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Differences in Growth and Wood Proper-
ties between Narrow and Normal Crowned 
Types of Norway Spruce Grown at Narrow 
Spacing in Southern Finland
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Veli-Pekka Ikonen and Raimo Jaatinen

Zubizarreta Gerendiain, A., Peltola, H., Pulkkinen, P., Ikonen, V.-P. & Jaatinen, R. 2008. Differences 
in growth and wood properties between narrow and normal crowned types of Norway spruce 
grown at narrow spacing in Southern Finland. Silva Fennica 42(3): 423–437.

In recent years there has been increased interest in the so called narrow crowned Norway spruce 
(Picea abies f. pendula), which is a rare mutant of Norway spruce (Picea abies (L.) Karsten), 
as a suitable wood raw material source for pulp and paper production. This is because it is less 
sensitive to competition than the normal crowned Norway spruce, and thus, could be more 
productive especially at dense spacing. In the above context, we investigated how the growth 
and yield (such as height, diameter, stem volume and ring width) in addition to wood density 
traits and fibre properties (such as wood density, fibre length and width, cell wall thickness and 
fibre coarseness) were affected in trees from 9 full-sib families representing narrow crowned 
Norway spruce grown at narrow spacing of 1 m × 1 m in Southern Finland. For comparison, 
we used normal crowned Norway spruce trees from 6 breeding regions.

We found that, compared to growth and yield traits, wood density traits and fibre properties 
showed, on average, lower phenotypic variations. In addition, these variations were smaller for 
narrow crowned families than for normal crowned genetic entries. Narrow crowned families 
also showed, on average, higher growth and yield and fibre length, but lower wood density. 
Moreover, the phenotypic correlations between growth, yield, wood density traits and fibre 
properties, ranged, on average, from moderate (narrow crowned) to high (normal crowned). 
As a whole, the growth and wood properties of narrow crowned families were found to be less 
sensitive to tree competition than the normal crowned genetic entries used as a comparison.
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1 Introduction

The quantity of stem wood, in combination with 
its quality, affects the suitability of tree species 
and their genetic entries as a raw material for 
mechanical wood processing and pulp and paper 
production (Panshin and de Zeeuw 1980, Zobel 
and van Buijtenen 1989). For example, wood 
density affects the pulp yield, while variations in 
fibre length, fibre width and cell wall thickness 
are major determinants of the characteristics and 
quality of final paper products (Ekenstedt et al. 
2003, Karlsson 2006). Even relatively small vari-
ations in the material properties of wood have an 
effect on both the industrial processes as well as 
on the properties of the final products. Faced with 
this concern, in recent years tree breeders have 
highlighted that wood quantity and quality should 
not be managed as independent factors in tree 
breeding (Karlsson and Rosval 1993, Zhang and 
Morgenstern 1995, Zhang et al. 1996, Rozenberg 
and Cahalan 1997).

As a matter of fact, the use of tree breeding to 
select genetic entries with desired wood quality 
properties is particularly attractive, since proper-
ties such as wood density and fibre morphology 
are usually moderately to highly inherited (Boyle 
et al. 1987, Zobel and van Buijtenen 1989, Hylen 
1999). Furthermore, they show moderate genetic 
age-age correlations between juvenile and mature 
wood, indicating that tree selection could be suc-
cessful even in reasonably young trees (Petty et al. 
1990, Hannrup and Ekberg 1998, Hannrup et al. 
1998, 2001). Additionally, some properties may 
have a significant relationship among them. For 
instance, wood density can be used as an indicator 
of fibre morphology, since it has a strong effect on 
the wood density (Zhang and Morgenstern 1995, 
Pot et al. 2002).

In Scandinavian countries, Norway spruce 
(Picea abies (L) Karsten) is one of the most 
important commercial tree species for the pulp 
and paper industry. In these conditions, the growth 
of individual trees and the formation of wood 
properties such as wood density and fibre char-
acteristics are mainly affected by a relatively 
short growing season and fairly low summer 
temperatures (Leikola 1969, Peltola et al. 2002, 
Kilpeläinen et al. 2005, 2007). In these circum-

stances, the total stem wood production can be 
increased only by increasing either the rate of 
biomass production or the proportion of biomass 
allocated to the stem (Cannell 1978). In previous 
studies, the crown form has been found to be an 
important factor both in respect to the total bio-
mass production of the individual trees and the 
allocation rate between tree components (Cannell 
et al. 1983, Ford 1985, Pulkkinen 1991a, 1991b, 
1991c). Similarly, the crown structure has been 
found to affect the total stem wood production 
capacity of tree stands, i.e. small to medium 
crown sized trees would have higher stem wood 
production efficiencies per occupied ground area 
than similar sized trees with larger crowns (e.g. 
Assmann 1970, Jarvis et al. 1976, Cannell 1982, 
Kellomäki et al. 1985, Pukkala and Kuuluvainen 
1987, Kuuluvainen 1991).

For the first time, a rare mutant of normal 
crowned Norway spruce (narrow crowned Picea 
abies f. pendula), was discovered in the 1950s in 
a small stand located in southern Finland (Saarni-
joki 1954). This narrow crowned spruce has pre-
viously shown significantly higher share of stem 
wood biomass of total above ground biomass 
production than normal crowned Norway spruce 
(Pulkkinen 1991a, 1991c). In addition, needles’ 
efficiencies (i.e. annual stem wood production 
per unit dry weight of needles) have been found 
to be higher in narrow crowned Norway spruce 
(Kuuluvainen 1988, Pulkkinen and Pöykkö 1990, 
Pulkkinen 1991a, 1991b). This may be explained 
by the fact that the total amount of branch wood 
is much higher in normal crowned Norway spruce 
and thus, requires much higher maintenance res-
piration than the narrow crowned spruce (Pulk-
kinen 1991c). On the other hand, narrow crowned 
Norway spruce is also characterized by very thin 
hanging branches and extremely narrow crown 
and this morphological structure may result in 
the lower shading of needles within crown than in 
normal crowned trees (Pulkkinen 1991a).

Altogether, the narrow crowned spruce has been 
found to be less sensitive to stand density (com-
petition) than the normal crowned one. Therefore, 
it is also expected to more efficiently use the 
occupied growing space and produce significantly 
more stem volume per hectare (and stem biomass) 
at narrow spacing compared to normal crowned 
Norway spruce (Pöykkö and Pulkkinen 1990, 
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Pulkkinen 1991a, 1991b). It has also been previ-
ously suggested that the narrow crowned Norway 
spruce may be grown in very dense stands even 
without any thinning and with short rotations 
(Pöykkö and Pulkkinen 1990, Pulkkinen 1991b). 
Therefore, it has increasingly been considered as 
a future option as a wood raw material source for 
pulp and paper production. On the other hand, the 
use of narrow crowned Norway spruce trees in 
practical forestry is difficult without vegetative 
propagation, since the inheritance of the crown 
type is based only on a few genes or gene groups, 
and thus, the progenies of open pollinated pen-
dulous trees consist of only 18–50% pendulous 
seedlings (Lepistö 1985, Pulkkinen and Tigerstedt 
1992).

