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Abstract
& Context Microfibril angle (MFA) is one of the key deter-
minants of solid timber performance due to its strong influ-
ence on the stiffness, strength, shrinkage properties and
dimensional stability of wood.

& Aims The aim of this study was to develop a model for
predicting MFA variation in plantation-grown Scots pine
(Pinus sylvestris L). A specific objective was to quantify
the additional influence of growth rate on the radial varia-
tion in MFA.
& Methods Twenty-three trees were sampled from four ma-
ture Scots pine stands in Scotland, UK. Pith-to-bark MFA
profiles were obtained on 69 radial samples using scanning
X-ray diffractometry. A nonlinear mixed-effects model
based on a modified Michaelis–Menten equation was devel-
oped using cambial age and annual ring width as explana-
tory variables.
& Results The largest source of variation in MFA (>90 %)
was within trees, while between-tree variation represented
just 7 % of the total. Microfibril angle decreased rapidly
near the pith before reaching stable values in later annual
rings. The effect of ring width on MFAwas greater at higher
cambial ages.
& Conclusion A large proportion of the variation in MFA
was explained by the fixed effects of cambial age and annual
ring width. The final model is intended for integration into
growth, yield and wood quality simulation systems.

Keywords Microfibril angle . Pinus sylvestris . Nonlinear
mixed-effects models . Radial variation . Growth rate . Ring
width

1 Introduction

Microfibril angle (MFA)—the average orientation of the cel-
lulose microfibrils in the S2 layer of the wood cell wall with
respect to the longitudinal axis—is one of the key determi-
nants of solid timber performance due to its strong influence
on the stiffness, strength, shrinkage properties and dimension-
al stability of structural lumber (Cave 1969; Meylan 1972;
Bendtsen and Senft 1986; Cave and Walker 1994). In a single
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tree, MFA, along with other microstructural properties that
influence sawn timber performance, such as tracheid
dimensions and cell wall thickness, shows distinctive
systematic variation with cambial age and height in
the stem (Megraw 1985). This results in the formation
of a ‘juvenile’ core of wood, which has characteristics that
negatively affect mechanical properties (e.g. Zobel and
Sprague 1998; Larson et al. 2001; Burdon et al. 2004;
Cameron et al. 2005; Mansfield et al. 2009).

Increasing demand for wood and wood products in recent
decades has been mirrored by a general trend towards wider
initial spacing and shorter rotation lengths in plantation-
grown conifers, leading to trees with proportionally larger
juvenile cores and larger branches (Kennedy 1995). This
means that a substantial quantity of juvenile wood will be
converted into sawn timber, leading to an increase in failure
rates for structural strength classes in machine grading. Such
a reduction in structural timber yields is likely to carry an
associated economic cost for the wood processing industries
(Walker and Butterfield 1996).

Recent advances in measurement techniques, such as
automated scanning X-ray diffractometry (Evans et al.
1995), reflect the increasing importance of MFA to the
forest products industry. Consequently, it is now widely
regarded, along with wood density, as one of the most
significant wood properties influencing the end-use perfor-
mance of solid wood (Evans and Ilic 2001; Downes et al.
2002; McLean et al. 2010). In conifers, values of MFA are
generally higher near the pith (typically 25° to 30° in the
first few growth rings) and decline rapidly in the first 10 to
15 growth rings before approaching a more stable value
(≈10° to 12°) in the mature wood (e.g. Barnett and Bonham
2004; Jordan et al. 2005; Alteyrac et al. 2006). This radial
pattern is repeated irrespective of height in the tree, although
the rate of decrease near the pith can vary with sampling
height (Megraw 1985).

Although within-stem changes account for a large pro-
portion of the total variation in MFA, there are also differ-
ences among trees within stands (Jordan et al. 2006). In
radiata pine (Pinus radiata D. Don), such differences are
notably more pronounced in the juvenile wood zone
(Donaldson 1992; Cown et al. 1999). Since MFA has rela-
tively high broad sense heritability (Donaldson and Burdon
1995: Cown et al. 2004), there is also significant variation in
MFA between different provenances within a species
(Vainio et al. 2002) and between trees growing in different
physiographic regions (Jordan et al. 2006, 2007).

