (Vestel, Hegibe, Molteberg &
Sundby, 1997; Vestal & Hoibg, 19984; Vestel &
Hoibg, 1998b; Moberg, 1999q; Jyen & Hpibg,
1999) and branch size (Elfving, 1975; Persson,
1977; Lamsid, Kellomidki & Viisdnen, 1990;
Johansson, 1992).

Within-stand differentiation implies that trees
with Dbetter competitive capacity, through
favourable micro-sites or genetic qualities, will
increase their crowns at the expense of sur-
rounding trees (Mitchell, 1975; Oliver & Larson,
1990). This will result in less foliage and smaller
branches for the latter. Since secondary growth
is a relatively low-priority sink for assimilates
(Oliver & Larson, 1990), these trees will not be
able to attain the same DBH as the more domi-
nant ftrees. The narrower growth rings also
imply that not as much of the knot is occluded
within the stem by each ring, resulting in shorter
sound-knot lengths in comparison with domi-
nant trees (Table 4 and Heibg, Vestel, Sundby
& Molteberg, 1997; Vestol er al., 1997; Vestol
& Heibe, 1998a; Oyen & Hpibe, 1999).
Furthermore, the self-pruning time (the time be-
tween branch mortality and self-pruning) has
been reported to be shorter for lower crown
classes (Higg & Weslien, 1995), leading to the
expectation of a shorter loose-knot length for
these trees, as was found for small trees in
Table 4.

Knot angle

When studying the internal knot angle of Scots
pine at a fixed distance from the pith (4 cm),
Pietild (1989) found a large within-stand vari-
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ation among trees, and presents a model of knot
angle as a function of knot size: larger knots
have a lower angle (i.e. are more vertical). Roeh
& Maguire (1997, for Douglas fir) and Eriksson,
Ilstedt, Nilsson & Ryttman (1987, for Scots pine)
also identify a relationship between branch
angle and branch diameter, whereby larger
branches have lower, more vertical angles. Since
large branches are associated with large trees
(see discussion above), it could be expected from
these results that tree size would be negatively
correlated with knot angle. Indeed, Mékinen
(1996) finds that branch angle is smaller when
DBH, a distance-dependent competition index,
and the grouping of trees is larger. Gilmore &
Seymour (1997) also found a significant effect
of crown class on branch angle for Balsam fir
(Abies balsamea (L.) Miller); branches of domi-
nant trees were more vertical than those of lower
crown classes. In the present study, two signifi-
cant correlations were recorded: (1) lower knot
angle for thicker knots (Table 6); (2) larger knot
angle for larger trees (Table4). The latter
of these correlations thus contradicted some
earlier studies.

Knots per whorl
Maguire, Moeur & Bennett (1994) found a posi-
tive effect of relative DBH on the number of
branches per whorl for Douglas fir, and attri-
buted this to the increased light conditions ex-
perienced by larger trees. Contrary to this result,
Lamsd et al. (1990) found no significant effect
of relative DBH on the number of branches in
the uppermost whorl of Scots pine, and Pietild
(1989) found that within-stand variation in the
number of knots per whorl was small for Scots
pine. Gilmore & Seymour (1997) found only
slight differences between crown classes of
Balsam fir in the number of branches per whorl,
and could not incorporate a tree-size effect in
their model. The small, but highly significant
effect of DBH-CLASS found in this study
(Table 4) agrees with the results of Maguire et al.
(1994). However, this may also be an effect of
the size limit of 7 mm, below which knots were
excluded from the analyses. Thus the recorded
difference need not be a difference in the number
of initially formed buds in each whorl, but rather
a difference in the number of lateral buds grow-
ing to branches thicker than 7 mm.

It is likely that much of the within-stand effect
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in regression models is accounted for by tree
variables such as ring-width or DBH (e.g. Lamsi
et al., 1990; Gilmore & Seymour, 1997), making
redundant separate variables (e.g. DBH,,) to
account for within-stand variation. This was evi-
dent in Table 7.

Random within-stand, between-tree variation

The random TREE variance was found to be
far smaller than the random STAND and re-
sidual variance for all knot properties except
angle (Table 3). Genetic effects, differences in
micro-site or non-uniform spatial distribution
affect tree size as well as knot properties, so that
very little, if any, additional within-stand effect
is usually found when tree size is included in a
model (Pukkala, Karsikko & Kolstrom, 1992;
Mikinen, 1996). Although some of the random
TREE variance (Table 3) might be explained by
differences in tree size among trees within DBH-
CLASS, the difference in DBH between trees
within each DBH-CLASS was very small (the
mean difference was less than 1 cm). When the
random within-stand variation in Table 3 and
Table 8 is compared, it is evident that the vari-
ance was only slightly reduced when variables
of model type (A) were introduced, and that
some other explanatory tree variables would be
needed to reduce this further. Other tree vari-
ables, such as height to the lowest live branch,
total height or stem form (DBH/H,) might
reduce the random variation, but they were ex-
cluded from the models for reasons stated above
(Materials and methods).