In normal crowned Norway spruce, the growth 
rate of trees has typically been negatively related, 
especially, to wood density, but also to fibre length 
(Dutilleul et al. 1998, Hannrup et al. 2004, Jaak-
kola et al. 2005, 2007, Zubizarreta Gerendiain 
et al. 2007). However, currently no studies exist 
on the growth and yield with concurrent impacts 
on wood density and fibre properties of narrow 
crowned Norway spruce. In this context, we 
investigated how the growth and yield (such as 
height, diameter, stem volume, ring growth) in 
addition to wood density traits and fibre proper-
ties (such as wood density, fibre length and width, 
cell wall thickness and fibre coarseness) were 

affected in trees from 9 full-sib families represent-
ing the narrow crowned Norway spruce grown at 
narrow spacing. For comparison, we used normal 
crowned Norway spruce from 6 southern Finnish 
breeding regions.

2 Material and Methods

2.1 Experimental Data

The experimental data used in this study was col-
lected from a Norway spruce field trial established 
in 1991 in Loppi, southern Finland (60°38’N, 
24°13’E, 115 m above sea level). The spacing 
of the trial was 1 m × 1 m and it was located 
on agricultural soil with site fertility conditions 
typical for Norway spruce. The trial consists of 
79 genetic entries replicated on 10 randomly 
arranged blocks, with two replications for each 
genetic entry per block (i.e. total of 20 sample 
trees for each genetic entry).

During the winter 2005–2006, personnel from 
Haapastensyrjä Breeding Station of the Finnish 
Forest Research Institute harvested 15 of these 
79 different genetic entries. Nine of those were 
genetically narrow crowned Norway spruce 
(Picea abies f. pendula) full-sib families origi-
nating from controlled crosses between narrow 

Table 1. Harvested Norway spruce narrow crown families (NC1–NC9) and normal 
crowned genetic entries (C10–C15) and the geographical origin and crown 
types of the mother trees (NC for narrow crowned, C for normal crowned).

Genetic Origin Sample
entries  trees

NC1 E473 Mäntsälä (NC) × E236 Mynämäki (C) 5
NC2 E473 Mäntsälä (NC) × E479 Mäntsälä (NC) 6
NC3 E477 Mäntsälä (NC) × E473 Mäntsälä (NC) 5
NC4 E477 Mäntsälä (NC) × K954 Pieksänmaa (C) 5
NC5 E480 Mäntsälä (NC) × E1218 Muurame (C) 5
NC6 E2507 Jäsmä (C) × E480 Mäntsälä (NC) 5
NC7 K805 Pieksämäki (C) × E478 Mäntsälä (NC) 4
NC8 K954 Pieksänmaa (C) × E480 Mäntsälä (NC) 4
NC9 K956 Puolanka (C) × E480 Mäntsälä (NC) 6
C10 Breeding region 1:Loppi Haapastensyrjä (C) 5
C11 Breeding region 1:Loppi Jam (C) 5
C12 Breeding region 1:Miehikkälä (C) 5
C13 Breeding region 3: Pihtipudas (C) 5
C14 Breeding region 2: Juva (C) 5
C15 Breeding region 3: Lieksa (C) 5
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crowned spruces from Mäntsälä stand (60°40’N, 
25°15’E) with the narrow crowned spruces from 
the same stand (NC2, NC3) or with normal 
crowned spruces (NC1, NC4–NC9) originat-
ing from southern or central Finland (latitudes 
60°45’N–64°58’N). The additional six genetic 
entries (C10–C15) were normal crowned Norway 
spruces originating from seeds collected from 
commercial forest stands located in southern 
Finland (latitudes 60°40’N–63°22’N). In total, 
six randomly selected blocks out of the total 10 
were selected for harvesting. The initial aim was 
to randomly collect one individual sample tree for 
each genetic entry and block, but due to survival 
problems the final number of harvested trees 
varied from 4 to 6 for each genetic entry, giving 
a total of 75 sample trees (Table 1).

At the time of harvesting, the height and diam-
eter at 1.3 and 6 meters of each sample tree were 
measured, which were subsequently used to cal-
culate the stem volume in each sample tree using 
the functions developed by Laasasenaho (1982) 
for Norway spruce. In addition, sample discs at a 
stem height of 1 m were taken from each sample 
tree for further laboratory analyses of intraring 
growth variables, wood density traits and fibre 
properties.

2.2 Laboratory Measurements

For intraring wood density analyses of the sample 
trees, small rectangular wood specimens of 5 
mm × 5 mm size (a radial segment from pith to 
bark) were cut from each sample disc with a 
twin-bladed circular saw. Thereafter, these wood 
specimens were kept for a few weeks under fixed 
environmental conditions before the measure-
ments were carried out, so that they were stabi-
lised to have a moisture content of 12% (air dry). 
Subsequently, they were scanned with an ITRAX 
X-ray microdensitometer (Cox Analytical Sys-
tems, Göteborg, Sweden), which works with an 
automatic collimator alignment at a geometrical 
resolution of 40 measurements per mm (Bergsten 
et al. 2001). In our work, the standard X-ray 
intensity (30 kV, 35 mA) for X-ray measure-
ments was used. An exposure time of 20 ms was 
selected based on previous work by Kilpeläinen 
et al. (2005) and Peltola et al. (2007).

Afterwards, the X-ray images were analysed 
with the Density software program (Bergsten et 
al. 2001) and excel macros, and parameters such 
as ring width (RW, mm), earlywood and latewood 
widths (EWW and LWW, mm), mean intraring 
wood density (WD, g/cm3), minimum and maxi-
mum wood densities (g/cm3) and earlywood and 
latewood densities (EWD and LWD, g/cm3) were 
determined based on intraring density profiles. In 
this analysis, the mean of the maximum and mini-
mum intraring densities were used as the thresh-
old for earlywood and latewood for each ring; 
the values above this threshold representing the 
latewood and the values below the earlywood.

For the intraring analysis of the fibre properties, 
matchstick-sized wood specimens (each repre-
senting two annual rings) were chipped away 
from the wood specimens used for X-ray analysis 
and were subsequently macerated in a boiling 
1:1 (v/v) mixture of acetic acid and hydrogen 
peroxide. Afterwards, fibre length (FL, mm) and 
fibre width (FW, µm) were measured with a L&W 
Fiber Tester (AB Lorentzen & Wettre, Kista, 
Sweden) based on image analysis. In fibre meas-
urements, the highly diluted suspension flows 
between two glass plates, which have very short 
distance between them and thus limits the pos-
sibility of the fibres moving in one direction, 
but allows them to move freely in the other two 
directions. Two-dimensional images enable the 
measurement of fibre length and deformations 
separately. The use of the L&W Fiber Tester with 
a novel measurement system makes it possible 
to determine a large number of fibres for each 
sample (i.e. up to ten thousands fibres).