Despite these findings, there is still relatively little infor-
mation available about the influence of growth rate on MFA
variation in many important commercial timber species. A
significant and positive effect of growth rate on MFA has
been reported in Norway spruce (Picea abies L. Karst.)
(Herman et al. 1999), with fast-grown trees having a mean

MFA of 29°, compared with 21° in slow-grown trees. Sim-
ilar results were found by Lundgren (2004) in the same
species, who observed a significant increase in MFA after
the application of fertiliser and irrigation treatments. Sarén
et al. (2004) also found that mean MFA decreased more
gradually with distance from the pith in fast-grown Norway
spruce trees compared with trees growing on a medium
fertility site. Similarly, growth rate was found to be posi-
tively related to MFA in Eucalyptus nitens following water
stress release (Wimmer et al. 2002). One possible explana-
tion for these results is that enhanced growth leads to an
increase in the proportion of shorter, larger-diameter and
thinner-walled earlywood-type cells (Larson 1969), which
tend to have higher microfibril angles (Panshin and de
Zeeuw 1980).

The aforementioned studies highlight the possibility of
influencing MFA using silvicultural techniques that sup-
press juvenile growth, leading to a greater quantity of wood
with lower MFA in mature trees (Lindström et al. 1998).
However, despite the increasing recognition of the relation-
ship between tree growth and this important wood quality
trait, predictive models for MFA that explicitly include
growth rate variables are still relatively scarce in the litera-
ture. Furthermore, while environmental conditions such as
site quality, day length and growth rate are thought to play a
role in MFA variation (e.g. Wimmer et al. 2002; Clark III et
al. 2006), the relative magnitude of, and interaction be-
tween, site factors and genotypic effects are not fully under-
stood (Donaldson 1992; Lasserre et al. 2009). Compression
wood formation in stems subjected to wind loading or other
environmental stresses (Timmell 1986) also distorts the
general pith-to-bark trend in MFA because values tend to
be high in compression wood compared with normal wood
cells (Gardiner and Macdonald 2005).

Empirical models for predicting the within-stem variation
in MFA and other important wood quality attributes are of
value to forest managers because they can be integrated into
growth and yield simulation systems and used to predict the
effects of forest management practices on end-use properties
(Houllier et al. 1995; Macdonald et al. 2010). Such models
have been developed for many commercially important
timber species (Verkasalo and Leban 2002; Jordan et al.
2005; Achim et al. 2006; Moore et al. 2009a; McLean et al.
2010; Gardiner et al. 2011; Watt et al. 2011), and can be used
to predict structural timber yields and to provide important
information for early selection of desirable wood quality traits
(Lee 1999; Moore et al. 2009b; Lenz et al. 2011).

The aim of this study was to develop a model for predict-
ing MFA variation in the stems of plantation-grown Scots
pine (Pinus sylvestris L), with the specific objective of
quantifying the additional influence of growth rate on the
radial pattern of variation. A nonlinear mixed-effects model
was developed which used cambial age and annual ring
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width as independent variables. Predicted values from the
final model are graphically presented to show the potential
for integrating the developed equations into growth and
yield simulation systems.

2 Materials and methods

2.1 Study sites

The study material was obtained from four even-aged ma-
ture Scots pine stands located in northeast Scotland. The
sites were established on freely draining podzolic or sandy
soils with a mean accumulated temperature ranging from
1,037 to 1,261 day-degrees >5 °C. Mean moisture deficit
(potential evaporation minus monthly rainfall) ranged from
84 to 135 mm. Stand age ranged from 68 to 100 years, with
a mean of 80 years. The stand densities at each site indicated
that the stands had previously been thinned, but the initial
planting spacing and precise thinning history were un-
known. However, it was known that none of the sites had
been thinned for at least 3 years prior to sampling.

