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Abstract

Background: Spiral grain angle (SGA) is a wood property that has a strong influence on end-product quality,
particularly for solid timber, and most commercial log and timber grading rules restrict the amount of visible
surface sloping grain. The aim of this study was to develop parametric models that can be used to predict the
intra- and inter-stem variation in SGA in radiata pine (Pinus radiata D.Don) trees growing in New Zealand.

Methods: Empirical models were developed using a dataset that contained records from over 1,100 trees that had
SGA measured in both the radial direction and at different heights up the stem. Linear and nonlinear model forms
were evaluated for their ability to predict the radial variation in SGA.

Results: Most values of spiral grain angle were between —5° and +10°, with a few extreme values (up to 20°)
observed. A simple linear model based on cambial age was able to account for the radial variation in SGA outside
of the innermost growth rings, but only explained 26 % of the overall variation in SGA. Including a relative height
term in this linear model increased the proportion of variation in SGA explained to 30 %. A variance components
analysis showed that 78 % of the variation in SGA occurred within individual stems, with only 7 % of the variation
due to differences between sites.

Conclusions: Our results confirmed that SGA decreased from the inner growth rings to the bark and increased
with height up the stem, with low values of SGA only found in the lower peripheral part of the stem. Given that
the data came from a wide range of sites, the relatively small amount of inter-site variation was unexpected. The
models developed here can be incorporated into a growth and yield simulation system to enable forest managers
to compare the potential impacts of different factors on the size of the corewood zone in a tree containing wood

with high SGA.
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Background

Spiral grain is a regular feature of many tree species, and
remains one of the most important factors influencing
wood utilisation (Denzler et al. 2015). However, the fac-
tors controlling its formation are poorly understood
(Harris 1989; Kubler 1991; Skatter and Kucera 1997).
Spiral grain angle (SGA) is defined as the orientation of
wood fibres or tracheids with respect to the longitudinal
axis of the tree stem (Kozlowski et al. 1967). Changes in
the grain angle within stems are a well-known feature of
old trees and of the corewood of conifers, and are nor-
mally attributed to pseudotransverse and anticlinal cell
division in the vascular cambium (Bannan 1966; Larson
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1994; Schulgasser and Witztum 2007). Spiral grain is an
important defect is sawn timber and is a primary source
of twist distortion during drying (Ormarsson and Cown
2005).

Given both the lack of understanding of the nature of
spiral grain in trees and its impact on end-product per-
formance, there is a need to understand how it varies
within and among trees. In radiata pine (Pinus radiata
D.Don), as in other species (Brazier 1965; Northcott
1957; Pape 1999; Sall 2002), there is a degree of system-
atic variation in spiral grain angle within stems (Cown
et al. 1991a; Cown et al. 1991b). Most stems have near
zero values of SGA adjacent to the pith followed by in-
creasing positive angles (upwards to the left as viewed
from the bark) over the next few rings to a maximum at

© 2015 Moore et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40490-015-0046-7&domain=pdf
mailto:john.moore@scionresearch.com
http://creativecommons.org/licenses/by/4.0/

Moore et al. New Zealand Journal of Forestry Science (2015) 45:15

around rings six to ten, before declining again to about
the 15™ ring and often changing to negative angles as
the trees mature. The characteristic within-tree pattern
varies between species and individuals (Harris 1989;
Pape 1999; Sall 2002). Longitudinal trends in radiata
pine SGA are less well characterised. Some authors re-
port minimal variation with tree height (Tsehaye and
Walker 1995). However, most studies in radiata pine, in-
cluding Cown et al. (1991b) and Cown et al. (2010)
noted that higher values of SGA were generally observed
in the upper portion of the stem. Similar results were re-
ported in Sitka spruce (Picea sitchensis (Bong.) Carr.) by
Pape (1999). Although circumferential variation in grain
angle has been noted on log exteriors and inside radiata
pine stems (Cown et al. 2010; Watt et al. 2013), the de-
gree of variability in within-stem and between-stem pat-
terns and its potential importance in radiata pine is
largely unknown. Despite all of the SGA measurements
that have been made, good models to predict the within-
and between-tree variation in radiata pine do not exist.