Stand-level variation

Initial spacing

The two spacing trials included in this study
(northern Sweden, stands 6-8, and southern
Sweden, stands 25-28), are analysed in a separ-
ate investigation (Moberg, 19994). In that study,
substantial variation of knot diameter is found
at the southern locality (as is also found for the
constant growth section; Table 5). This is pri-
marily attributed to prolonged branch longevity,
due to delayed crown recession at wider spac-
ings. Similar effects of stand density on branch
diameter have previously been reported for the
southern spacing trial (Nylinder, 1959; Persson,
1976), and in many other studies (Cromer &
Pawsey, 1957; Grah, 1961; Brown, 1966; Merkel,
1967; Godman & Cooley, 1970; Kenk &



Unfried, 1980; Moltesen, Madsen & Olesen,
1985; Heibe, 1991; Ballard & Long, 1988;
Johansson, 1992). Increased radial stem growth
and branch longevity at wider spacing also
result in longer knots within the stems (see
Table 5 and Maguire et al, 1991). The lack of
differences in knot size between plots at the
northern locality is explained by the much
smaller spread in initial spacing (1.5-2.5m as
opposed to 0.75-3 m for the southern locality),
and the early mortality experienced in the plots,
which further limited stand density differences
(Moberg, 1999a). Very small differences, or no
differences, have been reported for spacing
effects on branch angle and number of branches
per whorl for Scots pine (Nylinder, 1959;
Persson, 1977; Mékinen, 1996), as was also evi-
dent for K4 and KpW in the present study
(Table 5).

Thinning

Through thinning, the growing space is redis-
tributed to the residual trees, retarding crown
recession, and allowing their live crowns to
expand. This will affect branch longevity and
stem radial growth intensity (Merkel, 1967;
Larson, 1969; Madsen, Moltesen & Olesen,
1978; Maguire et al., 1991; Pape, 1999; Valinger,
Elfving & Mobrling, 1999), and an increase in
knot size and sound-knot length would be ex-
pected in relation to thinning. However, since
knot size is affected by within-stand differen-
tiation (as noted above), knot size in the residual
trees can also be affected by the thinning method
(Maguire et al., 1991), through the removal of
dominant trees (high thinning and, to some
extent, crown thinning) or removal of trees from
the lower crown classes (low thinning).

Five thinning trials from different localities
were included in the Stem Bank (Table 1). In
general, crown thinning resulted in smaller knot
diameter, and shorter sound- and loose-knot
lengths (although the difference was significant
in a few trials only; see Table 5). Since the thin-
ning intensity (in terms of trees ha~ 1) was heav-
ier in the low thinning regimes, it is unclear
whether this was an effect of thinning intensity
or of thinning method. Indeed, the height of the
lowest live branch at the time of thinning was
not known, which makes it difficult to isolate
any thinning response within the stems. Perhaps
a larger thinning effect would be obtained if

shorter stem sections at an appropriate height
were compared. The first thinnings were also
carried out quite late (age 37-59 years). Since
older trees are not as capable as more vigorous
trees of utilising the available free space after
release (Oliver & Larson, 1990), it is possible
that earlier thinnings would have resulted in
larger responses, and greater differences between
treatments. Nevertheless, thinning often resulted
in the expected effect (i.e. crown thinning re-
sulted in smaller diameter and shorter knots),
although the magnitude of the differences was
small.

Site quality

Site index is a composite variable, correlated
with the productive capacity of a site. Numerous
studies have shown that branches become
thicker on more productive sites (Heiskanen,
1965; Larson, 1969; Uusvaara, 1974; Turkia &
Kelloméiki, 1987; Pietild, 1989; Limsi et al.,
1990; Mikinen & Uusvara, 1992). This is
primarily because a larger foliage mass per
tree results in higher branch growth rates
(Madgwick, Tamm & Fu, 1986; Lamsi et al,
1990). The positive correlation between SI and
KD (Table 6) corroborates these results. The
number of knots per whorl increased with in-
creasing site index, as is also reported by
Madsen et al. (1978) and Lamsé et al. (1990).

Temperature sum

Climatic factors affect growth in such a way that
the potential photosynthetic capacity of a site is
modified. For example, Bergh, McMurtrie &
Linder (1998) found a reduction in photo-
synthetic production due to low-temperature
effects. Arlinger (1996) reports a negative corre-
lation between temperature sum and crown
length, suggesting reduced competition among
trees because of a smaller foliage mass at lower
temperatures (given the same stand density and
site index). This indicates that lower tempera-
tures may increase branch longevity, but that
the lower growth rate due to less foliage still
results in thinner knots, as shown in Tables 6
and 7. Higher altitude and latitude (used to
define T, in this study) are also associated
with longer self-pruning time (the time between
branch mortality and self-pruning; Higg &
Weslien, 1995), leading to the expectation of a
longer loose-knot length at low T, levels. The
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modelling results presented in Table 7 support
this expectation.

Genetic effects

Remrsd (1976) studied differences between
northern Swedish provenances, and found that
increasing latitude is associated with slightly
smaller branches, larger (more horizontal)
angles and fewer knots per whorl. While the
result with respect to branch size is attributed
to seedling survival, and thus becomes an effect
of spacing (as discussed above), the other
properties may be explained as an adaptation
to greater snow loads. Since latitude is incorpor-
ated in Tg,,, it is likely that part of this genetic
effect was explained in the models in Table 7.
Similar results are reported by Persson (1977)
and Eriksson et al. (1987).

The provenance trial (stands 30-31) resulted
in small differences (Table 5), which sometimes
were not in the expected direction. For example,
the northern provenance had larger and more
vertical knots. It is possible that the local prov-
enance was well adapted to the site, and that no
appreciable differences in survival occurred.

Of the properties studied, knot angle is likely
to be under the strongest genetic control, since
branch angle is reported to have a higher herita-
bility than other branch properties (Velling &
Tigerstedt, 1984). However, the measurement
error was large for knot angle in the present
study, and it was difficult to distinguish differ-
ences between stands (Table 5). By comparison
with environmental effects, genetic differences in
knot or branch properties are generally small
(Mathieu, 1968; Remrod, 1976; Persson, 1994;
Mikinen, 1996, Vestgl & Colin, 1998; Vestol,
Colin & Loubeére, 1999), and it is likely that a
larger sample size than six trees per treatment
would be required to identify possible significant
differences.