2.2 Sample tree measurements

In the summer of 2008, ten randomly located temporary sam-
ple plots were installed in each stand. Plot area was either 0.02
or 0.05 ha depending on current stand density, in order to
ensure that between 7 and 20 trees were sampled in accordance
with UK inventory practice. The diameter at breast height
(DBH, measured 1.3 m above ground level) and total height
were measured on all trees in each of the sample plots. Sample
tree mean DBH ranged from 19.6 to 53.0 cm, and mean total
height from 12.6 to 26.3 m (Table 1). Six trees from each site
—two from each diameter quartile, excluding the lowest—
were then randomly selected for destructive sampling. After
felling, 10–15-cm-thick transverse discs were cut from five
positions along the stem, at approximately 1.3 m, 5 m, and the
crown base, crown midpoint and upper crown. Sampling
heights were adjusted to avoid branch whorls or stem damage,
which may locally influence wood properties (Auty et al.
2011). In total, 120 discs were sampled from 24 trees, repre-
senting five sampling heights along the stem.

2.3 SilviScan-3 sample preparation and scanning

The SilviScan-3 instrument (Innventia AB, Stockholm) is
designed to analyse radial samples measuring 2 mm in the
tangential direction and 7 mm in the longitudinal direction.
North-facing radial sections with cross-sectional dimensions
of approximately 15×15 mm were cut from each sample
disc and soaked in clean acetone for three separate 24-
h periods to remove extractives. The north direction was T
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selected to control for possible compression wood formation
in the leeward side of leaning stems due to the prevailing
westerly or south-westerly winds in northern Britain. Sam-
ples were then passed through a series of automated twin-
blade circular saws, which made the 2- and 7-mm cuts in the
appropriate orientations. Any remaining bark was removed,
and the samples were Soxhlet extracted in acetone for ap-
proximately 12 h to remove any residual extractives. Before
scanning, specimens were conditioned in the laboratory at
approximately 22 °C and 40 % relative humidity until they
reached constant mass, resulting in a testing moisture content
of approximately 7–8 %. Samples were scanned in the radial–
tangential direction using an X-ray diffractometer, and the
mean MFA was calculated over 5-mm intervals along the
length of each sample. Analysis of the diffraction profiles
provides information about the orientation and distribution
of the cellulose microfibrils in the S2 layer of the secondary
cell wall (Evans 1999). Additional information, including ring
width, cell dimensions and density, was obtained using image
analysis and scanning X-ray densitometry.

2.4 Statistical analysis

The hierarchical structure of the data (radial and longitudi-
nal variation within a single tree, between trees growing on
a particular site and between-site differences) enables the
application of mixed-effects modelling techniques, which
take into account these multiple sources of variation and
the mutual dependence among observations, allowing more
accurate estimation of parameter standard errors (Lindström
and Bates 1990). Thus, random site, tree and disc effects
were included in the models in order to allow parameter
estimates to vary around the population mean (i.e. fixed
effects) at the level of each grouping factor (Jordan et al.
2005; Gardiner et al. 2011). Mixed models can easily handle
unbalanced data and also allow for an appropriate variance
function and correlation structure to be included, in order to
model heteroscedasticity (non-constant variance of the
within-group errors) and dependence among within-group
errors, respectively (Pinheiro and Bates 2000).

Model selection was based on visual analysis of plots of the
normalised residuals versus fitted and explanatory variables
(Pinheiro and Bates 2000) and Akaike’s information criterion
(AIC, Akaike 1974), which measures the relative adequacy of
different nested models. AIC is used when comparing models
fitted to the same dataset, and as a rule, the model with the
lower AIC is preferred. Chi-squared-based likelihood ratio
tests were used to evaluate the significance of terms in both
the fixed and the random effects structure, and also to test the
significance of the variance function and correlation structure.
Parameter estimates were obtained using the maximum like-
lihood method, and only those parameters that were signifi-
cant (p<0.05) were retained in the final models.

Model performance was evaluated by calculating the
mean absolute error (|E|) and mean percentage error (E%)
from the fixed part of each model. Two sets of fit indices (R2)
were also calculated using the equations given in Parresol
(1999). In the first set, the predicted values were estimated
from only the fixed effects terms of each model, and in the
second, they were calculated from both the fixed and random
effects. All statistical analyses were carried out using func-
tions contained in the nlme library (Pinheiro et al. 2012) of
the R statistical programming environment (R Development
Core Team 2012).

