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Abstract
& Context Rotation length is known to affect timber quality
in many plantation species, but its effect on the properties of
Sitka spruce (Picea sitchensis) structural timber has not
been quantified.
& Aim Te purpose of this study was to compare selected
wood properties and grade recovery of Sitka spruce struc-
tural timber cut from different radial positions within a log
reflecting different cambial ages.
& Methods Structural timber was sawn from 60 logs har-
vested from an 83-year-old stand in Great Britain. Five
specimens were tested from each log: four from consecutive

radial positions out from the pith and the fifth a random
selection from outside the innermost 15 rings.
& Results Mean modulus of elasticity and bending strength
of timber from the outermost radial position were 51% and
41% greater, respectively, than for timber from adjacent to
the pith. Wood density differed by 9% between these posi-
tions. The amount of distortion (spring, twist and bow), knot
frequency and total knot area was significantly higher in
timber cut from adjacent to the pith.
& Conclusion Whilst longer rotations result in timber with
improved mechanical properties and less distortion, eco-
nomic and windthrow considerations may limit their imple-
mentation in Great Britain.

Keywords Sitka spruce . Rotation length .Wood
properties . Structural timber . Distortion

1 Introduction

Sitka spruce (Picea sitchensis (Bong.) Carr.) is the most
commonly planted conifer species in Great Britain (Forestry
Commission 2010) and is the main commercial species
processed by the sawmilling and panel board industries in
this country. Structural timber produced from British-grown
Sitka spruce trees normally meets the requirements for the
C16 strength class (a general-purpose structural timber used
in applications such as stud walls), as defined in EN 338
(CEN 2009), and yields of C16 timber in excess of 90% are
generally obtained when timber is machine strength graded.
However, yields of higher strength class timber that is better
suited to more demanding applications, such as trussed
rafters and lintels, are generally very low so that it is uneco-
nomic to try to segregate out such material during the
strength grading process. One reason for the lack of higher
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strength class timber could be the rotation length that Sitka
spruce plantations are managed over in Great Britain. Rota-
tion length affects not only the financial return from forest
management but also the quality of timber produced, with
longer rotations generally having a positive effect on timber
properties (Cown and McConchie 1982; Bilbis et al. 1993;
Clark et al. 1996; Johansson et al. 2001; Duchesne 2006;
Walker 2006). In Britain, rotation lengths of 35–45 years are
common for Sitka spruce stands, and in many cases, the
move to shorter rotations is driven by concerns about stand
stability on exposed upland sites (Miller 1985; Macdonald
and Hubert 2002). On the other hand, there is also an
increasing move to transform even-aged, single-species
stands into continuous cover forests with more diverse and
irregular structures (Macdonald et al. 2010). Such stands
may contain a number of older and larger trees.

At present, there are no data available on the properties of
Sitka spruce structural timber cut from older stands in Britain
with which to test these hypotheses about the effects of
rotation length. In an earlier study using material from a Sitka
spruce spacing trial planted in 1935 at Glengarry in western
Scotland, measurements were only made on discs and small
defect-free specimens cut from the trees and mechanical test-
ing of structural timber was not undertaken (Forest Research,
unpublished data). Therefore, predictions about the effects of
rotation length on the physical and mechanical properties of
Sitka spruce structural timber are currently based on our
knowledge of the intra-tree variation in wood properties. This
variation has been studied for a large number of species, and
much of the work in this field has been summarised in review
papers (e.g. Zobel and Sprague 1998; Larson et al. 2001;
Lachenbruch et al. 2011). In many conifer species, including
Sitka spruce, there is a general increase in wood density
from the pith to the bark and a reduction in the angle of
cellulose microfibrils in the secondary cell wall (microfibril
angle, MFA). As many mechanical properties (e.g. bending
strength and modulus of elasticity) are related to density and
MFA (Evans and Ilic 2001; McLean et al. 2010), they also
exhibit an increase from pith to bark. Similarly, intra-tree
variation in timber distortion can be linked to age-related
variation in wood properties, such as spiral grain angle, ring
curvature and MFA (e.g. Johansson et al. 2001; Cown et al.
2002; Ormarsson and Cown 2005). Wood found within the
first 10 or 20 rings (for Sitka spruce, Brazier and Mobbs
1993 suggest 12 rings) from the pith is generally referred to
as core wood (or juvenile wood), whilst wood in the re-
mainder of the cross-section is referred to as outer wood (or
mature wood; Zobel and Sprague 1998; Larson et al. 2001).
Therefore, predictions about the effect of rotation length on
wood properties are often based on the relative proportions
of juvenile and mature wood in the stem. For example,
Macdonald and Hubert (2002) calculated that the proportion
of juvenile wood (expressed as a percentage of basal area) in