Random between-stand variation

In the Swedish Scots Pine Stem Bank, the
random between-stand variance was larger than
the within-stand variance (Table 3). However,
much of the between-stand variation could be
accounted for when independent variables of
model type (A) in Table 7 were introduced
(Table 8). The random between-stand variance
was thus reduced by about 60-95% for the knot
properties. The property with the least relative
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reduction in between-stand variance was sound-
knot length; the highest reduction was for mean
knot diameter.

Modelling knot properties

The modelling approach applied in this study
aims at predicting internal knot properties of a
stem section situated at a relatively low level in
the stem at the time of the last thinning or final
felling. Independent variables tested included
only variables that will remain stable (or almost
stable) during a long period before final felling.
This means that inventories aimed at predicting
knot properties should give similar results, both
when carried out well in advance of harvesting
or shortly before harvesting. This combination
of dependent and independent variables seems
to have been little studied hitherto.

The models presented in Table 7 exemplified
three planning situations, in which the amount
of available data differs. Model types (A) and
(B) represent tactical planning, whereby knot-
property information forms part of tree models,
in order to be able to predict the size and proper-
ties of individual type trees at a future harvest.
This information could then be used both for
silvicultural planning and for choosing stands
for harvesting. Model type (C) could be used to
evaluate the assortment distribution in a har-
vesting operation.

The models predicted mean values of a selec-
ted stem section, here termed ‘the constant-
growth section’. This, the lower part of the stem,
is characterised by a more homogeneous knot
structure as compared to other sections of the
stem (Bjorklund, 1997; Oyen & Heibe, 1999).
Since the models in Table 7 were restricted to
part of the stem, they would be most applicable
to tactical planning. A better longitudinal stem
description is needed, so as to be able to deter-
mine an optimal cross-cutting pattern for the
whole stem. Such models, however, would prob-
ably give a smaller reduction of variance than
those shown in Table 7.

The variable which stood out as most import-
ant in the models presented, and which was
included in the models for all properties except
number of knots per whorl, was stem diameter
at the lowest dead branch (Dypg). Dypg corre-
lates strongly with DBH, a variable excluded
from modelling because of the risk of generating
misleading conclusions. However, the important



difference is that D, pp may remain static when
DBH increases. As is shown in Table 6, corre-
lations with D;pp were stronger than corre-
sponding correlations with DBH for knot
diameter and knot length. A word of caution
may nevertheless be appropriate, until such time
as more information is available about the
development of D;pg over time. Also, from a
practical point of view, the use of D; 5 is doubt-
ful. It becomes difficult to measure if it is high
up on the stem, but specially designed calipers
that can reach a height of ca. 6 m do exist. And
undoubtedly, D;; z would be even more difficult
to measure than D 5.

The second most important variable, which
was included in the models for all properties
(except loose-knot length), was growth-ring
width close to the pith (RW,; ,, or RW _s,).
This indicates that the early growth rate of the
tree determines most knot properties for the
constant-growth section. For loose-knot length,
a correlation with growth-ring widths formed
during the period when dead branch stubs were
encased, e.g. RWs;_ -, was expected. This was
also tested during the screening procedure (see
Materials and methods). The correlation was
very low. Instead, the development of the model
for loose-knot length resulted in the inclusion
of temperature sum, which indicates that climate
is more important for natural pruning than is
growth rate. Temperature sum was also included
in the models for knot diameter and number of
knots per whorl, indicating that climate is a
significant factor for these properties, too.

Other relevant questions relate to possible
improvements of the models presented in
Table 7. What did we not record? If inventories
were made in younger stands, knot diameter
could be measured on sample trees, and that
information, if retained until the final felling,
would most probably surpass the models devel-
oped here. However, measurement of branch

References

Anon. 1974, Redovisning av fasta forsoksytor.
Skogshagskolan, Institutionen for skogsproduktion,
Rapporter och Uppsatser nr 32, 18 pp. (Swedish.)

Anon. 1994. Nordiskt trd-sorteringsregler. Upplaga 1.
Foreningen Svenska Sagverksmin, Markaryd,
64 pp. (Swedish.)

Arlinger, J. 1996. Live crown characters in young

diameter on standing trees shortly before final
felling is seldom an option in Scots pine, because
very few or no branches then remain on the
lower part of the stem. Mean branch diameter,
e.g. at 5-6 m height, can scarcely be estimated
with reasonable precision. Knot angle, on the
other hand, would probably be more easily esti-
mated at such a distance. If knot angle is con-
sidered to be of interest, it could be included in
inventory routines. It may in fact be a better
option than modelling, considering the very low
reductions of variance for the models tested in
this study.

Conclusions

The Swedish Scots Pine Stem Bank represents
a broad sample of Scots pine from different sites,
silvicultural regimes, and within-stand size
classes in Sweden. This resulted in substantial
variation among stands and trees in terms of
knot properties for stem sections in which the
vertical variation was small. By means of ex-
planatory site, stand and tree variables, much
of the between-stand variation, and a minor part
of the random tree variation, of knot size, knot
length and knots per whorl, could be accounted
for. Individual tree measurements of variables
that are stable over time, such as growth-ring
width close to the pith and stem diameter at the
height of the lowest dead branch, were highly
significant, and the most important explanatory
variables. Knot angle was difficult to predict,
which probably depended to a large extent on
genetic control of this property, as well as on
the measurement error caused by the low longi-
tudinal resolution of the CT-scanning technique
employed. Within-tree variation was large,
but was not within the scope of the regression
analyses in this study; this level of variation
is addressed in a separate investigation (e.g.
Moberg, 1999b).

stands of Scots pine, Pinus sylvestris L. Sveriges
lantbruksuniversitet, SIMS, Rapport nr 43, 36 pp.
Ballard, L.A. & Long, J.N. 1988. Influence of stand
density on log quality of lodgepole pine. Canadian
Journal of Forest Research 18, 911-916.
Bergh, J., McMurtrie, R.E. & Linder, S. 1998. Climatic
factors controlling the productivity of Norway

17



spruce: A model-based analysis. Forest Ecology and
Management 110, 127-139.