Based on dry weight of the sample and total 
length of fibres measured in that sample, fibre 
coarseness (C, fibre mass per unit fibre length 
of sample, µg/m) was calculated (see Karlsson 
2006). Similarly, an average of fibre wall thick-
ness (FWT) per sample was defined based on fibre 
measurements as follows:

 
FWT =

FW

2
−

FW2

4
−

C

π × R
 (1)

where FW is the average fibre width (µm), C the 
average coarseness of the sample (µg/m), and R 
is the expected density of fibre wall (in our case 
1.5 g/cm3).
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2.3 Data Analyses

Based on the intraring measurements from pith 
to the stem surface, the weighted averages for 
overall wood density (WD), earlywood density 
(EWD), latewood density (LWD), fibre length 
(FL), fibre width (FW), fibre wall thickness 
(FWT) and coarseness (C) were calculated by 
weighting each value with its corresponding ring 
width. Mean widths of the annual ring (RW), 
earlywood (EWW) and latewood (LWW) were 
also determined for each sample tree for further 
statistical analyses. Thereafter, the phenotypic 
coefficient of variation (CVp) for each genetic 
entry was calculated by normalising the standard 
deviation (σ) by the mean (µ) of the property for 
each genetic entry (i.e. CVp = σ × 100/µ).

Statistical analyses were conducted using the 
SPSS statistical program package (SPSS for Win-
dows, version 15.0, SPSS, Chicago, IL.). Analy-
sis of variance was performed for the growth 
and yield (diameter, height, stem volume, EWW, 
LWW, RW), wood density traits (WD, EWD, 
LWD) and fibre properties (FL, FW, FWT, C) 
for the crown types and the genetic entries nested 
within the crown using the General Linear Model 
procedure. The model applied to test the differ-
ences was

Yijk = µ + Ci + GEj(i) + eijk (2)

where Yijk is the value of the studied trait, µ is the 
general mean, Ci is the crown type fixed effect, 
GEj(i) is the random effect of the genetic entries 
within the crown type, and eijk is the residual 
effect. Furthermore, to find out in more detail the 
differences between genetic entries within crown 
type, a pair-wise analysis with Tukey’s test (p < 
0.05) was also applied.

Relationships between the different yield, 
growth, wood density traits and fibre properties 
were also studied using phenotypic correlations 
instead of genetic correlations, since all genetic 
entries were grown in the same environmental 
conditions. In this work, the phenotypic corre-
lations (rp) between properties were computed 
using the Pearson’s correlation method (Eq. 3);

rp = σp1p2 / σp1 σp2 (3)

where σp1p2 is the phenotypic covariance between 
properties 1 and 2, while σp1 and σp2 are the phe-
notypic standard deviation for properties 1 and 2, 
respectively. Correlations significant at p < 0.05 
level were identified by a bold colour.

3 Results

3.1 Phenotypic Variation in Different Traits

In regards to the measured yield traits of the 
narrow crowned families of Norway spruce, 
height showed, on average, the smallest pheno-
typic variation (H, 18%) followed by diameter 
(D, 20%), while stem volume showed remarkably 
larger phenotypic variation (V, 46%) (Table 2). 
As a comparison, in normal crowned spruce the 
phenotypic variation in the yield traits was, on 
average, about twice that of narrow crowned fami-
lies. Among the narrow crowned families NC6, 
NC7 and NC9 had, on average, 8–11% higher 
height, 6–13% higher diameter and 23–35% 
higher stem volume compared to the average for 
narrow crowned ones. The lowest average height, 
diameter and stem volume for individual narrow 
crowned families were 88%, 82% and 65% of that 
average, respectively.

The average yield traits of narrow crowned 
families also differed significantly from the 
normal crowned genetic entries used in com-
parison (p < 0.05). The narrow crowned fami-
lies had, on average, significantly higher height 
(34%), diameter (30%) and stem volume (66%) 
than the normal crowned genetic entries (Fig. 1). 
Moreover, among the individual genetic entries, 
narrow crowned families represented the largest 
values for the studied yield traits, while in general, 
the lowest ones were found in normal crowned 
genetic entries (Table 3).Within each crown type, 
there was no statistically significant difference 
in regard to the yield traits among the genetic 
entries, although relatively large phenotypic vari-
ation was observed (Table 2).

In the case of growth traits, ring width showed, 
in narrow crowned families, the lowest phenotypic 
variation (RW, 17%), followed by the earlywood 
width (EWW, 18%) and latewood width (LWW, 
24%) (Table 2). In comparison, the phenotypic 
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variations observed in normal crowned genetic 
entries were, approximately, double those for 
narrow crowned ones regarding EWW and RW, 
but nearly equal for LWW. Among the families 
within the narrow crowned ones, NC5, NC7 and 
NC9 showed substantially larger EWW (4–17%), 
LWW (6–32%) and RW (6–15%) compared to the 
other narrow crowned families, while the lowest 
average EWW, LWW and RW were 84–85% of 
that average (Table 3). The analysis of variance 
also showed that the narrow crowned families 
had, on average, significantly larger EWW (37% 
higher) and RW (30% higher) than the normal 

crowned genetic entries (p < 0.05), but not LWW 
(only 11% higher) (Table 2). In addition, within 
each crown type there was statistically significant 
differences for LWW between genetic entries. 
Among all the individual genetic entries, narrow 
crowned families represented in general the larg-
est values for the studied growth traits, whereas 
the lowest ones were found in normal crowned 
genetic entries (Table 3).

Compared to the growth and yield traits of 
narrow crowned families, significantly less phe-
notypic variation was observed in wood density 
traits. Moreover, LWD showed the smallest phe-

Table 2. Analysis of variance (F-value and associated propability1) for crown type and genetic entries nested within 
crown type, in addition to phenotypic coefficient of variation within each crown type for yield (diameter, 
height , stem volume), growth  (earlywood with (EWW), latewood width (LWW), ring width (RW)), density 
traits (earlywood density (EWD), latewood density (LWD), wood density (WD)), and fibre properties (fibre 
length (FL), fibre width (FW), fibre wall thickness (FWT),  coarseness (C)).

Trait Crown type Genetic entry within crown Coefficient of variation within:
 F-ratio P-value F-ratio P-value Narrow crown Normal crown

Tree diameter 10.96 0.01 1.31 0.23 20.2 42.4
Height 24.07 0.00 1.41 0.18 17.7 33.2
Volume 8.50 0.01 1.68 0.09 45.9 81.5
EWW 17.01 0.00 1.23 0.28 18.3 45.1
LWW 1.54 0.24 2.54 0.01 24.3 27.6
RW 12.50 0.00 1.68 0.09 17.2 36.9
EWD 6.41 0.02 1.46 0.16 7.8 11.7
LWD 2.69 0.12 0.92 0.54 5.5 4.9
WD 12.72 0.00 1.09 0.38 7.6 1.6
FL 6.95 0.02 2.03 0.03 8.5 16.9
FW 18.17 0.00 1.38 0.19 4.2 7.3
FWT 6.97 0.02 0.94 0.52 5.2 7.4
C 13.82 0.00 1.20 0.31 7.4 8.2

1Significance of F-ratio with p < 0.05 is given in bold

Fig. 1. Mean tree diameter, height and volume, with their standard desviation 
observed over the narrow and normal crowned genetic entries. Different 
letters above the bars indicate differences among two groups (p < 0.05).
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notypic variation (6%), followed by WD and 
EWD (8%) (Table 2). In comparison, the pheno-
typic variation was observed to be appreciably 
smaller in normal crowned genetic entries espe-
cially for WD (2%), but also to some degree for 
LWD (5%). Among the narrow crowned families, 
the highest wood densities were observed in NC2 
for EWD and WD (7% higher than the average 
of narrow crowned families) and in NC4 for 
LWD (4% higher). The lowest averages observed 
for EWD, LWD and WD for individual narrow 
crowned families were 94–95% of that average.