a 35-year-old Sitka spruce stand of yield class 12 (i.e.
maximum mean annual volume increment of
12 m3 ha−1 year−1) was approximately 40%. At age 60 years,
the proportion of juvenile wood decreased to <20%.

In stands grown on 35- to 45-year rotations, a combina-
tion of tree size and cutting patterns used by British saw-
mills tends to result in a large proportion of structural timber
being cut from the juvenile core of the tree. On many sites,
concerns about wind damage have resulted stands being
managed on a no-thin regime (Miller 1985), which has led
to a reduced proportion of mature wood. However, in older
stands, the combination of increased tree diameter and
greater proportion of mature wood means that it should be
possible to cut pieces of structural timber which are entirely
composed of higher stiffness mature wood. Based on exist-
ing knowledge of radial variation in wood properties, it is
expected that timber cut from the mature wood of older and
larger trees would have superior physical and mechanical
properties and would be less prone to twisting when dried
(Perstorper et al. 1995; Johansson et al. 2001). This, in turn,
could mean that an acceptable percentage could meet the
requirements for higher strength classes, e.g. C24 and pos-
sibly C27. Therefore, it may be possible for local sawmills
to supply a sector of the structural timber market which is
currently almost exclusively supplied by imported timber.

In the study reported here, selected physical and mechanical
properties were measured for timber cut from an 83-year-old
stand of Sitka spruce growing at an upland site in Great Britain.
Results from mechanical tests conducted on structural timber
cut from different radial positions within the sampled trees are
presented and the following hypotheses are tested: (1) the
mechanical properties of timber cut from the mature wood
zone of the tree will be superior to those of timber cut from
the juvenile wood zone; (2) a significantly higher proportion of
timber cut from themature wood zone of each logwill meet the
requirements for higher strength classes than from the juvenile
wood zone; and (3) timber from the mature wood zone will
have lower amounts of distortion and a lower knot volume.

2 Materials and methods

2.1 Site description

The study was undertaken in Birkley Wood, which is locat-
ed in Kielder Forest, northern England (latitude 55°13′ N,
longitude 2°21′ W; elevation, 230 m a.s.l.). The soil at this
site is a peaty gley derived from Carboniferous sediments,
with a peat layer of 10–20 cm, and clayey subsoil, which
results in it being poorly drained. Birkley Wood is 1.9 ha in
extent and was planted in 1923, as a Sitka spruce/Scots pine
(Pinus sylvestris L.) mixture at a spacing equivalent to
6,719 trees per hectare; this type of 50:50 mixture was
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common in the early phase of upland afforestation in Great
Britain. Prior to planting, the site received minimal cultiva-
tion and surface drainage, and this is in marked contrast to
the closely spaced ploughing used in much subsequent
afforestation in the region. Routine crop survey recorded a
mean height of 10 m for the Sitka spruce at age 23 and top
height of 18 m at age 40 and 24 m at age 51. The stand was
given a low thinning in 1960, and approximately 290 m3 of
timber was removed. Since 1987, the stand dynamics of
Birkley Wood have been closely monitored, and each tree
is numbered and its relative position has been recorded
(Quine and Malcolm 2007). The surrounding stands were
felled in 2006, which increased the degree of wind exposure
for Birkley Wood, and it was extensively damaged by a
storm on 31st December 2006.