Bjorklund, L. 1997. The interior knot structure of
Pinus sylvestris stems. Scandinavian Journal of
Forest Research 12, 403-412.

Bjorklund, L., Bengtsson, K. & Lonner, G. 1997. An
integrated approach to improved utilisation of
Scots pine — Communication and tree modelling
for value optimized utilisation. Proceedings from
IUFRO WP S501-04 second workshop:
Connection between Silviculture and Wood Quality
through Modelling Approaches and Simulation
Softwares, South Africa, August 26-31 1996. (Ed.
Nepveu, G.) Equipe de Recherches sur la Qualité
des Bois 1997/7, INRA-Nancy, 271-284.

Bjorklund, L. & Julin, B. 1998. Value optimised cross-
cutting and sawing of CT-scanned Scots pine stems.
Sveriges lantbruksuniversitet, SIMS, Rapport nr 48,
37 pp. (Swedish, Eng. summary.)

Briggs, D.G. 1992. Models linking silviculture, wood
quality and product value: a review and example
for US coast Douglas-fir. IUFRO All Division 5
Conference: Forest Products, Nancy, France, August
23-28 1992. (Ed. Arbolor), International Union of
Forestry Research Organisations, 285-294.

Brown, G.S. 1966. Branch diameter, green crown
depth, and stand density in radiata pine in spacing
trials in Ashley forest. Forest Research Institute,
Rotorua, Report 71.

Cromer, D.AN. & Pawsey, C.K. 1957. Initial spacing
and growth of Pinus radiata. Forestry and Timber
Bureau, Canberra, Bulletin 36, 42 pp.

Dietrich, G. 1973. Branch formation and natural
pruning in Silver Fir. Forstwissenschaftliche
Forschungen, Heft 34, 95 pp. (German.)

Elfving, B. 1975. Volume and structure in unthinned
stands of Scots pine. Skogshdgskolan, Institutionen
Jfor skogsproduktion, Rapporter och Uppsatser nr 35,
128 pp. (Swedish, Eng. summary.)

Eriksson, G., Iistedt, B., Nilsson, C. & Ryttman, H.
1987. Within- and between-population variation of
growth and stem quality in a 30-year-old Pinus
sylvestris trial. Scandinavian Journal of Forest
Research 2, 301-314.

Eriksson, H. 1986. Hog- eller laggallring? Sveriges
Skogsvdrdsforbunds Tidskrift 2, 3-19. (Swedish.)
Gilmore, D.W. & Seymour, R.S. 1997. Crown archi-
tecture of Abies balsamea from four canopy pos-

itions. Tree Physiology 17(2), 71-80Q.

Godman, R.M. & Cooley, J.H. 1970. Effect of initial
spacing in Jack pine growth and yield. Michigan
Academician 2(4).

Grah, R.F. 1961. Relationship between tree spacing,
knot size, and log quality in young Douglas-fir
stands. Journal of Forestry 59, 270-272.

Gronlund, A., Bjorklund, L., Grundberg, S. &
Berggren, G. 1995. Manual fo6r furustambank.
Tekniska hégskolan i Luled, Avdelningen for trdtek-
nik, Teknisk rapport 1995:19 T, 25 pp. (Swedish.)

Gronlund, A., Grundberg, S. & Grénlund, U. 1996.
The Swedish stem bank — a unique data base for
different silvicultural and wood properties.

18

Proceedings from JTUFRO WP S5.01-04 second
workshop: Connection between Silviculture and
Wood Quality through Modelling Approaches and
Simulation Softwares, Sweden. June 1994. (Ed.
Nepveu, G.) Equipe de Recherches sur la Qualité
des Bois, INRA-Nancy, 71-77.

Gronlund, U. 1995, Quality improvements in the
forest products industry. Tekniska hégskolan i
Luled, Avdelningen for kovalitetsteknik, Doctoral
thesis 1995:172 D, 188 pp.

Grundberg, S. 1994. Scanning for internal defects in
logs. Tekniska hogskolan i Luled, Avdelningen for
trdteknik, Licentiate thesis 1994:14 L, 14 pp.

Higg, A. & Weslien, H. 1995. Self pruning of dead
branches in Scots pine in relation to site factors.
Sveriges lantbruksuniversitet, Institutionen for virkes-
ldra, Rapport nr 246, 25pp. (Swedish, Eng.
summary.)

Heiskanen, V. 1965. On the relations between the
development of the early age and thickness of trees
and their branchiness in pine stands. Acta Forestalia
Fennica 80(2), 1-62. (Finnish, Eng. summary.)

Hoibe, O.A. 1991. Virkeskvaliteteten til gran (Picea
abies (L.) Karst.) plantet med forskjellig avstand.
Norges Landbrukshogskole, Institutt for skogfag,
Doctor  Scientarium  Theses 1991:13, 6pp.
(Norwegian, Eng. summary.)

Hgibg, O.A., Vestol, G., Sundby, H.J. & Molteberg,
D.E. 1997. Modelling knottiness and knot charac-
teristics of Norway spruce (Picea abies (L.) Karst.)
- the influence of diameter and height growth on
knot characteristics. Proceedings from ITUFRO WP
S5.01-04 second workshop: Connection between
Silviculture and Wood Quality through Modelling
Approaches and Simulation Softwares, South Africa,
August 26-31 1996. (Ed. Nepveu, G.) Equipe de
Recherches sur la Qualité des Bois 1997/7, INRA-
Nancy, 45-48.