Empirical models describing the radial trends in
SGA have been developed for several species, includ-
ing Sitka spruce (Fonweban et al. 2013) and Norway
spruce (Picea abies (L.) Karst.) (Gjerdrum and Bernabei
2009; Gjerdrum et al. 2002). Despite the large amount
of data that have been collected on SGA in radiata pine
in numerous published and unpublished studies, there
has not been a systematic analysis of these data in order
to quantify the within and between-tree variation in
SGA and to develop empirical models of the radial and
longitudinal variation in SGA. The only empirical
models that have been developed were fitted to data
from 90 trees sampled in Kaingaroa Forest (Tian et al.
1995). Therefore, the objectives of this study were to: (1)
collate historic data on spiral grain variation in radiata
pine in New Zealand; (2) develop models that can explain
the intra-stem variation (radial and longitudinal) in SGA
for different sized trees; and (3) investigate the extent to
which these intra-stem patterns are affected by site and
silvicultural factors and the need for including future ad-
justments in the models.

Methods

Data sources

A database was assembled containing spiral grain angle
measurements collected during numerous published
(Cown and McConchie 1981; Cown et al. 1991b;
Lausberg et al. 1995; Young et al. 1991) and unpublished
studies. The latter have often been written up as internal
or client reports, but as they are not officially published
cannot be cited in the references. However, such reports
may contain valuable information so details of relevant
ones are provided (see Additional file 1 for more details).
The data included in this study were collected from 57
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stands that ranged in age from 11 to 35 years and were
located across the full range of latitudes from the ex-
treme north to the extreme south of New Zealand (Fig. 1,
Table 1). Data were obtained from 1535 individual
radiata pine trees. In most cases, at least ten trees were
sampled per stand and measurements were made at four
heights up the stem of each tree (normally the base,
1.4 m, 5 m and then at 5 m intervals to a top diameter
of 100 mm). Spiral grain angle data were obtained from
the original studies. In all cases, the SGA measurements
had been made using the axis of the disc as the refer-
ence, according to the method described by Brazier
(1965). Each selected growth ring had been assessed by
exposing the latewood with a chisel and scribing along
the grain with a “grain detector” (Harris 1989). Grain
angle had been measured with respect to the upper sur-
face of the disc. Values for equivalent rings on either side
of the pith had then been averaged to remove the effect
of disc skew. Spiral grain angle was never measured in
the ring closest to the pith as it was always assumed to
be zero degrees. Values were measured on every second
ring starting from ring two in some studies but on every
fifth ring starting from ring five in others.

Total tree height was not measured in almost all of
the studies. Because of the different tree ages in the
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Fig. 1 Location of the 57 sites where data had previously been
collected on spiral grain angle
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Table 1 Summary of the data used to develop models of spiral grain angle

Region Number of stands Age range (yrs) No. of trees Diameter at breast height (cm) Estimated total height (m)
North Island

Northland 7 11-33 261 24.0-68.0 13.5-44.7
Central North Island 28 11-35 918 229-820 11.2-51.0
East Coast/Hawke's Bay 5 17-26 161 22.5-755 338475
Southern North Island 2 25 16 31.5-66.2 31.2-450
South Island

Nelson 7 25-33 114 22.7-70.5 30.9-51.1
Canterbury 3 25 30 28.8-60.5 24.7-36.0
Otago/Southland 5 25-26 35 35.3-66.8 233-399
Overall 57 11-35 1535 22.5-820 11.2-51.1

dataset and the need to be able to predict the intra-
stem patterns in SGA for a wide range of tree sizes, it
is useful to know the relative height that each sample
was taken from as well as the absolute height. To
overcome this problem, total height was predicted for
each tree using the same approach that was taken for
the dataset used to develop a model of radiata pine
microfibril angle (Moore et al. 2014). This involved
using a compatible volume and taper function (Katz
et al. 1984) along with data on the diameter and
heights of each disc sampled from the tree. For each
tree, the estimated value of total height was increased in-
crementally and the difference between the actual and
predicted diameters of the discs determined. The pre-
dicted height of each tree was selected, such that the dif-
ference between actual and predicted disc diameters was
minimised. Total height could not be predicted for those
trees where SGA had only been measured on a disc taken
from a single height. This reduced the number of trees in
the final dataset to 1133.

