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Abstract
& Key message Radial variation of wood properties affects product recovery from veneer logs. In Eucalyptus nitens, the
radial variation in wood density, microfibril angle and modulus of elasticity was described using non-linear models. The
timing of radial change was trait-dependent, and the age at which thresholds for structural products were reached
differed between sites.
& Context Eucalyptus nitens is widely planted in cool temperate regions of the world. While mainly grown for pulpwood, rotary-
peeled veneer is becoming important. Threshold levels of wood stiffness are required for using this veneer for structural purposes.
Stiffness is determined by wood density and microfibril angle, which improve with tree age. The nature of this radial variation
affects the recovery of suitable veneer and profitability of the plantation resource.
& Aims We model the radial variation of these veneer-critical wood properties and determine whether it varies with growing
conditions.
& Methods We used logs from three 20–22-year-old Tasmanian plantations. Radial variations in wood density, microfibril angle
and modulus of elasticity (measuring stiffness) were assessed using SilviScan. Eight linear and non-linear models were examined
using cambial age as the independent variable.
& Results The increases in wood density and modulus of elasticity with age were modelled by sigmoidal functions and the
decrease in microfibril angle modelled by an asymptotic function. The timing of radial change was trait-dependent, and the mean
ages at which thresholds for structural products were reached between sites.
& Conclusion Radial variation varied among sites and will likely impact the recovery of structural grade veneer from plantations.
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1 Introduction

In forest trees, wood properties usually vary systematically in
the stem from pith to cambium. In general, in the first years,
there is a rapid annual progression in a suite of wood properties
such as wood density, microfibril angle in the S2 layer of the
cell wall and the modulus of elasticity (Burdon et al. 2004;
Moore and Cown 2017). For modulus of elasticity and micro-
fibril angle, this progression is typically monotonic, but chang-
es in wood density are dependent on the particular species.
Eventually, a cambial age (number of rings from the pith) is
reached at which these radial changes are extremely gradual
and tend to stabilize (i.e. approach asymptotes) (Kojima et al.
2009; Lachenbruch et al. 2011; Moore and Cown 2017). Such
radial changes in wood properties mean it is possible to identify
in mature trees a corewood (so-called ‘juvenile wood’) that is
adjacent to the pith and the outerwood (so-called ‘mature
wood’) that is near to the cambium (Burdon et al. 2004;
Moore and Cown 2017). Nevertheless, there is no definitive
or universally accepted boundary between corewood and
outerwood as the radial progression is often gradual depending
on the wood property evaluated and can be specific to an indi-
vidual tree. This zone between the corewood and outerwood is
often referred to as the ‘transition wood’ (Burdon et al. 2004;
Lachenbruch et al. 2011). Within a single species, the radial
variation, including the amount and proportion of corewood,
and outerwood, as well as the rate of transition within the stem,
will be influenced by environmental, silvicultural and genetic
factors (Burdon et al. 2004; Lachenbruch et al. 2011; Lenz et al.
2010; Maeglin 1987; Zobel and van Buijtenen 1989).

The radial variation in wood properties has direct implica-
tions for the processing and utilisation of wood, for example in
the production of rotary-peeled veneer, which is the basis for
plywood and laminated veneer lumber (LVL). Predictions of
average wood properties for a tree or log give general informa-
tion about potential veneer recovery of a given quality
(Blackburn et al. 2018a, b; McGavin et al. 2015). However,
radial profile models permit more accurate estimation of poten-
tial veneer recovery by, for example, estimating the volume of
veneer with a specific mechanical grade (Leban and Haines
1999; Maeglin 1987; Moore et al. 2014). Such grading is im-
portant because the mechanical properties define product value
(Blackburn et al. 2018a, b; Lachenbruch et al. 2011; Maeglin
1987;McGavin et al. 2014a). In economic terms, global market
trends have shown that plywood, particularly non-structural
plywood, is nearing saturation, meaning that the industry is
facing very high competition (Buehlmann and Schuler 2013).
Conversely, demand for structural products such as LVL is in
an expansion phase (Buehlmann and Schuler 2013; Blackburn
et al. 2018a). As such, the structural grading of wood products
has direct implications for industry profitability.

Among the wood properties, wood stiffness as quantified
by the modulus of elasticity is a key factor determining the

value of structural timber and veneer (Blackburn et al. 2018a,
b). Modulus of elasticity is affected by both wood density and
the microfibril angle (Barnett and Bonham 2004; Evans and
Ilic 2001). In addition to their effect on modulus of elasticity,
wood density and microfibril angle have independent roles in
the performance of solid-wood products.Wood density affects
hardness and machinability, whereas microfibril angle affects
stability during drying and in service (Burdon et al. 2004).