Houllier, F., Leban, J.-M. & Colin, F. 1995. Linking
growth modelling to timber quality assessment for
Norway spruce. Forest Ecology and Management
74, 91-102.

Johansson, K. 1992. Effects of initial spacing on the
stem and branch properties and graded quality of
Picea abies (L.) Karst. Scandinavian Journal of
Forest Research 7, 503-514.

Johansson, L.G. & Liljeblad, A. 1988. Some appli-
cations within the project ‘Quality simulation of
sawlogs.” TrdteknikCentrum, Rapport I 8811069,
109 pp. (Swedish, Eng. summary.)

Kirkkdinen, M. 1986. Model of knottiness of wood
material in pine, spruce and birch. Silva Fennica
20(2), 107-116. (Finnish, Eng. abstract.)

Kellogg, R.M. (Ed.) 1989. Second growth Douglas-
fir: its management and conversion for value.
Forintek Canada Corp., Vancouver, SP-32, 170 pp.

Kenk, G. & Unfried, P. 1980. Branch base diameters
in Douglas fir stands. Allgemeine Forst- und
Jagdzeitung 151(11), 201-210. (German, Eng.
abstract.)

Kinimonth, J.A. (Ed.) 1991. Properties and uses of
New Zealand radiata pine. Volume 1 — wood



properties. Forest Research Institute, Rotorua,
216 pp.

Kollman, F. & Coté, A. 1968. Principles of wood
science and technology. Vol. 1. Springer-Verlag.
Berlin. 592 pp.

Limsd, P., Kellomidki, S. & Viisdnen, H. 1990.
Branchiness of young Scots pines as related to
stand structure and site fertility. Folia Forestalia
746, 22 pp. (Finnish, Eng. abstract.)

Larson, P.R. 1969. Wood formation and the concept
of wood quality. Yale University, School Forestry,
New Haven, Bulletin No. 74, 54 pp.

Leban, J.-M., Daquitaine, R., Houllier, F. & Saint-
André, L. 1997. Linking models for tree growth
and wood quality in Norway spruce. Proceedings
from IUFRO WP S5.01-04 second workshop:
Connection between Silviculture and Wood Quality
through Modelling Approaches and Simulation
Softwares, South Africa, August 26-31 1996. (Ed.
Nepveu, G.) Equipe de Recherches sur la Qualité
des Bois 1997/7, INRA-Nancy, 229-236.

Littell, R.C., Milliken, G.A., Stroup, W.W. &
Wolfinger, R.D. 1996. SAS System for mixed models.
SAS Institute Inc., Cary NC. 633 pp.

Lonner, G. 1996. A model system for optimizing
the industrial output from trees. Proceedings
from IUFRO WP S501-04 second workshop:
Connection between Silviculture and Wood Quality
through Modelling Approaches and Simulation
Softwares, Sweden. June 1994. (Ed. Nepveu, G.)
Equipe de Recherches sur la Qualité des Bois,
INRA-Nancy, 58-62.

Madgwick, H.A.I, Tamm, C.O. & Fu, M.-Y. 1986.
Crown development in young Picea abies stands.
Scandinavian Journal of Forest Research 1, 195-204.

Madsen, T.L., Moltesen, P. & Olesen, P.O. 1978. The
influence of thinning degree on basic density, pro-
duction of dry matter, branch thickness and number
of branches of Norway spruce. Det Forstlige
Forsogsvaesen i Danmark, Kobenhavn, Bind 36,
183-203. (Danish, Eng. summary.)

Maguire, D.A. & Hann, D.W. 1987. A stem dissection
technique for dating branch mortality and recon-
structing past crown recession. Forest Science 33,
858—871.

Maguire, D.A. Kershaw, J.A. & Hann, D.A. 1991,
Predicting the effects of silvicultural regime on
branch size and crown wood core in Douglas-fir.
Forest Science 37, 1409-1428.

Maguire, D.A., Moeur, M. & Bennett, W.S. 1994.
Models for describing basal diameter and vertical
distribution of primary branches in Douglas-fir.
Forest Ecology and Management 63, 23-55.

Mikeld, A., Vanninen, P. & Ikonen, V.-P. 1997. An
application of process-based modelling to the devel-
opment of the branchiness in Scots pine. Silva
Fennica 31(3), 369-380.

Mikinen, H. 1996. Effect of intertree competition on
branch characteristics of Pinus sylvestris families.
Scandinavian Journal of Forest Research 11,
129-136.

Mikinen, H. & Uusvaara, O. 1992. Effect of fertiliz-

ation on the branchiness and wood quality of Scots
pine. Folia Forestalia 801, 23 pp. (Finnish, Eng.
summary.)

Mathieu, J.H. 1968. Einfluss von Pflanzenverband
und Herkunft auf das Wachstum der Kiefer im
Versuch Bremervorde. Aus dem Walde, Heft 16.
(German.)

Merkel, O. 1967. The effect of tree spacing on branch
sizes in Spruce. Allgemeine Forst- und Jagdzeitung
138(6), 189-197. (German, Eng. summary.)

Mitchell, K.J. 1975. Dynamics and simulated yield of
Douglas-fir. Forest Science Monograph 17, 39 pp.

Mitchell, K.J. 1988. SYLVER: modelling the impact
of silviculture on yield, lumber value, and economic
return. Forestry Chronicle 64(2), 127-131.

Moberg, L. 19994. Variation in knot size of Pinus
sylvestris in two initial spacing trials. Silva Fennica
33(2), 131-144.

Moberg, L. 19995. Models of internal knot diameter
for Pinus sylvestris. Scandinavian Journal of Forest
Research. (In press.)