2.2 Forest and sawmill measurements

In May 2007, 30 trees covering the range of diameters
present were selected for conversion into sawn timber. The
diameter at breast height (1.3 m above ground level) of the
sampled trees ranged from 34.0 up to 84.5 cm, with a mean
of 53.2 cm. Edge trees with very coarse branching were
deliberately avoided. A previous study by Mochan and
Connolly (2006) showed that there are no detrimental
effects on mechanical and physical wood properties of
wind-damaged trees until they have been lying on the
ground for at least 18 months. Therefore, both standing
and wind-damaged trees were sampled; the final sample
included 19 wind-damaged (uprooted) trees and 11 standing
trees. The mean height of standing trees was 37.2 m. Each
standing tree had a north line and a breast height band
painted on it prior to felling, whilst wind-damaged trees
had a line painted on their top side and their direction of
fall was recorded. Two 3-m logs were cut from each tree.
Because the site had been a Ministry of Defence firing range
during World War 2, the butt end of the lower log was
located at 1.8 m above the ground to reduce the risk of
encountering bullets in the logs during processing at the
sawmill. This choice of log height may have meant that
the lowest stiffness part of the tree (Xu and Walker 2004)
was not sampled.

The length and end diameters over bark of each log were
recorded; small end (top) diameters of the 60 logs ranged
from 261 up to 771 mm, with a mean of 456 mm. Logs were
then marked with a unique paint colour and stamp combi-
nation so that they could be linked to the tree they were cut
from. The innermost 15 annual rings (i.e. the juvenile core)
were identified and marked on each log along with the 30th,
45th and 60th rings. The logs were then transported to the
Ladywell sawmill at Kirriemuir, Scotland, where they were
sawn using a cutting pattern that maximised the yield of
47×100 mm timber. These cutting patterns yielded

structural timber from the innermost part of the logs, which
is normal practice in British sawmills. In total, 1,365 pieces
of structural timber with these dimensions were cut and each
piece was uniquely numbered so that it could be linked to
the tree and log that it came from. This timber was then kiln-
dried to 18% moisture content and machine strength graded
using a GoldenEye-702 X-ray grader (MiCROTEC, Brixen,
Italy). The value of the indicating property (IP value) deter-
mined by the grading machine was recorded for each piece
of timber; from this, the amount of timber passing at C16
and C24 was determined. Resources did not allow for all
pieces to be mechanically tested in the laboratory. There-
fore, a sample consisting of five pieces of timber from each
log (300 pieces in total) was selected for destructive testing
to determine the modulus of elasticity and modulus of
rupture in bending. Four of these pieces were selected from
consecutive radial positions starting from the pith, whilst the
fifth was randomly selected from outside the juvenile core
(Fig. 1). All 300 pieces selected for further testing were flat-
sawn and had their annual rings orientated approximately
parallel to the major axis of the board.

2.3 Laboratory measurements

Prior to testing, the timber was stored in a controlled envi-
ronment (20°C and 65% relative humidity) at Edinburgh
Napier University until it reached constant mass. A subsam-
ple consisting of those pieces of timber from radial positions
1 and 4 (i.e. closest to and furthest from the pith, respec-
tively) was selected for more detailed assessment of knots
and distortion. A three-dimensional profile of each piece of
timber was obtained using the Freiburg Improved Timber
Scanner (Seeling and Merforth 2000). From these profiles,
the maximum amount of spring, twist and bow over a 2-m

1545 3060 1 32 4

Fig. 1 Schematic diagram showing the approximate locations of tim-
ber from radial positions 1 to 4. The location of annual rings 15, 30, 45
and 60 were painted on the ends of each log sampled
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interval within each piece of timber was calculated in ac-
cordance with EN1310 (CEN 1997) using a software
programme written specifically for this task. Each piece of
timber from the bottom log in this subsample was photo-
graphed on all four longitudinal faces and the size and
location of all knots >5 mm in diameter determined from
these photographs using image analysis software (Qwin,
Leica Microsystems, Wetzlar, Germany). Overall, distortion
measurements were made on 120 pieces of timber and knot
characteristics were measured on 60 pieces.

Four-point bending tests were conducted on each of the
300 pieces of timber using a Zwick Z050 universal testing
machine (Zwick Roell, Ulm, Germany). Tests were per-
formed in accordance with the procedures described in EN
408:2003 (CEN 2003) and EN384:2010 (CEN 2010a), with
the exception that the critical section was not located in the
central portion of the test span. Global modulus of elasticity
(MOEG) and modulus of rupture were calculated from the
data obtained during these tests using the equations given in
EN 408 (CEN 2003). Following testing, a 40-mm-thick
subsample spanning the full cross-section of the specimen
was cut. These samples were weighed immediately and their
volume determined from dimensional measurements. Sam-
ples were then dried in an oven at 103°C for 72 h and the
moisture content calculated from gravimetric measurements
in accordance with EN 13183-1 (CEN 2002). Bulk density
(i.e. mass of wood per unit volume at ambient moisture
content) was calculated from measurements of sample mass
and volume in accordance with ISO 3131 (ISO 1975). In
addition, the average ring width was determined for these
samples using the method described in EN1310 (CEN
1997).