3 Model development

The variation in MFA with cambial age (i.e. annual ring
number from the pith) is curvilinear, taking the form of a
negative exponential curve. Values tend to be high near to the
pith but decrease rapidly before reaching more stable values
in mature wood. In addition, MFA generally increases with
increasing annual ring width. Although every effort was
made to avoid compression wood during the sample prepa-
ration stage, initial data exploration revealed that of the 120
prepared samples, 51 had atypical pith-to-bark patterns, with
very high values in a large proportion of mature growth rings
(e.g. MFA >30° at cambial age 20 or MFA >20° at cambial
age 40). Because such patterns are likely to be attributable to
the presence of compression wood (Gardiner and Macdonald
2005), these samples were omitted from the model-fitting
dataset. In the remaining samples, the first and last annual
rings were also omitted from the analysis due to the uncer-
tainty in measurements taken in rings adjacent to the pith and
bark. Data from 69 radial samples were used for model
construction, which contained MFA information from a total
of 3,030 annual rings from 23 trees. Mean tree- and ring-level
characteristics for the model-fitting dataset are presented in
Table 1, and scatterplots showing the variation in MFA with
cambial age and annual ring width are presented in Fig. 1.

3.1 Variance components model

In order to estimate the variance components of each level
of the random effects, an intercept-only linear mixed-effects
model was fitted to the MFA data. The model describes the
log-transformed response of mean MFA yijkl measured on
the lth annual ring of the kth disc from the jth tree at the ith
site. Using the notation of Pinheiro and Bates (2000), this
model is expressed as:

yijkl ¼ μþ bi þ bij þ bijk þ "ijkl ð1Þ
where μ denotes the model intercept or grand mean, bi
denotes the site random effect (i01,…,4), bij denotes the
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tree nested in site random effect (j01,…,23), bijk the disc
nested in tree within site random effect (k01,…,69) and εijkl
represents the within-group errors. The random effects and
within-group errors were assumed to be independent and
multivariately normally distributed, with bi∼N(0,Ψ1), bij∼N
(0,Ψ2), bijk∼N(0,Ψ3) and "ijkl~N 0;σe

2ð Þ. The Ψ1, Ψ2 and Ψ2

are the variance–covariance matrices for the different levels
of random effects—site, tree and disc, respectively. The
contribution of each level of variation was calculated as a
percentage of the total random variation in the intercept-
only model.

3.2 Mixed-effects model specification

Various nonlinear functional forms were screened during the
model fitting process, including the modified three-
parameter logistic function presented in Jordan et al.
(2005) for modelling variation in MFA with cambial age in
loblolly pine (Pinus taeda L.). The logistic function tends to
a lower asymptote with increasing annual ring number, and
is expressed as:

yijkl ¼ a0

1þ ea1�CAijkl
þ a2 þ a2;i þ a2;ij þ a2;ijk þ "ijkl ð2Þ

where yijkl is the mean MFA (degree) in each annual growth
ring, CAijkl is the cambial age (years) of the lth annual ring of
the kth disc from the jth tree at the ith site, α0, α1 and α2 the
fixed effects parameters to be estimated, representing the initial
value near the pith, the rate parameter and the lower asymptote,
respectively. Since α2 assumes a constant value across all
cambial ages, this parameter was allowed to vary randomly
in each stratum. Hence, a2,i, a2,ij and a2,ijk represent the random
effect of α2 at the site, tree and disc levels, respectively. Due to
the fact that correlation among random effects approached
unity (>0.97) when models were fitted with multiple random
terms, a single random term was preferred in this and all
subsequent models (Pinheiro and Bates 2000).

Trends in the normalised residuals of Eq. (2) when plot-
ted against annual ring width indicated an increasing

influence of ring width at higher cambial ages (Fig. 2).
However, accounting for this effect in the logistic function
proved problematic. Integrating the ring width term into the
α1 parameter of Eq. (2) had the effect of altering only the
rate of decline in MFA, but did not influence either the
initial value near the pith or the asymptotic mature wood
value. Similarly, allowing parameter α2 of Eq. (2) to vary
with ring width had the same effect on MFA at all values of
cambial age. Furthermore, including the ring width term in
the α0 parameter had the effect of changing only the initial
values of MFA but had no effect at higher cambial ages. For
this reason, an alternative model, in the form of a modified
Michaelis–Menten equation, was used in subsequent model
fits. This equation is often used to model enzyme kinetics,
but has also been used to predict the radial variation of MOE
in Scots pine (Auty and Achim 2008). In the current study,
the function used was a standard Michaelis–Menten equa-
tion with an added intercept term:

yijkl ¼ b0 � CAijkl

b1 þ CAijkl
þ b2 þ b2;i þ b2;ij þ b2;ijk þ "ijkl ð3Þ

where β0, β1 and β2 are the fixed effects parameters to be
estimated. In this equation, β1 represents the rate parameter
and β2 the intercept, while the lower asymptote is given by
β0+β2. The random effects of β2 at the site, tree and disc
levels are given by b2,i, b2,ij and b2,ijk, respectively.

3.3 Inclusion of annual ring width as an explanatory variable

In order to incorporate the increasing influence of ring width
at higher cambial ages, the β0 parameter of Eq. (3) was
allowed to vary as a function of ring width. This had the
effect of changing the asymptotic mature wood value of
MFA without altering the initial value near the pith. This
model was expressed as:

yijkl ¼
g0 þ g3 � RWijkl

� �
CAijkl

g1 þ CAijkl
þ g2 þ c2;i þ c2;ij þ c2;ijk

þ "ijkl

ð4Þ

where RWijkl is the width (millimetres) of the lth annual ring
of the kth disc from the jth tree at the ith site, γ0…γ3 are the
fixed effects parameters, and c2,i, c2,ij and c2,ijk represent the
random effects of γ2 at the site, tree and disc levels, respec-
tively. The site-level random effects estimate for Eq. (4) was
negligible with a very wide 95 % confidence interval, which
justified its omission from the final model.

3.4 Specification of variance function and correlation
structure

With the addition of the fixed effects, the assumption of
independent, normally distributed within-group errors was
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relaxed to accommodate heteroscedasticity and serial corre-
lation "ijkl~N 0;σe

20ijkl

� �
, where Λijk are positive-definite

matrices parameterized by a set of fixed parameters λ. In
this study, heteroscedasticity was modelled as a power func-
tion of the absolute values of cambial age. The variance
model and variance function, respectively, are given by:

Var "ijk
� � ¼ σ2 CAijk

�� ��2dijk ; g CAijk; d
� � ¼ uijk

�� ��dijk ð6Þ
where CAijk is cambial age (years) and δijk are the variance
parameters for the site, tree and disc grouping levels, re-
spectively. In addition, a first-order autoregressive correla-
tion structure AR(1) was applied to model correlation
among observations at successive cambial ages within each
grouping factor. This model expresses the current observa-
tion as a linear function of previous observations plus a
homoscedastic noise term centred at 0, and is assumed to
be independent of previous observations:

"t ¼ f1"t�1 þ . . .þ fp"t�p þ at ð7Þ
where εt is an observation at time t, ϕ is the single correla-
tion parameter and p is the number of past observations
included in the autoregressive model (in this case, p01).
The lag-1 correlation parameter ϕ decreases exponentially
with the lag, or distance between two observations, and
takes values between −1 and 1 (Pinheiro and Bates 2000).

4 Results

The variance components of the intercept-only model
showed that within-stem variation accounted for over
90 % of the total observed variation in MFA, comprising
35 % between-disc variation and 56 % ring-level and resid-
ual variance. Between-tree differences represented just over
7 % of the total, while site-to-site variation accounted for
just 2 % of the total variation given by Eq. (1). The fixed
effects parameter estimates and standard deviation of the
random effects for Eq. (4) are presented in Table 2.

In general, each successive model gave a lower AIC
value and a higher log-likelihood (Table 3), indicating an
improved fit. The final model containing the fixed effects of
cambial age and annual ring width, given by Eq. (4), gave
the lowest AIC, highest log-likelihood and overall highest
fit indices and lowest error statistics than the other models
(Table 3). The fixed effects of Eq. (4) were able to explain
63.4 % of the variation in MFA in the data, increasing to
72.2 and 82.9 % with the inclusion of the tree- and disc-
level random effects, respectively. The corresponding values
from the fixed effects of Eqs. (2) and (3) were 57.5 and
62.2 %, respectively (Table 3). The site random effect esti-
mate was close to zero and not significant in the final model.
Figure 3 shows predictions from Eq. (4) for different aver-
age ring widths of 0.5, 4 and 8 mm, showing the increasing
influence of growth rate on MFA at higher cambial ages,
consistent with the patterns observed in Fig. 2.