Moltesen, P., Madsen, T.L. & Olesen, P.O. 1985. The
influence of spacing on the production of dry matter
and wood quality of Norway spruce. Det Forstlige
Forsogsvaesen i Danmark, Kobenhavn, Bind 40(1),
53-76. (Danish, Eng. summary.)

Morén, A.S,, Perttu, K.L. 1994, Regional temperature
and radiation indices and their adjustment to hori-
zontal and inclined forest land. Studia Forestalia
Suecica 194, 1-19.

Myers, R.H. 1990. Classical and modern regression
with applications, second edition. Duxbury Press.
Belmont. 488 pp.

Nepveu, G. 1997. Timber management toward wood
quality and end-product value — France’s experi-
ence. Proceedings of CTIA/TUFRO international
wood quality workshop: Timber management
toward wood quality and end-product value. (Eds.
Zhang, S.Y., Gosselin, R. & Chauret). Forintek
Canada Corp., Quebec City, ITI55-11168.

Nylinder, P. 1959. A study on quality production.
Statens Skogsforskningsinstitut, Stockholm,
Uppsatser 64, 19 pp. (Swedish, Eng. summary.)

Oja, J. 1997. A comparison between three different
methods of measuring knot parameters in Picea
abies (L.) Karst. Scandinavian Journal of Forest
Research 12, 311-315.

Oker-Blom, P., Kellomaki, S., Valtonen, E. &
Viisdnen, H. 1988. Structural development of Pinus
sylvestris stands with varying initial density: a simu-
lation model. Scandinavian Journal of Forest
Research 4(2), 185-200.

Oliver, D.C. & Larson, B.C. 1990. Forest stand dynam-
ics. McGraw-Hill Inc. New York. 467 pp.

Oyen, O., Hoibe, O.A. 1999. Prediction of an indus-
trial sound-knot cylinder on individual trees in
standing units of old spruce (Picea abies (L.) Karst.).
In: Wood quality in old stands of Norway spruce
(Dyen, O.). Norges Landbrukshogskole, Institutt for
skogfag, Doctor Scientarium Theses 1999: 15, 18 pp.

Panshin, A.J. & de Zeeuw, C. 1980. Textbook of wood

19



technology, 4th ed. McGraw-Hill Book Co. New
York. 722 pp.

Pape, R. 1999. Effects of thinning on wood properties
and stem quality of Picea abies. Scandinavian
Journal of Forest Research 14(1), 38-50.

Persson, A. 1976. The influence of spacing on
the quality of saw timber from Scots pine.
Skogshdgskolan, Institutionen for skogsproduktion,
Rapporter och Uppsatser nr 42, 122 pp. (Swedish,
Eng. summary.)

Persson, A. 1977. Quality development in young
spacing trials with Scots pine. Skogshdgskolan,
Institutionen for skogsproduktion, Rapporter och
Uppsatser nr 45, 152 pp. (Swedish, Eng. summary.)

Persson, A. 1994. How genotype and silviculture
interact in forming timber properties. Silva Fennica
28(4), 275-282.

Pietila, J. 1989. Shape of Scots pine knots close to
the stem pith. Silva Fennica 23(4), 287-299.

Platzer, B. 1937. Ergebnisse alter Kieferndstungen.
Forstarchiv 13, 201-210. (German.)

Pukkala, T., Karsikko, J. & Kolstrom, T. 1992. A
spatial model for the diameter of the thickest branch
of Scots pine. Silva Fennica 26(4), 219-230.

Remrdd, J. 1976. Choosing Scots pine (Pinus
sylvestris) provenances in Northern Sweden.
Skogshdgskolan, Institutionen for skogsproduktion,
Rapporter och Uppsatser nr 19, 111 pp. (Swedish,
Eng. summary.)

Roeh, R.L. & Maguire, D.A. 1997. Crown profile
models based on branch attributes in coastal
Douglas-fir. Forest Ecology and Management 96,
77-100.

Samson, M. 1993. Method for assessing the effect of
knots in the conversion of logs into structural
lumber. Wood and Fiber Science 25, 298-304.

SAS Institute Inc. 1989. SAS/STAT User’s Guide,
version 6. Fourth edition, Vol. 1 and 2. SAS Institute
Inc., Cary, NC. 1673 pp.

SAS Institute Inc. 1997. SAS/STAT software: Changes
and enhancements through release 6.12. SAS Institute
Inc., Cary, NC. 1167 pp.

Schépf, J. 1954. Untersuchungen tber Astbildung
und Astreinigung der Selber Kiefer.
Forstwirtschaftlisches Centralblatt 73, 275-289.
(German.)

Tian, X. & Cown, D. 1997. Radiata pine wood
properties model. Proceedings from IUFRO WP
S5.01-04 second workshop: Connection between
Silviculture and Wood Quality through Modelling
Approaches and Simulation Softwares, South Africa,
August 26-31 1996. (Ed. Nepveu, G.) Equipe de
Recherches sur la Qualité des Bois 1997/7, INRA-
Nancy, 95-103.

Turkia, K. & Kelloméki, S. 1987. Influence of the site
fertility and stand density on the diameter of
branches in young Scots pine stands. Folia
Forestalia 705, 16 pp. (Finnish, Eng. abstract.)

Uusvaara, O. 1974. Wood quality in plantation-
grown Scots pine. Communicationes Instituti
Forestalis Fenniae 80(2), 105 pp.

Viisdnen, H., Kellomiki, S., Oker-Blom, P. &

20

Valtonen, E. 1989. Structural development of Pinus
sylvestris stands with varying initial density: a pre-
liminary model for quality of sawn timber as affec-
ted by silvicultural measures. Scandinavian Journal
of Forest Research 4, 223-238.