The results from the analysis of variance 
regarding the wood density traits showed that 
average wood density and earlywood density dif-
fered significantly between the narrow crowned 
and normal crowned genetic entries (p < 0.05), 
unlike latewood density (Table 2). The normal 
crowned genetic entries had on average 6% higher 
EWD and 8% higher WD compared to narrow 
crowned families (Fig. 2). As a consequence, 
normal crowned ones also showed, among all the 
compared genetic entries, the highest EWD, LWD 
and WD; while in general, the lowest ones were 
found in narrow crowned families (Table 4).

Among the measured fibre traits of narrow 
crowned families, fibre length showed, on average, 

the highest phenotypic variation (9%), followed 
by coarseness (7%), fibre wall thickness (5%) and 
fibre width (4%). The phenotypic variation fol-
lowed, in the normal crowned genetic entries, the 
same patterns as those of narrow crowned fami-
lies, but they were in general larger, ranging from 
7 to 17%. Among the narrow crowned families, 
NC6 had the longest fibres (9% longer than aver-
age for narrow crowned families), highest FWT 
(3% higher) and largest C (6% higher), while NC5 
had slightly wider fibres (3% higher). The lowest 
averages observed for FL, FW, FWT and C were 
93, 98, 97 and 92% of that average for individual 
narrow crowned families, respectively.

In regard to average fibre properties, and similar 
to the growth and yield and wood density traits, 
the narrow crowned families differed on average 
significantly from normal crowned genetic entries 
used for comparison (p < 0.05) (Table 2). The 
narrow crowned families had, on average, 11% 
longer and 7% wider fibres, but also 4% thicker 
cell walls and 10% higher coarseness than the 
normal crowned genetic entries (Fig. 3). Accord-
ingly, among all the individual genetic entries, 
narrow crowned families represented the largest 
values for the studied fibre properties, whereas 
in general, the lowest ones were found in normal 

Table 3. Mean values with standard deviation and phenotypic coefficient of variation (CVp) for yield traits (tree 
diameter, volume and height) and growth traits (earlywood width (EWW), latewood width (LWW) and 
ring width (RW)) for the different narrow crowned (NC1–NC9) and normal crowned (C10–C15) genetic 
entries.

Genetic Diameter (mm) Height (m) Volume (m3) EWW (mm) LWW (mm) RW (mm)
entries Mean±sd CVp Mean±sd CVp Mean±sd CVp Mean±sd CVp Mean±sd CVp Mean±sd CVp

NC1 61.0±4.8 7.9 6.90±0.36 5.2 0.0116±0.002 16.7 2.17±0.21 9.9 0.58±0.09 15.3 2.75±0.25 9.0
NC2 54.5±16.4 30.1 6.20±1.52 24.6 0.0096±0.005 49.6 1.91±0.51 26.8 0.65±0.11 17.2 2.56±0.58 22.8
NC3 61.2±3.4 5.6 6.84±0.62 9.1 0.0114±0.002 16.7 2.06±0.28 13.6 0.58±0.08 13.4 2.64±0.27 10.1
NC4 60.8±14.3 23.5 7.05±1.26 17.8 0.0126±0.006 49.2 1.97±0.25 12.8 0.62±0.17 27.3 2.59±0.38 14.7
NC5 64.2±10.1 15.7 6.67±0.56 8.3 0.0128±0.005 35.8 2.23±0.38 16.9 0.73±0.20 26.7 2.96±0.57 19.2
NC6 66.0±13.9 21.1 7.63±0.87 11.4 0.0161±0.007 44.1 2.21±0.36 16.4 0.60±0.08 14.0 2.81±0.43 15.3
NC7 70.0±17.3 24.7 7.66±1.35 17.6 0.0177±0.011 61.7 2.33±0.38 16.4 0.86±0.33 38.7 3.19±0.53 16.7
NC8 50.8±13.5 26.6 6.63±0.99 14.9 0.0085±0.005 62.0 1.81±0.44 24.3 0.55±0.06 11.9 2.35±0.44 18.5
NC9 70.7±8.5 12.0 7.84±0.59 7.5 0.0176±0.005 29.0 2.49±0.36 14.4 0.69±0.06 8.4 3.18±0.36 11.4
C10 43.6±16.9 38.7 5.20±1.94 37.2 0.0062±0.005 75.3 1.29±0.57 43.9 0.58±0.13 22.0 1.87±0.63 33.7
C11 60.8±24.8 40.8 6.38±1.91 30.0 0.0134±0.009 67.2 1.89±0.80 42.0 0.70±0.11 15.7 2.59±0.87 33.4
C12 38.5±27.2 70.7 4.19±2.13 50.9 0.0057±0.007 115.4 1.44±0.86 59.2 0.43±0.10 24.5 1.87±0.95 50.6
C13 37.3±14.6 39.2 4.31±1.42 33.2 0.0039±0.003 76.3 1.20±0.53 43.8 0.49±0.11 21.6 1.69±0.52 30.9
C14 58.7±17.7 30.1 5.82±0.74 12.7 0.0105±0.006 60.7 1.98±0.87 43.8 0.73±0.15 21.2 2.71±0.85 31.4
C15 49.4±14.4 29.2 5.55±1.65 29.8 0.0076±0.005 69.1 1.55±0.50 32.4 0.58±0.17 30.0 2.14±0.64 29.7
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crowned genetic entries (Table 5). Statistically 
significant differences were also found among 
the genetic entries within the crown types only 
in regard to the fibre length.

Altogether, significantly higher growth and 
yield was observed in narrow crowned families 
than in normal crowned genetic entries, as was 

also the case in regard to the fibre properties, but 
the opposite for wood density traits. However, 
both within narrow crowned families and normal 
crowned genetic entries relatively large differ-
ences could be found in these traits as could be 
seen in Fig. 4.

Table 4. Mean values with standard deviation and phenotypic coefficient of variation (CVp) for 
earlywood density (EWD), latewood density (LWD) and mean wood density (WD) for the 
different narrow crowned (NC1–NC9) and normal crowned (C10–C15) genetic entries.