Data analysis

Because the data had a hierarchical structure (i.e. growth
rings within discs, within trees, within stands), a mixed
modelling approach was adopted similar to that used in
other studies that have developed ring level wood prop-
erties models (e.g. Auty et al. 2013; Jordan et al. 2005;
Moore et al. 2014). A variance components analysis was
undertaken to determine how much of the variation in
spiral grain angle was attributable to each stratum (i.e.
site, tree, disc or ring) in the dataset. A number of differ-
ent model forms were then evaluated for their ability to
explain the radial trends in SGA. Once the most suit-
able model form was identified, the second step was
to determine whether the model parameters varied as
a function of height within the tree. Model selection
was based on visual appraisal of plots of the normal-
ised residuals versus fitted and explanatory variables

(Pinheiro and Bates 2000) and Akaike’s information
criterion (AIC; Akaike 1974). The AIC is used when
comparing models with different numbers of parame-
ters fitted to the same dataset and the model with
the lower AIC is generally preferred. Parameter esti-
mates were obtained using the maximum likelihood
method, and only those parameters that were signifi-
cant (p <0.05) were retained in the final models. In
order to estimate how much of the variation in SGA
was explained by the models, two sets of fit indices
(R%) were 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 functions contained
in the nlme library (Pinheiro et al. 2012) of the R
statistical programming environment (R Development
Core Team 2013).

Three different model forms were used to explain
the radial variation in SGA. The first was a simple
linear function that is based on the approach taken
by Gjerdrum et al. (2002) to model SGA in Norway
spruce. The difference in the current study is that
radial distance from pith was replaced with ring
number from the pith, so that the model has the fol-
lowing form:

Vit = Yo + ¥1CAj + co,i + coj + Coik + Eiju (1)

where, y;;; and CA;;; are the mean SGA (degree) and
cambial age (years), respectively, of the /™ annual growth
ring in the k™ disc of the /™ tree from the /™ site, y, and
y1 are the fixed effects parameters and ¢y, co;; and co i
represent the random effect of y, at the /™ site, /™ tree
in the i™ site and k™ disc in the /™ tree in the i site, re-
spectively; g, is the random error due to the ™ annual
ring of the ™ disc from the /™ tree at the /™ site. The
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second model form was based on the approach taken by
Tian et al. (1995), who modelled SGA as a function of
the natural logarithm of cambial age:

YVip = 8o + 61logCAjji + do; + doij + do i + i (2)

where, y;;; and CAjyq are the mean SGA (degree) and
cambial age (years), respectively, as defined in Eq. 1, &
and &, are the fixed effects parameters and d;, do;; and
do i represent the random effects of J, at the site, tree
and disc levels, respectively.

The third model form was the nonlinear function used
by Fonweban et al. (2013) to model the radial variation
in Sitka spruce spiral grain angle. This model has the
following form:

Yiut = (@0 + 001 + 005+ 00,5x) + @1 CAgpa) el >4
+ Eijki

(3)

where, y;; and CAjyq are the mean SGA (degree) and
cambial age (years), respectively, as defined in Eq. 1, wg,w;
and w, are the fixed effects parameters and og;, 0q,; and
00,ijx represent the random effects of the i site, the /™ tree
in the i site and the k™ disc in the j™ tree in the i site,
respectively.

The fixed effects parameters in the three models given
by Egs. (1, 2 and 3) were also modified to include the in-
fluence of height. Linear, log-linear and quadratic height
terms were added to the model following the approach
described by Jordan et al. (2005). Because ring width
data were not available for most of the sites, this variable
could not be included in the models. In the two linear
models (Egs. (1 and 2)), terms representing both the
relative height and the interaction between relative
height and cambial age were added to the model, while
in the nonlinear model given by Eq. (3) relative height
terms (HT ) were added to each of the parameters, i.e.