Valinger, E., Elfving, B. & Morling, T. 1999. Twelve-
year growth response of Scots pine to thinning
and nitrogen fertilisation. Forest Ecology and
Management. (In press.)

Velling, P. & Tigerstedt, P.M.A. 1984. Harvest index
in a progeny test of Scots pine with reference to the
model of selection. Silva Fennica 18, 21-32.
(Finnish, Eng. summary.)

Vestol, G.1, Heibg, O.A., Molteberg, D.E. & Sundby,
H.J. 1997. Modelling knottiness and knot character-
istics of Norway spruce (Picea abies (L.) Karst.):
Differences in the distribution of sound and dead
knots between suppressed and dominant trees.
Proceedings from IUFRO WP S5.01-04 second
workshop: Connection between Silviculture and
Wood Quality through Modelling Approaches and
Simulation Softwares, South Africa, August 26-31
1996. (Ed. Nepveu, G.) Equipe de Recherches sur
la Qualité des Bois 1997/7, INRA-Nancy, 40-44.

Vestol, G.I. & Colin, F. 1998. Border between sound
and dead knots inside 31-year old Picea abies stems:
effect of diameter at breast height, initial stand
density and progeny. In: Single-tree models of knot-
properties in Norway spruce (Vestel, G.I). Norges
Landbrukshegskole, Institutt for skogfag, Doctor
Scientarium Theses 1998:34, 17 pp.

Vestgl, G.I. & Hoibe, O.A. 1998a. Internal distri-
bution of sound and dead knots in Picea abies (L.)
Karst. In: Single-tree models of knot-properties
in Norway spruce (Vestol, G.I). Norges
Landbrukshegskole, Institutt for skogfag, Doctor
Scientarium Theses 1998:34, 17 pp.

Vestol, G.I. & Haibg, O.A. 1998b. Prediction of knot
diameter in Picea abies (L.) Karst. In: Single-tree
models of knot-properties in Norway spruce (Vestgl,
G.I). Norges Landbrukshogskole, Institutt for skog-
fag, Doctor Scientarium Theses 1998 :34, 17 pp.

Vestol, G.I., Colin, F. & Loubére, M. 1999. Influence
of progeny and initial stand density on the relation-
ship between diameter at breast height and knot
diameter of Picea abies (L.) Karst. Scandinavian
Journal of Forest Research. (In press.)

VMR 1995, Kuvalitetsklassning av  barrsdgtimmer.
Virkesmdtningsrddet. Mérsta. (Swedish.)

Zhang, S.Y. 1997. Wood quality: Its definition, impact
and implications for value-added timber manage-
ment and end uses. Proceedings of CTIA/IUFRO
international wood quality workshop: Timber man-
agement toward wood quality and end-product value.
(Eds. Zhang, S.Y., Gosselin, R. & Chauret, G.).
Forintek Canada Corp., Quebec City, 117-139.

Acknowledgements

The Swedish Scots Pine Stem Bank was financed by the
Swedish Council for Forestry and Agricultural Research



(STFR). Part of the study was carried out within the post- Experimental Forests (SLU) were stimulating collabor-
graduate school Wood & Wood Fibre Science, sponsored ators. Valuable statistical advice was given by Professor
by SIFR and SLU. The staff of the Division of Wood Paul Seeger and Ulla Engstrand, Department of Statistics,
Technology (Luled University of Technology) and the Data Processing and Extension Education (SLU).

Appendix A. Stand identification and location

Stand Plot Groénlund Altitude
No. Dominant treatment ID? DY Place County N Lat E Long m asl
1 87:1 33 Boden Norrbotten 6545 2116 100
2 Low thinning 628:1 31 Arvidsjaur Lappland 6540 1847 420
3 Crown thinning 628:3 32 Arvidsjaur Lappland 65 40’ 18 47 420
4 Low thinning 33 8 Forsholm Visterbotten 64 46 19 01’ 220
5 Crown thinning 34 7 Forsholm Visterbotten 64 46 19 01’ 220
6 1.5 m spacing 767:5 13 Lycksele Lappland 64 40’ 19 43’ 270
7 2 m spacing 767:2 14 Lycksele Lappland 64 40 19 43’ 270
8 2.5 m spacing 767:3 15 Lycksele Lappland 64 40" 1943 270
9 769 16 Lycksele Lappland 64 23" 18 36’ 280
10 763:1 1 Vindeln Visterbotten 64 14’ 19 46’ 200
11 764:1 5 Vindeln Visterbotten 64 10’ 19 46’ 240
12 765:1 6 Vindeln Visterbotten 64 10 19 46’ 270
13 Low thinning 56:2 29 Voxnan Haélsingland 61 20 15 33’ 200
14 Crown thinning 56:1 28 Voxnan Hilsingland 61 20 15 33 200
15 61:1 30 Voxnan Haélsingland 61 20’ 15 33 220
16 Low thinning $9:3 17 Siljansfors Dalarna 60 52/ 14 27 240
17 Crown thinning 59:2 18 Siljansfors Dalarna 60 52 1427 240
18 S22:24 19 Siljansfors Dalarna 60 54 14 23 400
19 S54:1 20 Siljansfors Dalarna 60 53' 14 26’ 320
20 S634:2 21 Siljansfors Dalarna 60 53" 14 26’ 320
21 5404 22 Siljansfors Dalarna 60 52 14 23’ 260
22 Low thinning 9:2 3 Jonédker Sédermanland 58 49’ 16 22 50
23 Crown thinning 9:1 2 Jonéker Sédermanland 58 49’ 16 22’ 50
24 297 4 Jonéaker Sédermanland 58 49’ 16 22 60
25 0.75 m spacing 196:7 9 Granvik Vistergotland 58 40 14 35 120
26 1.25 m spacing 196:9 10 Granvik Vistergotland 58 40 14 35’ 120
27 1.5 m spacing 196:10 11 Granvik Vistergotland 58 40 14 35/ 120
28 3 m spacing 196:12 12 Granvik Vistergbtland 58 40" 14 35 120
29 515 23 Mariannelund Sméland 57 37 15 3§ 160
30 Local proven. Pr29:6 25 Mariannelund Smaland 57 37 15 3% 175
31 North proven. Pr29:4 26 Mariannelund Sméland 57 37 15 35 175
32 197-98:3 24 Tagel Sméland 5703 14 2% 220
33 306 27 Markaryd Smaéland 56 37" 1343 160