Genetic EWD (g/cm3) LWD (g/cm3) WD (g/cm3)
entries Mean±sd CVp Mean±sd CVp Mean±sd CVp

NC1 0.31±0.02 7.7 0.52±0.03 5.5 0.35±0.03 7.9
NC2 0.35±0.02 4.8 0.56±0.02 3.3 0.40±0.02 5.7
NC3 0.33±0.02 6.8 0.55±0.04 7.7 0.38±0.03 7.5
NC4 0.33±0.01 4.4 0.57±0.04 7.5 0.38±0.02 4.1
NC5 0.33±0.01 3.8 0.55±0.03 6.0 0.39±0.01 3.6
NC6 0.32±0.02 7.1 0.54±0.02 3.8 0.37±0.02 5.9
NC7 0.33±0.06 18.6 0.56±0.03 5.8 0.38±0.06 16.4
NC8 0.33±0.02 7.4 0.55±0.03 5.7 0.38±0.02 6.4
NC9 0.32±0.01 3.4 0.54±0.02 3.2 0.37±0.01 3.9
C10 0.34±0.03 7.3 0.56±0.04 6.3 0.41±0.03 8.0
C11 0.36±0.06 17.7 0.56±0.02 4.1 0.42±0.05 13.0
C12 0.37±0.05 12.9 0.56±0.00 0.7 0.42±0.05 12.2
C13 0.37±0.03 8.5 0.58±0.02 4.1 0.43±0.05 10.8
C14 0.31±0.02 7.0 0.56±0.03 4.9 0.38±0.04 10.9
C15 0.34±0.02 6.2 0.54±0.04 7.2 0.39±0.03 8.0

Fig. 2. Mean earlywood width (EWW), latewood width (LWW), ring width (RW), earlywood den-
sity (EWD), latewood density (LWD) and wood density (WD) with their standard deviations 
observed over the narrow and normal crowned genotypic entries. Different letters above the 
bars indicate differences among two groups (p < 0.05).
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3.2 Phenotypic Correlations between 
Different Traits

The phenotypic correlations observed among dif-
ferent yield traits (diameter, height and volume) 
were, on average, very high and positive (p < 0.05) 
for the narrow crowned families (Table 6). The 
correlations observed among the different growth 
traits, but also with different yield traits, were 
similarly positive, but ranged from moderate to 
high (p < 0.05). The narrow crowned families did 
not differ in this respect from normal crowned 

genetic entries used as a comparison (Table 6).
Similarly, the phenotypic correlations observed 

between the wood density traits (EWD, LWD and 
WD) were positive for the narrow crowned fami-
lies varying from very high (e.g. between WD 
and EWD) to moderate (e.g. between LWD and 
WD/EWD) (p < 0.05). Moreover, WD and EWD 
showed a negative, but weak correlation with all 
yield and growth traits, excluding the correlation 
with LWW (latter one being positive, p < 0.05). 
LWD also showed very weak and negative cor-
relations with all growth and yield traits (only 

Table 5. Mean values with standard deviation and phenotypic coefficient of variation (CVp) for fibre length (FL), 
fibre width (FW), fibre wall thickness (FWT) and coarseness (C) for the different narrow crowned (NC1–NC9) 
and normal crowned (C10–C15) genetic entries.

Genetic FL (mm) FW (µm) FWT (µm) C (µg/m)
entries Mean±sd CVp Mean±sd CVp Mean±sd CVp Mean±sd CVp

NC1 1.61±0.12 7.6 26.35±1.06 4.0 1.14±0.06 5.2 135.7±11.1 8.2
NC2 1.52±0.15 9.6 25.57±1.45 5.7 1.15±0.07 6.0 132.3±13.0 9.8
NC3 1.58±0.12 7.8 25.72±0.78 3.0 1.12±0.08 7.1 130.4±12.7 9.7
NC4 1.49±0.10 6.5 24.56±0.64 2.6 1.11±0.05 4.6 123.0±6.2 5.1
NC5 1.66±0.12 7.3 26.48±0.83 3.2 1.16±0.05 4.6 138.2±10.5 7.6
NC6 1.75±0.15 8.4 26.40±1.43 5.4 1.18±0.06 5.1 140.9±14.4 10.2
NC7 1.58±0.12 7.5 26.28±0.99 3.8 1.15±0.05 4.1 135.9±10.5 7.7
NC8 1.53±0.10 6.6 25.16±0.42 1.7 1.16±0.09 7.5 130.9±9.9 7.5
NC9 1.69±0.10 5.7 25.86±0.59 2.3 1.13±0.04 3.3 132.2±6.3 4.8
C10 1.47±0.26 17.9 23.85±1.53 6.4 1.07±0.06 5.6 115.7±13.8 11.9
C11 1.69±0.23 13.5 25.72±2.26 8.8 1.16±0.05 4.0 134.5±16.7 12.4
C12 1.32±0.38 28.7 23.42±2.82 12.0 1.05±0.15 14.1 112.1±27.1 24.2
C13 1.36±0.12 9.1 24.09±0.93 3.9 1.13±0.05 4.7 122.8±10.0 8.1
C14 1.51±0.11 7.1 24.44±0.73 3.0 1.12±0.04 3.4 122.8±3.3 2.7
C15 1.34±0.15 11.0 23.82±1.26 5.3 1.08±0.08 7.4 116.3±14.3 12.3

Fig. 3. Mean fibre length (FL), fibre with (FW), fibre wall thickness (FWT) and coarseness (C) with 
their standard deviation observed over the narrow and normal crowned genotypic entries. Different 
letters above the bars indicate differences among two groups (p < 0.05).
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with stem volume p < 0.05). When comparing 
the phenotypic correlations between wood den-
sity traits and growth and yield traits in narrow 
crowned families and normal crowned genetic 
entries, some differences could be observed. For 
example, the correlations between EWD/WD and 
the yield traits were generally stronger in normal 
crowned genetic entries. In addition, the correla-
tion between EWD and LWW was positive for 
narrow crowned families, but negative for normal 
crowned genetic entries (p < 0.05) (Table 6).

Concerning the fibre properties, the phenotypic 
correlations observed between all the considered 
properties (FL, FW, C and FWT) were on average 
in narrow crowned families positive and strong 
(p < 0.05) (Table 6). In addition, FL and FW 
showed moderate positive correlation (p < 0.05) 
with growth traits and EWW, while FWT and 
C did not follow any general pattern in relation 
to growth and yields traits. In comparison, the 
correlations observed for normal crown genetic 

entries were, between different fibre properties, 
also mainly positive, ranging from moderate to 
high depending on the fibre properties (p < 0.05). 
Additionally FL, FW and C showed low to mod-
erate negative correlation with WD in normal 
crown genetic entries (p < 0.05), unlike in narrow 
crowned families, where these correlations did not 
follow any clear pattern (being in general very 
weak and non significant). Thus, considerable 
differences were found between narrow crowned 
families and normal crowned genetic entries in 
regards to fibre properties.

Fig. 4. Relationships between tree diameter and mean 
wood density (WD) (left side), tree diameter and 
fibre length (FL) (right side) and WD and FL 
(bottom) over all 15 genetic entries. The lines 
represent the average values over all the genetic 
entries for each trait.
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4 Discussion and Conclusions

The growth and yield traits showed in narrow 
crowned Norway spruce families significantly 
higher phenotypic variations compared to the 
wood density traits and fibre properties. Moreo-
ver, the phenotypic variations observed in this 
work were, regardless of the wood property, gen-
erally significantly smaller for narrow crowned 
families than for normal crowned genetic entries 
(excluding WD and LWD). On the other hand, 
this could be expected, since the normal crowned 
genetic entries used in comparison were rep-
resenting breeding regions instead of families. 
In general, our findings are in agreement, for 
example, with corresponding previous studies on 
Norway spruce and black spruce (Picea mariana), 
in which remarkably lower phenotypic variabil-
ity was found for wood density traits and fibre 
properties (such as fibre length), compared to 
the growth and yield traits (e.g. Zhang and Mor-
genstern 1995, Hannrup et al. 2004, Zubizarreta 
Gerendiain et al. 2007, 2008).