Vi = Yo T Y1CAGia + VoH T rerijic + ¥ 3H T retijk CAjja
+ co,i + Co4j t+ Coijk + Eijki

(4)

Vit = Yo + 7 CA,'//([ + ¥, IOgHTre],ijk + V3 lOgHTrel,ijkCAijkl
=+ ¢co,i + Co,ij + Coijk + Eijk

(5)

Vi = 60 + 8110gCAyu + 02H Trer ik + 63H T rer jix log CAjjua
+doi + dogj + do gk + €

(6)
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Vg = 00 + 01108CA s + 82 10gH T yer jjic
+ 03 10gH T vey jjk logCAjia + do i + do i
+ do ik + Eiju
(7)

Vi = (@0 + 00,; + 00,5 + 00,jjk) + W3 H T rer i
+ (01 + @uH Ty ) CAgeg)e (oo Tra) )
+ Eijut

(8)

Vi = ((@0 + 00 + 005 + 00,4k) + @3 10gH T ret jk
+ (@1 + @1 10gH T i) CA g el =05 08T e ) )
+ Eijkl

©)

In order to visualise the intra-stem pattern in SGA,
the models were then applied to a single 29-year-old tree
(DBH =32.8 cm, height =36.9 m) that had spatial infor-
mation on ring number from the pith generated at
5 mm resolution in the radial direction and 100 mm
resolution in the longitudinal direction. This information
was generated using the Forecaster growth and yield
modelling system (West et al. 2013).

Results

Most values of spiral grain angle were between -5° and
+10°, with a few more extreme values (up to 20°) ob-
served (Fig. 2). A linear, or slightly curvilinear, trend in
SGA was observed at all heights in the stem, with values
of 5-6° observed in the first few growth rings from the
pith decreasing to zero or becoming slightly negative
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Fig. 2 Histogram showing the distribution of spiral grain angles for
all trees in the radiata pine dataset
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Fig. 3 Radial profiles in SGA for discs taken at different heights within the stem. Each grey line represents the actual observations from an
individual tree and the black line is a locally-weighted smoothing function (lowess) fitted to all observations

with increasing ring number from the pith (Fig. 3). Most
of the variation in SGA was due to radial variation
within the stem (55 %), with a further 23 % due to verti-
cal variation within the stem. Approximately 14 % of the
variation in SGA was attributed to differences between
trees within a stand, with only 7 % attributed to differ-
ences between sites.

Modelling radial variation

The simple linear model (Eq. (1)) appeared to perform the
best of the three models evaluated, having the lowest AIC,
and was able to predict approximately 26 % of the vari-
ation in SGA based solely on the fixed effect of cambial
age (61 % including the random effects of site, tree and
disc) (Table 2). The simple linear model indicates that, on

Table 2 AIC, log-likelihood and fit indices for the models to
predict SGA given by Egs. 1,2 and 3

Model  AIC Log-likelihood  Fit indices (R

Fixed Site Tree Disc
Eq. (1) 147338 —73661 0.26 0.31 0.51 0.61
Eq. (2 149165 —74575 022 028 048 061
Eq. 3) 148444 —74213 0.24 0.28 043 043

average, the value of SGA is approximately 6.1° at ring
two from the pith and on average decreases by 0.3° with
each additional growth ring out from the pith (Table 3).

Modelling variation with height
Adding relative height terms to the linear model
(Egs. (4 and 5)) increased the proportion of variation

Table 3 Parameter estimates and associated standard errors
(s.e) and tests of significance for the models given by Egs. 1, 2
and 3

Parameter Estimate se. t-value p-value
Eq. (1)

Yo 6.708 0.156 42.883 <0.001
2 -0.310 0.003 —121.942 <0.001
Eq. (2

6o 8.506 0.161 52.775 <0.001
6 -2.316 0.020 -117.628 <0.001
Eq. (3)

Wo 7.299 0.095 77.009 <0.001
W1 —2.357 0.153 —154.468 <0.001
w; —-0.059 0.001 -62.263 <0.001
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in SGA that was explained by these models to ap-
proximately 30 % (Table 4). This was greater than
the amount of variation explained by the addition of
height terms to the nonlinear models given by Egs.
(8 and 9), but slightly less than the amount of vari-
ation explained by the log-linear models given by
Egs. (6 and 7). However, based on the AIC criterion,
the “best” model for explaining the intra-stem vari-
ation in SGA is given by Eq. (5). The model given
by Eq. (4) had a very similar AIC and also produced
similar predictions of SGA, while the models given
by Egs. (6 and 7) only produced positive estimates
of SGA, and those given by Eqs. (8 and 9) produced
some very large negative estimates of spiral grain
(up to -10°). Therefore, the linear models given by
Egs. (4 and 5) were preferred over the more complex
nonlinear models, even though they do not account
for the observed variation within the first few rings
from the pith. The parameter estimates for these
models are given in Table 5.