*Refers to identity at the Faculty of Forestry, SLU (see Anon., 1974).
bSee Gronlund et al. (1995).
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Appendix B. No. of observations

Sound Loose Knots per
Diameter* Diameter® length®  length® Angle* whorl?
Description KD, KD, on KL KL, KA KpW
No. of observations per stand
1 123 532 532 444 532 123
2 Low thinning 122 468 468 139 468 122
3  Crown thinning 130 485 485 297 485 130
4 Low thinning 153 585 585 501 585 153
5 Crown thinning 153 597 597 625 597 153
6 1.5 m spacing 107 480 480 34 480 107
7 2 m spacing 104 518 518 518 104
8 2.5m spacing 105 467 467 467 105
9 104 474 474 474 104
10 120 544 544 48 544 120
1 120 558 558 43 558 120
12 115 558 558 558 115
13 Low thinning 129 564 564 613 564 129
14 Crown thinning 131 610 610 692 610 131
15 126 545 545 656 545 126
16 Low thinning 144 503 503 455 503 144
17 Crown thinning 138 469 469 412 469 138
18 107 551 551 551 107
19 194 701 701 365 701 194
20 141 546 546 444 546 141
21 123 523 523 46 523 123
22  Low thinning 130 716 716 459 716 130
23 Crown thinning 145 781 781 680 781 145
24 151 755 755 428 755 151
25 0.75 m spacing 145 804 804 460 804 145
26 1.25 m spacing 128 698 698 143 698 128
27 1.5m spacing 124 692 692 304 692 124
28 3 m spacing 118 723 723 723 118
29 161 726 726 519 726 161
30 Local proven. 108 660 660 185 660 108
31 North proven. 110 677 677 407 677 110
32 120 627 627 234 627 120
33 161 866 866 508 866 161
Number of observations per DBH-CLASS
I  Small 1490 6484 6484 3363 6484 1490
II  Moderate 1423 6686 6686 3293 6686 1423
III Large 1377 6833 6833 3485 6833 1377

*Knots in constant-growth section.

®Knots between 1 m and lowest dead branch.
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Appendix C. Standard errors corresponding to the mean values given in Tables 4 and 6

Sound  Loose Knots per
Diameter* Diameter® length® length®  Angle®  whorl®
Description KD, KD,,.., KL, KL; KA KpWw
Per stand
0.98 0.63 2.03 1.86 2.24 0.22
2 Low thinning 0.98 0.64 2.03 227 2.25 0.22
3 Crown thinning 0.98 0.64 2.03 1.88 2.24 0.22
4 Low thinning 0.97 0.63 2.02 1.84 2.23 0.22
5 Crown thinning 0.97 0.63 2.02 1.82 2.23 0.21
6 1.5m spacing 0.99 0.64 2.03 3.10 2.24 0.22
7 2 m spacing 0.99 0.63 2.03 2.24 0.22
8 2.5m spacing 0.99 0.64 2.04 2.25 0.22
9 0.99 0.64 2.03 2.25 0.22
10 0.98 0.63 2.03 3.03 2.24 0.22
11 0.98 0.63 2.02 3.06 2.23 022
12 0.99 0.63 2.02 2.23 022
13 Low thinning 0.98 0.63 2.02 1.82 2.23 0.22
14 Crown thinning 0.98 0.63 2.02 1.82 2.23 0.22
15 0.98 0.63 2.03 1.82 2.24 0.22
16 Low thinning 0.98 0.64 2.03 1.84 2.24 0.22
17 Crown thinning 0.98 0.64 2.03 1.84 2.25 0.22
18 0.99 0.64 2.03 2.24 0.22
19 0.96 0.62 2.01 1.87 2.22 0.21
20 0.97 0.63 2.02 1.84 224 0.22
21 0.98 0.63 2.03 3.04 2.24 0.22
22 Low thinning 0.98 0.62 2.01 1.84 222 022
23 Crown thinning 0.97 0.62 201 1.82 222 0.21
24 0.97 0.62 2.01 1.84 2.22 0.21
25 0.75 m spacing 0.97 0.62 2.01 1.84 2.21 0.21
26 1.25m spacing 0.98 0.62 2.01 227 2.22 0.22
27 1.5 m spacing 0.98 0.62 2.01 1.86 222 0.22
28 3 m spacing 0.99 0.62 201 2.22 0.22
29 0.97 0.62 2.01 1.83 222 0.21
30 Local proven. 0.99 0.62 2.02 2.28 2.22 022
31 North proven. 0.99 0.62 2.02 1.85 222 0.22
32 0.98 0.63 2.02 222 2.23 0.22
33 0.97 0.62 201 1.83 221 0.21
Per DBH-CLASS
I Small 0.87 0.54 1.64 1.25 1.16 0.15
I  Moderate 0.87 0.54 1.64 1.27 1.16 0.15
I Large 0.87 0.54 1.64 1.24 1.16 0.15

2Knots in constant-growth section.

bKnots between 1 m and lowest dead branch.
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