In this work, narrow crowned families grown at 
narrow spacing also showed, on average, signifi-
cantly higher growth and yield (e.g. 35% higher 
height, 30% higher diameter and 66% higher 
stem volume) and longer and wider fibres (11% 

longer FL and 7% higher FW), but lower wood 
density (8% lower WD) compared to normal 
crowned genetic entries. However, if referring to 
stem biomass production, the difference between 
the narrow and normal crowned trees would be 
to some degree less compared to the purely stem 
volume due to differences in average wood den-
sity.

The phenotypic correlations observed between 
growth, yield and fibre properties were gener-
ally positive, and ranging from moderate (fibre 
length and width) in narrow crowned families to 
relatively high in normal crowned genetic entries 
(all fibre properties). The phenotypic correla-
tions were also negative and much lower between 
the growth and yield and wood density traits in 
narrow crowned families. Thus, the growth rate of 
trees seemed to affect, on average, less the wood 
properties in narrow crowned spruce than in the 
normal crowned one. As a result of our findings, 
we could also conclude that the selection based 
on one trait could simultaneously be expected to 
affect, to some degree, other traits. This is the case 
especially in the normal crowned genetic entries 
used for comparison with the narrow crowned 
families. In our investigation, we studied the rela-
tionships between different yield, growth, wood 
density traits and fibre properties in terms of 

Table 6. Phenotypic correlations (rp) between mean diameter at breast height (D), height (H), stem volume (V), 
earlywood with (EWW), latewood width (LWW), ring width (RW), earlywood density (EWD), latewood 
density (LWD), wood density (WD), fibre length (FL), fibre width (FW), fibre wall thickness (FWT) and 
coarseness (C), for narrow crowned (lower left) and normal crowned (upper right) genetic entries. (Correla-
tions in bold are statistically significant at 0.05 levels).

 Upper right values for normal crowned genetic entries

 D H V EWW LWW RW EWD LWD WD FL FW FWT C

D  0.93 0.96 0.93 0.60 0.95 –0.71 0.06 –0.73 0.72 0.81 0.58 0.74
H 0.85  0.88 0.79 0.68 0.84 –0.65 0.14 –0.60 0.77 0.81 0.66 0.78
V 0.95 0.85  0.92 0.59 0.94 –0.61 0.00 –0.65 0.70 0.77 0.48 0.67
EWW 0.91 0.78 0.86  0.46 0.98 –0.68 –0.03 –0.78 0.62 0.73 0.43 0.61
LWW 0.43 0.34 0.42 0.41  0.61 –0.37 0.09 –0.18 0.65 0.64 0.57 0.64
RW 0.88 0.75 0.84 0.95 0.67  –0.68 –0.01 –0.73 0.68 0.78 0.50 0.67
EWD –0.33 –0.37 –0.33 –0.26 0.30 –0.11  0.29 0.92 –0.55 –0.51 –0.32 –0.43
LWD –0.25 –0.28 –0.29 –0.28 –0.14 –0.27 0.64  0.41 –0.03 0.14 0.29 0.22
WD –0.40 –0.43 –0.38 –0.39 0.32 –0.21 0.97 0.69  –0.50 –0.49 –0.25 –0.38
FL 0.38 0.34 0.38 0.32 –0.03 0.25 –0.1 0.11 –0.12  0.80 0.74 0.81
FW 0.48 0.35 0.40 0.44 0.08 0.39 –0.08 0.07 –0.13 0.74  0.84 0.97
FWT –0.06 –0.06 –0.02 –0.12 –0.23 –0.17 0.17 0.33 0.17 0.65 0.57  0.95
C 0.22 0.16 0.21 0.17 –0.1 0.11 0.06 0.23 0.04 0.78 0.87 0.90B

el
ow

 le
ft

 v
al

ue
s 

fo
r 

na
rr

ow
 c

ro
w

ne
d 

fa
m

ili
es



434

Silva Fennica 42(3), 2008 research articles

phenotypic correlations instead of genetic cor-
relations, since all genetic entries were grown in 
the same environmental conditions. In addition, 
phenotypic correlations have also earlier been 
found to be generally comparable with genetic 
ones, especially if presented as an average over 
all the genotypes (Haapanen and Pöykkö 1993, 
Zhang and Morgenstern 1995). On the other hand, 
the phenotypic correlations are usually higher 
than the genetic correlations, thus, our correla-
tions could be expected to, in some degree, over-
estimate the latter ones.

Similar to our work, in many previous studies 
an increase in growth rate of Norway spruce trees 
has induced, on average, lower wood density and 
wider fibres, however, contrary to our findings 
also shorter fibres (e.g. Dutilleul et al. 1998, 
Herman et al. 1998, Mäkinen et al. 2002). On the 
other hand, Zubizarreta Gerendiain et al. (2007, 
2008) also found, in normal crowned Norway 
spruce (clones) grown in Southern Finland (at 
spacing of 2.0 m × 2.5 m), that the relationship 
between growth and yield and average wood 
density and fibre properties of trees varied sig-
nificantly between clones.

Altogether, we found that the narrow crowned 
families seemed to be, on average, less sensitive 
to competition than the normal crowned genetic 
entries grown at narrow spacing (of 1m × 1m), 
which could be seen in terms of higher individual 
growth rate of trees. Thus, they could utilise 
the occupied growing space, on average, more 
efficiently than normal crowned genetic entries 
at narrow spacing as was previously suggested 
by Pulkkinen (1991a, 1991b, 1991c). There was 
also found within the narrow crowned crown 
type superior individual families, which could 
produce more stem volume per hectare (and 
stem biomass) at narrow spacing compared to 
the normal crowned genetic entries. In our study, 
unexpectedly large variations were also observed 
in growth, yield and wood properties in narrow 
crowned families despite the fact that they origi-
nated from a small stand located in southern 
Finland. Furthermore, this study also demon-
strated that in normal crowned Norway spruce, 
any increase in the total stem wood production 
(per hectare) would occur at the cost of individual 
tree growth when grown at narrow spacing.

In this work, we also found that the total pro-

duction of stem wood per hectare (10 000 trees/
ha in our work) would be superior in narrow 
crowned Norway spruce families (total average 
stem volume of 131 m3/ha) compared to that 
of normal crowned Norway spruce (average of 
79 m3/ha). Additionally, in our trial, the normal 
crowned Norway spruces were surrounded by 
narrow crowned trees, meaning that they had 
more space to grow compared to a correspond-
ing spacing for a stand consisting of pure normal 
crowned Norway spruce. Thus, our results would 
also slightly overestimate stem wood produc-
tion potential of normal crowned Norway spruce 
at narrow spacing. According to Pulkkinen and 
Pöykko (1990), the maximum stand density for 
normal and narrow crowned Norway spruces such 
as used in our work could be about 3400 and 
10 300 trees/ha, respectively. This means that 
the corresponding maximum production of dry 
stem biomass could be about 12 Mg/ha and 28 
Mg/ha.