Visualisation of model predictions

The intra-stem variation in SGA predicted by the model
described by Eq. (5) is shown in Fig. 4. This shows that
the inner part of the tree has values of SGA of approxi-
mately 7-8° with SGA increasing with height up the stem
for a given cambial age. SGA decreases with increasing
cambial age with the lowest values found near the base
of the tree. The predicted pattern of intra-stem variation
in SGA was very similar regardless of whether the longi-
tudinal variation along the stem is modelled as a func-
tion of HT ¢ or log(HT ) (results not shown).

Discussion

Spiral grain is apparently more variable and more diffi-
cult to model than other important radiata pine wood
properties such as density (Kimberley et al. in review) or
microfibril angle (Moore et al. 2014). However, the
amount of variation in radiata pine SGA that was ex-
plained by the models developed here was slightly higher
than by the models developed by Gjerdrum et al. (2002)

Table 4 AIC, log-likelihood and fit indices for the models to
predict SGA given by Eqs. 4, 5,6, 7, 8 and 9

Model AlC Log-likelihood Fit indices (R?)

Fixed Site Tree Disc
Eq. 4) 49898 —24939 0.29 035 0.56 0.58
Eq. (5) 49829 —24904 030 036 057 0.59
Eq. (6) 50003 —24991 0.29 035 0.56 0.59
Eq. (7) 50012 —24996 0.29 036 057 0.59
Eq. (8) 51143 —25561 0.27 0.34 0.50 0.50
Eq. 9) 51087 —25532 0.29 0.36 036 0.36
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Table 5 Parameter estimates and associated standard errors
(s.e) and tests of significance for the models given by Egs. 4
and 5

Parameter Estimate se. t-value p-value
Ea. (4)

Yo 5.831 0278 20.955 <0.001
Y1 -0.367 0.006 —57453 <0.001
Y2 1.556 0218 7.126 <0.001
Y3 0.341 0.027 12.779 <0.001
Eq. (5)

Yo 7.319 0.282 25920 <0.001
\Z -0.199 0.013 —15.505 <0.001
Y2 0.835 0.070 11.914 <0.001
V3 0.073 0.008 9483 <0.001

and Fonweban et al. (2013) for Norway spruce and Sitka
spruce SGA, respectively.

The patterns of SGA predicted by the models generally
confirms what has been described for radiata pine in the
literature (e.g Cown et al. 1991b; Harris 1989; Lausberg
et al. 1995; Tian et al. 1995; Watt et al. 2013). In the ra-
dial direction, the models developed here showed that
there is a predominantly linear decline in SGA with
increasing ring number from the pith and the rate of
decline decreases with increasing height up the stem. By
setting SGA equal to zero in Eq. (4), the age at which
SGA transitions from positive (i.e. left handed) to nega-
tive (i.e. right handed) was estimated to be 16 years at
the base of the tree (i.e. at a relative height of zero).
However, previous studies (e.g. Cown et al. 1991b; Watt
et al. 2013) have reported near zero values of SGA near
the pith followed by an increase to a maximum at ring
6-10 followed by a decline with increasing growth ring
from the pith. This pattern was not predicted by the
models, but this may be an artefact of the resolution of
the data used to develop the models. Many of the trees
in the dataset only had SGA measured on every fifth
growth ring starting at ring five from the pith, while
others had SGA measured on every second ring starting
at ring two from the pith. The increase in SGA from the
pith to ring 6—10 would not be apparent in the coarser
resolution data. Therefore, caution should be exercised
when making predictions of SGA in the innermost two
to five growth rings using a linear model. Recent
advances in measurement techniques (e.g. Riddell et al.
2012) now mean that it is possible to collect higher
resolution data on the variation in SGA within a
stem, particularly in the circumferential direction,
which will enable a better understanding of the pat-
terns of variation as well as providing better data for
modelling this variation.
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Previous studies in radiata pine have noted that there
is a large amount of tree-to-tree variation in the radial
patterns of SGA (Cown et al. 1991b; Watt et al. 2013).
The magnitude of this tree-to-tree variation is apparent
in this study because when the random effects of site
and tree were considered, the total amount of variation
in SGA explained by the models almost doubled. The
models developed in this study did not include ring
width as an explanatory variable as ring width was not
measured in most studies. Including a ring width term
in future models may improve the amount radial vari-
ation in SGA that can be explained as several studies in
other species have reported weak positive correlations
between ring width and spiral grain angle (Fonweban
et al. 2013; Pape 1999).