Error statistics calculated from the fixed effects of Eq. (4)
were 2.0° and 14.7 % for the mean absolute error and mean
percentage error, respectively (Table 3). The value of the
correlation parameter ϕ for Eq. (4) was −0.513, indicating a
relatively high correlation between successive annual rings.

Table 2 Parameter estimates, associated standard errors, p-values and
standard deviation of the random effects estimates for the final model
of MFA variation given by Eq. (4)

Fixed parameters Estimate SE t-value p-value

γ0 –33.872 3.315 –10.219 <0.0001

γ1 1.574 0.260 6.066 <0.0001

γ2 44.197 3.402 12.990 <0.0001

γ3 0.247 0.029 8.436 <0.0001

Random parameters Std. dev. Level

c2,i – Site

c2,ij 1.096 Tree

c2,ijk 1.435 Disc

εijkl 7.728 Residual
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Fig. 2 Normalized residuals of
the logistic function given by
Eq. (2) plotted against annual
ring width. The loess smoothing
function clearly shows the in-
creasing trend in the residuals
with ring width in older annual
rings
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There were no observed trends in the normalized residuals
from Eq. (4) when plotted against the explanatory variables
and the predicted values of MFA (not shown), indicating a
good overall fit to the data.

5 Discussion

The range of MFA values observed in this study (approxi-
mately 8° to 34°) was similar to those found in other conifer
species, including Scots pine (Lichtenegger et al. 1999),
loblolly pine (Jordan et al. 2005; Megraw 1985) and Sitka
spruce (McLean et al. 2010). Competing hypotheses have
been proposed to explain radial variation in wood properties
(Lachenbruch et al. 2011). One possible explanation for the
large degree of within-tree variation in MFA is that young
trees need the flexibility associated with low stiffness and
high MFA in order to be able to reduce wind loading and
therefore minimise the risk of stem breakage. As trees grow
in size, they subsequently need to be able to withstand the
large compressive and gravitational forces generated from
their enlarging stems and crowns (Lachenbruch et al. 2011;
Nicoll et al. 2006; Hale et al. 2012). This shift in requirements
reflects a possible ‘strategy for mechanical optimisation’
(Lichtenegger et al. 1999) as a tree matures, and results in

the creation of a juvenile core in the tree with rapidly chang-
ing characteristics and generally lower stiffness (Burdon et al.
2004; Mansfield et al. 2009). A complementary explanation
may also relate to the need to maintain hydraulic safety
in young trees, which have less well-developed root systems
and lower water storage capacity (Gartner 1995; Domec and
Gartner 2002). In this case, the higher MFA of juvenile wood
cells may allow for greater collapse resistance under the
higher negative pressures required for water transport to the
foliage (Lachenbruch et al. 2011).

The relatively small parameter estimate associated with
annual ring width in the current study is consistent with
previous studies, which also reported a small positive effect
of growth rate on MFA (Lindström et al. 1998; Herman et al.
1999; Wimmer et al. 2002; Sarén et al. 2004). Radial growth
rate, as expressed through site factors such as temperature,
rainfall, fertilisation and initial stocking, was positively cor-
related to MFA in Norway spruce (Lindström et al. 1998).
Similarly, in the juvenile wood of red pine (Pinus resinosa
Ait.), Deresse et al. (2003) found that an increase in ring
width resulted in larger MFA values and reduced strength
and stiffness of small clearwood specimens. Lasserre et al.
(2009) found that MFAwas negatively correlated with stem
slenderness in P. radiata clones, with trees planted at narrow
initial spacing having significantly lower MFA values than
those planted at wide spacings.