Contradictory to our findings at narrow spacing, 
the average above ground dry biomass and stem 
diameter (about 18–19 years old open pollinated 
trees) have been earlier found to be on average sig-
nificantly smaller in narrow crowned families (i.e. 
dry biomass about 18–31% smaller and diameter 
about half) compared to normal crowned genetic 
entries when grown at spacing of 2 m × 2 m (see 
Pöykkö and Pulkkinen 1990, Pulkkinen 1991c). 
Thus, in this sense narrow crowned Norway 
spruce can not compete with normal crowned 
ones in typical spacing (about 2.5 m × 2.0 m) used 
in practical forestry for Norway spruce.

On the whole, the material used in this work 
represented young trees (trial established in 1991) 
grown at very narrow spacing. Therefore, in the 
future, corresponding material from experiments 
with a range of different spacing and genetic 
entries would be needed in order to obtain a clearer 
picture on the possible differences in growth and 
yield traits, wood density and fibre properties 
of narrow and normal crowned genetic entries 
grown under different environmental conditions. 
We should also have in mind that compared to 
the typical spacing used in practical forestry in 
Norway spruce, the stand density of the experi-
mental site was very high, approximately 10 000 
trees/ha, which would mean, in practice, very 
high regeneration costs (especially with cloned 
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seedlings). It would, therefore, be important to 
study which kind of spacing would be ideal for 
different genetic entries to provide desired bio-
mass quantity and quality of stem wood in a 
cost-efficient way.

Acknowledgements

This work is related to the work done at the 
Centre of Excellence for Boreal Forest Manage-
ment Research lead by Prof. Seppo Kellomäki. 
The support provided by the University of Joen-
suu, Faculty of Forest Sciences and the Graduate 
School for Forest Sciences is gratefully acknowl-
edged. The authors would also like to thank the 
Finnish Forest Research Institute for providing 
the material for this study. Moreover, Mr Jarmo 
Pennala and Ms Maini Mononen, working at the 
University of Joensuu, Faculty of Forest Sciences, 
are thanked for the assistance with X-ray and fibre 
properties measurements. Mr. David Gritten is 
also thanked for the revision of the manuscript.

References

Assmann, E. 1970. The principles of forest yield study. 
1st edition. Pergamon Press, Oxford.

Bergsten, U., Lindeberg, J., Rindby, A. & Evans, R. 
2001. Batch measurements of wood density on 
intact or prepared drill cores using x-ray micro-
densitometry. Wood Science and Technology 35: 
435–452.

Boyle, T.J., Balatinecz, J.J. & McCawn P.M. 1987. 
Genetic control of some wood properties of black 
spruce. 21st Can. Tree Improv. Assoc. Truno, Nova 
Scotia. 198 p.

Cannell, M.G.R. 1978. Improving per hectare forest 
productivity. In: Hollis, C.A. & Squillace, A.E. 
(eds.). Proc. 5th North American Forest Biologi-
cal Workshop. Univ. Florida, Gainesville, FL. 
p 120–148.

— 1982. “Crop” and “Isolation” ideotypes. Evidence 
for progeny difference in nursery grown Picea 
sitchensis. Silvae Genetica 31: 60–66.

— , Sheppard, L.J., Ford, E.D. & Wilson, R.F.H. 1983. 
Clonal differences in dry matter distribution, wood 

specific gravity and foliage “efficiency” in Picea 
sitchensis and Pinus contorta. Silvae Genetica 32: 
195–202.

Dutilleul, P., Herman, M. & Avella-Shaw, T. 1998. 
Growth rate effects on correlations among ring 
width, wood density and mean tracheid length in 
Norway spruce (Picea abies). Canadian Journal of 
Forest Research 28: 56–68.

Ekenstedt, F., Grahn, T., Hedenberg, Ö., Lundqvist, S.-
O., Arlinger, J. & Wilhelmsson, L. 2003. Variations 
in fiber dimensions of Norway spruce and Scots 
pine. Swedish Pulp and Paper Research Institute, 
Stockholm, Sweden STFI Report, PUB13. 36 p.

Ford, E.D. 1985. Branching, crown structure and the 
control of timber production. In: Cannell, M.R.G. 
& Jackson, J.E. (eds.). Attributes of trees as crop 
plants. Inst. Terr. Ecol., Monks. Wood, Hunts, U.K. 
p. 228–252.

Haapanen, M. & Pöykkö, T. 1993. Genetic relationships 
between growth and quality traits in an 8-year-old 
half-sib progeny trial of Pinus sylvestris. Scandina-
vian Journal of Forest Research 8: 305–312.

Hannrup, B. & Ekberg, I. 1998. Age-age correlations 
for tracheid length and wood density in Pinus 
sylvestris. Canadian Journal of Forest Research 
28: 373–1379.

— , Wilhelmsson, L. & Danell, Ö. 1998. Time trends 
for genetic parameters of wood density and growth 
traits in Pinus sylvestris L. Silvae Genetica 47(4): 
214–219.

— , Danell, Ö., Ekberg, I. & Moëll, M. 2001. Relation-
ships between wood density and tracheid dimen-
sions in Pinus sylvestris L. Wood and Fiber Science 
33(2): 173–181.

— , Calahan, C., Chantre, G., Grabner, M., Kalrls-
son, B., Le Bayon, I., Lloyd Jones, G., Müller, U., 
Pereira, H., Rodriques, J.C., Rosner, S., Rozen-
berg, P., Wilhelmsson, L. & Wimmer, R. 2004. 
Genetic parameters of growth and wood quality 
traits in Picea abies. Scandinavian Journal of Forest 
Research 19: 14–29.

Herman, M., Dutilleul, P. & Avella-Shaw, T. 1998. 
Growth rate effects on temporal trajectories of ring 
width, wood density, and mean tracheid length in 
Norway spruce (Picea abies (L.) Karst.). Wood and 
Fiber Science 30(1): 6–17.

Hylen, G. 1999. Age trends in genetic parameters of 
wood density in young Norway spruce. Canadian 
Journal of Forest Research 29: 135–143.

Jaakkola, T., Mäkinen, H. & Saranpää, P. 2005. Wood 



436

Silva Fennica 42(3), 2008 research articles

density in Norway spruce: changes with thinning 
intensity and tree age. Canadian Journal of Forest 
Research 35: 1767–1778.

— , Mäkinen, H. & Saranpää, P. 2007. Effects of thin-
ning and fertilisation on tracheid dimensions and 
lignin content of Norway spruce. Holzforschung 
61: 301–310.

Jarvis, P.G., James, G.B. & Landsberg, J.J. 1976. Conif-
erous forest. In: Monteith, J.L. (ed.). Vegetation and 
the atmosphere. Vol. 2. Academic Press, London. 
p. 171–270.

Karlsson, H. 2006. Fibre guide – fibre analysis and 
process applications in the pulp and paper industry. 
A handbook. Published by AB Lorentzen & Wettre, 
Kista, Sweden. 120 p.