2.4 Data analysis

Following the procedures described in EN 384 (CEN
2010a), values of MOEG and bulk density were adjusted
to a 12% moisture content basis, whilst values of bending
strength were adjusted to a 150-mm nominal depth. An
equivalent pure bending modulus of elasticity (MOEPB)
was calculated from MOEG,12 (i.e. MOEG adjusted to 12%
moisture content) using the following equation presented in
EN 384:

MOEPB ¼ 1:3MOEG;12 � 2:69 kNmm�2
� � ð1Þ

Data were analysed using the open-source statistical
package R (R Project Core Team 2010). Linear regression
was used to investigate the relationships between modulus
of rupture, modulus of elasticity (MOEPB) and density at
12% moisture content. A linear mixed-effects model (Pin-
heiro and Bates 2000) was used to compare density,
MOEPB, modulus of rupture (MOR), distortion and knot

measurements between radial positions. A nested structure
was assumed for the random effects of log and tree in
accordance with the experimental design. The following
model was fitted to data from the measurements on the
structural timber:

yijkl ¼ μþ t i þ hj þ Tk þ LlðkÞ þ eijkl ð2Þ
where yijkl is the measurement of basic density, MOEPB,
MOR or distortion on an individual specimen; μ is the
overall mean; τi is the fixed effect of the ith radial position
(i01,2,3,4); hj is the fixed effect of the jth log (j01,2); Tk is
the random effect of the kth tree (∼N(0,σ2

T )); Ll(k) is the

random effect of the lth log within the kth tree (∼N(0,σ2
L );

and eijkl is the within-group error (∼N(0,σ2
e ). Differences

between radial positions were examined using F tests, and
all tests were made at α00.05 level of significance. Linear
contrasts were used to make specific comparisons in timber
properties between radial positions. In particular, radial
positions 2, 3 and 4 were compared with position 1, and
positions 1 and 2 were compared with positions 3 and 4. The
same approach was used to compare values of spring, twist
and bow between radial positions 1 and 4, whilst the random
effect of log was removed for the analysis of knot character-
istics. In all cases, the assumptions of linear models, partic-
ularly those relating to homogeneity of variances, were
tested and, where appropriate, transformations were made.

The characteristic values (i.e. the value that corresponds
to a particular statistic of the probability distribution for the
property of interest) of modulus of elasticity, bending
strength and density for radial positions 1 to 4 were calcu-
lated using the procedures described in EN384 (CEN
2010a). The characteristic value for modulus of elasticity
was equal to the mean value of MOEPB, whilst characteristic
values for density and bending strength were calculated
from the 5th percentile values of MOR (adjusted to a 150-
mm timber depth) and density. In accordance with EN384, a
sample size adjustment was applied to the 5th percentile
values of MOR. On the basis that 60 pieces of timber were
sampled from each radial position, these 5th percentile
values were multiplied by 0.8 (i.e. ks00.8). Because the
timber had been machine strength graded, the 5th percentile
values were also multiplied by 1.12 to reflect the lower
variability of machine-graded timber (i.e. kv01.12). Using
these characteristic values, timber was assigned to a strength
class based on the requirements given in EN338 (CEN
2009). Provided that the characteristic values of bending
strength and density for a particular strength class were
met, the characteristic value for bending stiffness only need-
ed to exceed 95% of the required value for that strength
class. The differences in these characteristic values and the
resulting strength grade between radial positions were
compared.
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The potential yields of different strength classes of timber
were determined by calculating the optimum grade that each
piece of timber could be assigned following the approach
presented in EN 14081-2 (CEN 2010b). All 300 pieces of
timber were included in this analysis, and the optimum
yields were determined for all strength classes from C16
up to C27 as well as TR26 (a grade, used in Great Britain,
for trussed rafters). For each strength class of interest, pieces
of timber were ranked according to their value of MOEPB

and assigned to the optimum grade. Characteristic values of
bending strength (fm,k), modulus of elasticity (E0,mean) and
density (ρk) were calculated for each grade according to EN
384, and checks were made to verify that these characteristic
values satisfied the requirements for each grade. The effect
of rotation length was simulated by removing pieces of
timber from radial positions 3 and 4 from the analysis and
recalculating the optimum yields. Timber from radial posi-
tions 1 and 2 would be more typical of that produced from
stands grown on 35- to 45-year rotations.