In the current study, the inclusion of annual ring width in
the final model allowed us to separate the effects of cambial
age and radial growth rate in trees of the same age but with
different dimensions (i.e. different social status). An exam-
ination of the residuals from the model including only
cambial age (Fig. 2) revealed that the positive effect of
growth rate on MFA increased with cambial age, which
was well accounted for by the use of the Michaelis–Menten
equation. This effect could be related to the observed de-
crease in MFA across a single annual ring from earlywood
to latewood tracheids (McMillin 1973; Cave and Walker
1994), and is therefore consistent with the observed increase
in the proportion of earlywood in the rings of fast-grown
trees (Ulvcrona and Ulvcrona 2011). The variation in MFA
between earlywood and latewood has been shown to be
more pronounced in the mature wood of both Scots pine

Table 3 AIC, log-likelihood, fit indices (R2—fixed plus random effects levels) and error statistics for the fitted MFA models given by Eqs. (2)–(4)

Model AIC Log-likelihood Fit indices (R2) Model errors

Fixed Site Tree Disc |E| E%

Eq. (2) 6,208.3 −3,095.1 0.575 0.575 0.666 0.796 2.16 16.1

Eq. (3) 6,172.2 −3,077.1 0.622 0.634 0.717 0.823 2.08 15.0

Eq. (4) 6,102.6 −3,042.3 0.633 0.633 0.722 0.829 2.03 14.7

Mean absolute error (|E|) and mean percentage error (E%) were calculated from the fixed part of each model
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Fig. 3 Mean predicted MFA as a function of cambial age using Eq. (4)
for average ring widths of 0.5, 4 and 8 mm
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and loblolly pine (Megraw et al. 1998; Krauss 2010), al-
though Lichtenegger et al. (1999) observed the opposite
trend in Norway spruce trees. Our results are consistent with
the observation that growth rate has little influence on the
inherent changes in wood properties with ring age in juve-
nile wood (Larson et al. 2001). This has also been reported
by Zobel and Sprague (1998), who reported many similar-
ities in the wood properties of narrow and wide rings of the
same age in the juvenile zone. An increase in growth rate
after the period of juvenile wood formation is therefore
likely to have a greater influence on MFA than it would in
younger annual rings.

McMillin (1973) also found a positive effect of growth rate
on MFA, but only in trees with higher specific gravity, indi-
cating a possible interaction between the growth rate effects
on different wood properties. Even though the effects of site
and silviculture on MFA may be small (Donaldson 2008), the
non-significance of the site random effect in the final model
was most likely due to the small number of sites in this study,
rather than a true indication that site factors do not influence
MFA. While some studies have reached the latter conclusion
(e.g. Shuler et al. 1989; Donaldson 1996), others have postu-
lated that observed differences between sites might be related
to seed provenance (Jordan et al. 2006, 2007) or the dominant
effect of genotype over environmental factors (Nakada et al.
2003). From this, it is clear that more information is required
in order to separate the effects onMFA of site, silviculture and
genetics (Donaldson and Burdon 1995).

The high incidence of compression wood (CW) in the
sample dataset (more than 40 % of the samples had abnor-
mal radial MFA profiles with higher than expected values in
some growth rings) is in accordance with the generally high
levels of CW that are observed in UK-grown conifer spe-
cies, which is assumed to be associated with the windy
climate (Gardiner and Macdonald 2005). Compression
wood is associated with poor stem form and contains wood
with both higher density and higher MFA values which
negatively affect end-use characteristics such as stiffness,
strength and shrinkage (Walker and Butterfield 1996).
Therefore, fitting the model to data from samples containing
no compression wood might lead to an overestimation of the
predictive power of the model and an underestimation of the
model bias, and would be unrepresentative of the resource.

6 Conclusions

This study has shown that radial patterns of variation in
Scots pine microfibril angle are similar to those reported
for other commercially important softwood species. The
large observed within-stem variation in MFA poses chal-
lenges for the wood processing industry because changes in
the overall proportion of juvenile wood due to fast growth or

shorter rotations might be expected to have a negative
impact on structural timber yields. In addition to the varia-
tion with cambial age, there was a positive influence of
growth rate on MFA, as expressed through annual ring
width, and this effect was larger at higher cambial ages.
This was accounted for in the final model by allowing the
effect of growth rate to increase with cambial age. The
inclusion of radial growth increment in the final model will
facilitate linkages with growth models to predict the effects
of different silvicultural scenarios on MFA and other wood
properties.
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