Karlsson, B. & Rosvall, O. 1993. Breeding programs in 
Sweden – Norway spruce. In: Lee, S.J. (ed.). Pro-
ceedings of progeny testing and breeding strategies. 
Meeting of the Nordic Group for Tree Breeding, 
Edinburgh, 6–10 October 1993.

Kellomäki, S., Oker-Blom, P. & Kuuluvainen T. 1985. 
The effect of crown and canopy structure on light 
absorption and distribution in tree stand. In: Tiger-
stedt, P.M.A., Puttonen, P. & Koski, V. (eds.). 
Crop physiology of forest trees. Helsinki Univer-
sity Press. p 107–115.

Kilpeläinen, A., Peltola, H., Ryyppö, A. & Kellomäki, 
S. 2005. Scots pine responses to elevated tempera-
ture and carbon dioxide concentration: growth and 
wood properties. Tree Physiology 25: 75–83.

— , Zubizarreta Gerendiain, A., Luostarinen, K., Pel-
tola H. & Kellomäki S. 2007. Elevated temperature 
and CO2 concentration effects on xylem anatomy 
of Scots pine. Tree Physiology 27: 1329–1338.

Kuuluvainen, T. 1988. Crown architecture and stem 
wood production in Norway spruce (Picea abies 
(L) Karst.). Tree Physiology 4: 337–346.

— 1991. The effect of two growth forms of Norway 
spruce on stand development and radiation inter-
ception: a model analyses. Trees. 5: 171–179.

Laasasenaho, J. 1982. Taper curve and volume func-
tions for pine, spruce and birch. Communicationes 
Instituti Forestalis Fenniae 108. 108 p.

Leikola, M. 1969. The influence of environmental fac-
tors on the diameter growth of forest trees. Auxano-
metric study. Acta Forestalia Fennica 92. 44 p.

Lepistö, M. 1985. The inheritance of pendula spruce 
(Picea abies f. pendula) and utilization of the 
narrow crowned type in spruce breeding. Founda-
tion of Forest Tree Breeding, Information 1: 1–6.

Mäkinen, H., Saranpää, P. & Linder, S. 2002. Wood-
density variation of Norway spruce in relation to 
nutrient optimization and fibre dimensions. Cana-
dian Journal of Forest Research 32: 185–194.

Panshin, A.J. & de Zeeuw, C. 1980. Textbook of wood 
technology. 4th ed. McGraw-Hill Book Company, 
New York, 722 p.

Peltola, H., Kilpeläinen, A. & Kellomäki, S. 2002. 
Diameter growth of Scots pines (Pinus sylvestris 
L.) grown at elevated temperature and CO2 under 
boreal conditions. Tree Physiology 22: 963–972.

— , Kilpeläinen, A., Sauvala, K., Räisänen, T. & 
Ikonen V-P. 2007. Effects of early thinning regime 
and tree status on the radial growth and wood den-
sity of Scots pine. Silva Fennica 41(3): 489–505.

Petty, J.A., Macmillan, D.C. & Steward C.M. 1990: 
Variation of density and growth ring width in 
stems of Sitka and Norway spruce. Forestry 63(1): 
39–49.

Pot, D., Chantre, G., Rozenberg, P., Rodrigues, J.C., 
Jones, G.L., Pereira, H., Hannrup, B., Cahalan, C. 
& Plomion, C. 2002. Genetic control of pulp and 
timber properties in maritime pine (Pinus pinaster 
Ait.). Annals of Forest Science 59: 563–575.

Pöykkö, T & Pulkkinen P. 1990. Characteristics of 
normal-crowned and pendula spruce (Picea abies 
(L.) Karst.) examined with reference to the defini-
tion of a crop tree ideotype. Tree Physiology 7: 
201–207.

Pukkala, T. & Kuuluvainen, T. 1987. Effect of canopy 
structure on the diurnal interception of direct solar 
radiation and photosynthesis in a tree stand. Silva 
Fennica 21: 237–250.

Pulkkinen, P. 1991a. Crown structure and partitioning 
of aboveground biomass before the competition 
phase in a mixed stand of normal-crowned Norway 
spruce (Picea abies (L.) Karst.) and pendulous 
Norway spruce (Picea abies f. pendula (Lawson) 
Sylven). Tree Physiology 8: 361–370.

— 1991b. The pendulous form of Norway spruce as 
an option for crop tree breeding. Reports from the 
Foundation for Forest Tree Breeding [Finland] 2. 
30 p.

— 1991c. Crown form and harvest increment in 
pendulous Norway spruce. Silva Fennica 25(4): 
207–214.

— & Pöykkö, T. 1990. Inherited narrow crown form, 
harvest index and stem biomass production in 
Norway spruce (Picea abies). Tree Physiology 6: 
381–391.



437

Zubizarreta Gerendiain, Peltola, Pulkkinen, Ikonen and Jaatinen Differences in Growth and Wood Properties between Narrow …

— & Tigerstedt, M.A. 1992. The form and mass of 
coarse-root and root-shoot relationship in Picea 
abies and Picea abies f. pendula. Scandinavian 
Journal of Forest Research 7: 463–472.

Rozenberg, P. & Cahalan, C. 1997. Spruce wood qual-
ity: genetic aspects (a review). Silvae Genetica 46: 
270–279.

Saarnijoki, S. 1954. Über ein Gruppenvorkommen von 
Trauerfichten, Picea abies (L.) Karst. f. Pendula. 
Jacq. & Herincq. Communicationes Instituti Fore-
stalis Fenniae 42(3). 42 p.

Zhang, S.Y. & Morgenstern, E.K. 1995. Genetic vari-
ation and inheritance of wood density in black 
spruce (Picea mariana) and its relationship with 
growth: implications for tree breeding. Wood Sci-
ence and Technology 30: 63–75.

— , Simpson, D. & Morgenstern, E.K. 1996. Variation 
in the relationship of wood density with growth in 
40 black spruce (Picea mariana) families grown 
in New Brunswick. Wood and Fiber Science 28: 
91–99.

Zobel, B.J. & van Buijtenen, J.P. 1989. Wood variation: 
Its causes and control. Springer-Verlag, Berlin, 
Germany. 363 p.

Zubizarreta Gerendiain, A., Peltola, H., Pulkkinen, P., 
Jaatinen, R., Pappinen, A. & Kellomäki, S. 2007. 
Differences in growth and wood property traits 
in cloned Norway spruce (Picea abies). Canadian 
Journal of Forest Research 37: 2600–2611.

— , Peltola, H., Pulkkinen, P., Jaatinen, R. & Pap-
pinen, A. 2008. Differences in fibre properties in 
cloned Norway spruce (Picea abies). Canadian 
Journal of Forest Research. In press.

Total of 49 references


	Differences in Growth and Wood Properties between Narrow and Normal Crowned Types of Norway Spruce Grown at Narrow Spacing in Southern Finland
	1 Introduction
	2 Material and Methods
	2.1 Experimental Data
	2.2 Laboratory Measurements
	2.3 Data Analyses

	3 Results
	3.1 Phenotypic Variation in Different Traits
	3.2 Phenotypic Correlations between Different Traits

	4 Discussion and Conclusions
	Acknowledgements
	References