3 Results

3.1 Timber mechanical properties

Of the 1,365 pieces of timber that were strength graded
with the GoldenEye-702, 1,359 (99.4%) passed at C16
whilst 437 (32.0%) passed at C24. For the sample of
300 pieces tested in the laboratory, values of MOEPB

ranged from 3.77 up to 15.63 kN mm−2, with a mean of
9.41 kN mm−2 (Table 1). MOEPB was only weakly related to
density (R200.23). Values of MOR ranged from 11.71 up to
74.97 Nmm−2 and were moderately related to MOEPB (R20
0.61), but only weakly related to wood density (R200.20).

There were significant differences in density (adjusted to
a 12% moisture content), MOR and MOEPB (E0,mean) be-
tween radial positions (p<0.001). Timber from positions 2,
3 and 4 had significantly higher values of MOEPB and MOR
than timber from position 1 (Table 2); however, only timber
from positions 3 and 4 had significantly higher values of

density. Not unexpectedly, the contrasts comparing density,
bending strength and MOEPB for positions 1 and 2 with
positions 3 and 4 were all significant (p<0.001). There was
no effect of log position on either MOEPB or density (p00.34
and p00.63, respectively); however, there was suggestive
but inconclusive evidence that timber cut from the upper log
had lower bending strength than timber cut from the lower
log (p00.07). Characteristic values of bending strength,
stiffness and density increased from radial position 1
through to radial position 4. Timber cut from radial position
1 met the requirements for the lower C14 strength class,
whilst timber from radial position 4 met the requirements for
the higher C24 strength class.

Mean ring width of timber decreased from 4.4 mm at
radial position 1 to 2.5 mm at radial position 4 (Table 2).
There was a moderate relationship between ring width (RW)
and MOEPB (R200.49; Fig. 2). The nonlinear equation for
the best fit line shown in Fig. 2 is given by:

MOEPB ¼ 24:22

1þ e0:67RW
þ 6:41 ð3Þ

Equations with a similar form were fitted to MOR and
density, but were only able to explain a smaller proportion
of the total variation in these two properties (R200.32 and
R200.25, respectively).

3.2 Optimal grading

For the dataset containing all 300 pieces of timber, there was
a 100% yield at strength classes up to and including C20
(Table 3). Optimal yields for C24 and TR26 were above
70%, whilst the yield for C27 was above 60%. For these
three higher strength classes, it was possible to assign the
reject material to a lower strength class (either C14 or C16),
which resulted in an overall yield of structural timber in
excess of 85%. When timber from radial positions 3 and 4
was excluded from the analysis, the yields of higher strength
class timber decreased by approximately 20%. The reduced
percentage timber assigned to higher strength classes im-
proved the overall yield for the strength class combinations

Table 1 Summary of the physical and mechanical properties of the 300 pieces of structural timber that were destructively tested

Property Minimum Maximum Mean CoV (%)

MOEG,12 (kN mm−2) 4.97 14.10 9.30 20.5

MOEPB (kN mm−2) 3.77 15.63 9.41 26.4

MOR (N mm−2) 11.71 74.97 41.20 26.9

Density (kg m−3) 331 558 426 11.1

Values of density and global modulus of elasticity (MOEG,12) are adjusted to 12% moisture content; MOR is adjusted to a 150-mm-deep section.
Pure bending modulus of elasticity (MOEPB) was calculated using Eq. 1

CoV coefficient of variation
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(i.e. TR26/C14, C27/C16 and C24/C14), but this was due to
higher yields in the lower strength class.

3.3 Distortion and knot characteristics

There were significant differences (p<0.001 for twist and
spring; p00.03 for bow) in the amount of distortion at 12%
moisture content between timber from radial positions 1 and
4 (Fig. 3). The mean amount of twist over a 2-m length was
8.6 mm for timber from position 1, whilst it was only
3.0 mm for timber from position 4. Approximately 55% of
pieces cut from position 1 had values of twist in excess of
8 mm, which is the limit given in EN14081-1 (CEN 2005).