The models developed here showed that there was a
linear increase in SGA with increasing height up the
stem, which is consistent with has been reported in pre-
vious studies. In the longitudinal direction a general
trend of increasing SGA has been noted in the previous
studies (Cown et al.,, 1991b). More quantitative informa-
tion was provided in a recent study by Watt et al. (2013)
who found that SGA in 7-year-old radiata pine tree in-
creased with height up the stem reaching a maximum at
a height of 5 m. The additional amount of variation ex-
plained by the models when relative height terms were
included is based on predicted values of relative height
rather than measured values. These values have an error
associated with them and it is recommended that tree
height is measured in future studies investigating SGA,
or other wood properties for that matter.

While site-level variation was relatively small for SGA
(i.e. approximately 7.3 % of the total variation), it is still
considered worthwhile to investigate this further as pre-
vious studies have shown that SGA may be affected by
exposure to wind (Eklund and Séll 2000; Fonweban et al.
2013). Other site factors, such as soil type, temperature
and rainfall distribution may also contribute and these
vary widely across New Zealand, are strong determinants
of stand productivity (Watt et al. 2010) and have also
been shown to affect other wood properties, most not-
ably density (Palmer et al. 2013). While there are known
genetic differences in radiata pine SGA (Burdon and
Low 1992; Gapare et al. 2007; Wu et al. 2008), the gen-
etic origin of the trees in the dataset used to develop
these models is very diverse it is unlikely for such differ-
ences to be observed over and above the other sources
of variation in the dataset.

The results from this analysis highlight the issue of
corewood in radiata pine which is the wood contained in
the first ten or so growth rings from the pith (Cown
1992). In the corewood zone spiral grain angles are con-
sistently high, often exceeding the nominal desired max-
imum of five degrees (Cown et al. 1991b). Previous
utilisation studies in radiata pine have shown that the in-
cidence of twist in sawn timber cut from the corewood
zone is much higher than in timber cut from the outer-
wood zone (Haslett et al. 1991; Ormarsson and Cown
2005) due to the high SGA values, ring curvature, and
high longitudinal shrinkage. This presents a challenge
since silviculture in New Zealand has traditionally
favoured rapid diameter growth, so at harvest age (i.e.
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around 30 years) a substantial volume of each tree is
comprised of corewood (30 - 80 % depending on regime
and log height class (Cown 1992)). Over the range of
stand densities at which radiata pine is typically grown, it
is very difficult to restrict the size of the corewood zone.

Further work is required to better understand the pat-
terns of variation in SGA within and between trees, and
the drivers of this variation. The data used to develop
the models here have low spatial resolution and, there-
fore, do not capture the full extent of variation that is
known to exist within a stem (Cown et al. 2010). If the
tree-to-tree variation that is currently included in the
models as random variation could be at least partially
explained by attributes that could be readily measured
on trees or logs, then the predictive power of models
could be greatly improved. Future work is planned to re-
fine these models using better techniques to acquire data
on SGA (Riddell et al. 2012) and purposely designed ex-
periments that will enable the effects of environmental
factors and radial growth rates on SGA to be better
understood.

Conclusions

Based on the analysis of a large dataset of SGA measure-
ments in radiata pine we found that approximately 78 %
of the total variation in SGA was due to differences within
the stem of a tree, with approximately 7 % due to differ-
ences among sites. This intra-stem variation could be
modelled as a function of cambial age and relative height
within the stem, with the “best” models explaining about
30 % of the variation in SGA. The modelled trends in
SGA conformed to those reported by previous studies in
radiata pine. High positive values of SGA were found in
the first few rings from the pith and SGA declined with in-
creasing ring number from the pith. Spiral grain angle was
also found to increase with increasing height up the stem.
Because of the silvicultural regimes that radiata pine is
grown under (i.e. relatively wide initial spacing and short
rotation lengths) the volume occupied by this high SGA
wood is relatively high. The models developed in this
study are able to be coupled to growth models enabling
the impacts of site productivity and silvicultural regimes
on the SGA distribution with a tree to be investigated.

Additional file

Additional file 1: Information about the datasets used to develop
the spiral grain angle models. (DOCX 39 kb)
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