In contrast, the maximum amount of twist for all timber cut
from position 4 was 8.7 mm, and fewer than 2% of pieces
exceeded the limit for twist given in EN14081-1. The mean
amount of spring over a 2-m length for timber cut from
position 1 (4.8 mm) was more than double the mean amount
for timber from position 4 (2.2 mm), whilst the amount of
bow over a 2-m length was approximately 1 mm greater for
timber cut from position 1. Only one piece of timber had a
value of spring which exceeded the limit of 12 mm given in
EN14081-1; no piece exceeded the limit for bow of 20 mm.

The mean diameter of knots was 19 mm for the 60 pieces
of timber that were assessed and did not differ between
radial positions (p00.59). However, timber from radial po-
sition 1 had approximately three times the number of knots
(46 vs. 15) as pieces of timber from radial position 4
(Fig. 4). As a result, the average total area of knots on the
four longitudinal faces of timber from position 1 was sig-
nificantly higher than on timber from position 4 (p<0.001).

4 Discussion and conclusions

In this study, there was a 51% increase in modulus of
elasticity of structural timber cut from position 4 (outer
wood) compared with timber cut from position 1 (assumed
to be from the juvenile core). There was also a 61% increase
in the characteristic value of bending strength (a 41% in-
crease in the mean value) between these two radial posi-
tions, but only a 9% increase in density. This result
highlights the strong influence of microfibril angle on wood
stiffness as radial differences cannot be explained by density
alone (Walker and Butterfield 1995). In most conifers, in-
cluding Sitka spruce, microfibril angle decreases rapidly
with increasing ring number from the pith (Jordan et al.

Table 2 Comparison of the properties of timber from different radial positions

Property Radial positions

1 2 3 4 1 and 2 3 and 4

Ring width (mm) 4.4 3.9* 3.2*** 2.5*** 4.1 2.8

MOR (N mm−2) 33.9 39.3*** 43.7*** 47.8*** 36.6 45.6

Density (kg m−3) 414 415ns 425* 451*** 414 438

E0,mean (kN mm−2) 7.18 9.04*** 10.08*** 10.83*** 8.11 10.45

fm,k (N mm−2)a 14.7 17.3 17.9 23.6 17.0 19.1

ρk (kg m−3)a 335 337 352 373 337 361

Strength class C14 C18 C20 C24 C16 C20

The characteristic values for stiffness, bending strength and density are given by E0,mean, fm,k and ρk, respectively. The requirements for the strength
classes are given in EN338 (factor kv01.12 was applied to the requirement for bending strength)

ns not significant

*p<0.05; **p<0.01; ***p<0.001 (significant differences between radial positions 2, 3 and 4 relative to radial position 1)
a The significance of the differences in values of fm,k and ρk between radial positions was not tested
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2005; McLean 2008). The increase in wood stiffness from
pith to bark and between juvenile wood and mature wood is
consistent with findings from numerous studies covering a

wide variety of coniferous and hardwood species (e.g. Pratt
1979; Bendtsen and Senft 1986; Barrett and Kellog 1991;
Kennedy 1995; Kliger et al. 1995; Walker and Nakada

Table 3 Results from the optimal grading of the 300 boards

Strength class Required values Yield (%)

fm,k (N mm−2) ρk (kg m−3) E0,mean (kN mm−2) All timber Without radial positions 3 and 4

TR26/C14

TR26 25.3 370 10.45 74.0 52.5

C14 12.5 290 6.65 21.3 47.5

95.3 100

C27/C16

C27 24.1 370 11.40 62.3 42.0

C16 14.3 310 7.60 23.4 46.4

85.7 88.4

C24/C14

C24 21.4 350 10.45 75.7 55.3

C14 12.5 290 6.65 16.0 43.0

91.7 98.3

C22 19.6 340 9.50 98.0 80.1

C20 17.9 330 9.03 100.0 92.3

C18 16.1 320 8.55 100.0 100.0

C16 14.3 310 7.60 100.0 100.0

The required characteristic values for bending strength (fm,k), density (ρk) and stiffness (E0,mean) are given for each strength class along with the
proportion of boards that would meet these requirements. Factor kv01.12 has been applied to the required characteristic value for bending strength
and the 0.95 factor applied to the characteristic value of modulus of elasticity
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1999; Bao et al. 2001; Koponen et al. 2005). The increase in
timber strength may also be partly attributable to the reduc-
tion in knot content between radial positions 1 and 4 as
knots are considered to be one of the main strength-reducing
defects in timber (Forest Products Laboratory 2010).

Wood from the juvenile core of a tree has higher longi-
tudinal shrinkage and lower transverse shrinkage due to its
high microfibril angle (Ilic et al. 2003). This higher longi-
tudinal shrinkage, coupled with a higher spiral grain angle in
the juvenile core, means that timber cut from this region is
more likely to distort (especially twist) than timber cut from
the mature outerwood (Brazier 1985). This was particularly
apparent in this study where the mean amount of twist of
timber cut from the mature outerwood (position 4) was
approximately one third that measured on timber cut from
the juvenile core (position 1). This reduction in twist with
increasing radial position is consistent with the finding of
Perstorper et al. (1995) who investigated the effect of radial
position on the distortion of Norway spruce (Picea abies
(L.) Karst) timber. Many of the applications that require
higher strength timber such as trussed rafters also have strict
limits on timber distortion, so the lower amounts of distor-
tion associated with the higher stiffness timber from the
outside of the tree would mean that this timber would be
potentially suited to such applications.

The age at which the transition from juvenile wood to
mature wood occurs varies among and between species and
also depends on the characteristics used to define juvenile

wood. If the point at which the radial variation in wood
density stabilises is used to define the boundary between
juvenile and mature wood, then this can range from ring
8 up to ring 35 (Bendtsen and Senft 1986; Kennedy 1995).
In Sitka spruce, Brazier and Mobbs (1993) have used an
apparently arbitrary definition of ring 12 to denote the
boundary of the juvenile wood zone. Regardless of the age
that this transition from juvenile wood to mature wood
occurs, increasing the rotation length of a stand will reduce
the proportion of juvenile wood within a tree. In general,
this has been shown to increase the overall mechanical
properties of the timber cut from these trees as the proportion
of timber cut from outside the juvenile core increases (e.g.
Bilbis et al. 1993; Duchesne 2006). Whilst the average
MOEPB of timber tested in this study (9.41 kN mm−2) was
substantially higher than the 7.52 kN mm−2 determined for
timber cut from a 37-year-old Sitka spruce progeny trial
growing nearby in Kershope Forest (Moore et al. 2009),
the average MOE for the whole population of timber cut
from Birkley Wood is likely to be higher still as timber from
radial positions 3 and 4 will constitute a greater proportion
of the overall volume of wood than of the sample that was
tested. Therefore, the optimal yields of higher strength class
timber could be even higher than those calculated in this
study. On the other hand, actual yields when timber is
graded in practice are less than the optimal yield as grading
machines are not able to perfectly measure the grade-
determining properties of each piece of timber.
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Whilst it appears that longer rotations will result in timber
with improved mechanical properties (possibly meeting the
requirements for the C24 strength class) and a lower pro-
pensity to distort, this course of action is unlikely to be
economic. In order to offset the costs of growing the trees
for an additional 35–40 years, there would need to be a
considerable price premium for higher strength classes of
timber. At present, this premium does not exist, with C16
and C24 grade structural timber selling for approximately
the same price in Great Britain. Unless this situation
changed or there was a shift in end-user preference towards
C24 grade timber, it is unlikely that rotation length in even-
aged British Sitka spruce forests will increase. Increasing
rotation lengths also make forests more vulnerable to wind
damage as the trees will be taller and the time they are
exposed to the hazard also increases (Quine et al. 1995).
The more likely scenario is that small groups of older trees
are retained as part of a continuous cover system, although
trees grown under these conditions may have somewhat
different wood properties from the same aged tree grown
in an even-aged stand (Macdonald et al. 2010).

In conclusion, this study has yielded a considerable
amount of information on the radial variation in wood
properties within Sitka spruce trees and the impact of this
variation on the properties of structural timber. This infor-
mation can be used to inform forest managers and timber
processors about the consequences of various courses of
action on timber properties, not only decisions about rota-
tion length but also various other decisions around silvicul-
tural and processing options. With a shift towards
continuous cover forestry on some sites, knowledge about
the wood properties of older legacy trees that could exist
under this type of management will be a useful addition to
existing knowledge (e.g. Macdonald et al. 2010) about the
implications of this type of management on timber quality.
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