A number of different linear and non-linear models have been
used to predict radial trends in wood density, microfibril angle
and modulus of elasticity, with the aim of improving forest re-
source characterisation (Burkhart and Tomé 2012; Maeglin
1987). Radial trends have been modelled for a range of species,
but the majority of research has focused on conifers (Burdon
et al. 2004; Maeglin 1987; Moore et al. 2014; Sattler et al.
2014; Zobel and vanBuijtenen 1989). Cambial age (ring number
from pith) is the most common independent variable used in
modelling radial variability (Auty and Achim 2008; Auty et al.
2013, 2018; Leban and Haines 1999; Lenz et al. 2010; Moore
et al. 2014; Xiang et al. 2014). The advantage of using the cam-
bial age is the capacity to cross-reference data at ring level, as
well as the possibility of linking with growth and yield models
(Mendoza and Vanclay 2008). In a veneer study with eucalypts,
McGavin et al. (2015) recommended using cambial age for in-
creased accuracy, but practical constraints required them to use
distance from pith, as measured from the veneer ribbon.

The present study aimed to model radial variation in wood
density, microfibril angle and modulus of elasticity of
plantation-grown Eucalyptus nitens (Deane & Maiden)
Maiden in Tasmania. Eucalyptus nitens is planted in cool tem-
perate regions of the world (Hamilton et al. 2011). Australia is a
major grower (233,600 ha), with most plantations on the south-
ern island state of Tasmania (208,200 ha) (Downham and
Gavran 2019). While most of the Tasmanian E. nitens estate
is managed for pulpwood, 30% has been pruned and thinned
and is being managed for solid-wood products, and compo-
nents of the estate managed under pulpwood silvicultural re-
gimes are now being harvested for veneer logs (Blackburn et al.
2018a). Wood density, microfibril angle and modulus of elas-
ticity are the three veneer-critical wood properties that affect
mechanical grading of veneer (Evans and Ilic 2001).
Understanding radial variation of these key wood properties
is important to determine the technical and economic feasibility
of extending beyond the traditional use of this resource (i.e.
pulp chips) to higher-value products such as LVL or plywood.

With the broader objective of better characterising the
E. nitens plantation resource for veneer production, we studied
three Tasmanian E. nitens plantations representing a range of
environmental and silvicultural characteristics and aimed to

& Identify models that best explain the profile of radial var-
iation in wood density, microfibril angle and modulus of
elasticity with respect to cambial age;
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& Apply these models of radial variation to quantify the
extent to which the patterns of radial variation in wood
properties differ among plantation sites; and

& Predict the age at which wood is produced with a modulus
of elasticity suitable for producing veneer that is suitable
for use in structural products.

2 Materials and methods

2.1 Field sites and tree selection

Three contrasting E. nitens plantations at Strathblane, Geeveston
and Florentine in the south of Tasmania (Australia) were selected
for study (Table 1). These sites are managed by Sustainable
Timber Tasmania (formerly Forestry Tasmania) for solid-wood
and pulpwood (Table 2) and were previously included in multi-
species studies of veneer recovery, quality and log-end splitting
(Hamilton et al. 2014; McGavin et al. 2014b, 2015; Vega et al.
2016). While genetic stock involved was unknown, the most
Tasmanian E. nitens plantations established approximately
20 years ago were from open-pollinated seed from Central
Victoria (Hamilton and Potts 2008). The plantations
encompassed different silvicultural treatments and/or site produc-
tivities. Strathblane (20 years old) and Geeveston (22 years old)
were thinned and pruned for solid-wood production but differed
markedly in productivity. The Florentine plantation was 20 years
old, unthinned and unpruned, grown for pulpwood. Within each
site, a measurement plot (972 to 2156 m2) was established and
average basal area determined.

2.2 Sample preparation and measurements

Thirty-eight trees were selected in total, with nineteen from
Strathblane, ten from Geeveston and nine from Florentine.
Trees were randomly selected at each site, except that trees
with any evident visual defects such as double leaders were

excluded and, for downstream processing, trees needed to be
at least 220 mm in diameter at breast height over bark
(DBH)1.3 m (see Vega et al. 2016 for further details).
Australian peeling veneer industry uses predominantly butt
logs of approximately 5.5 m (Blackburn et al. 2018a, b).
Hence, to estimate the general radial variation trends of wood
properties in the butt logs and trees, one disk (50 mm thick)
per tree was obtained from 2.5 m aboveground level immedi-
ately after the felling. The disks were stored at − 15 °C until
obtaining the samples to SilviScan.

A pith-to-bark block sample of 20 mm× 15–20 mm was
cut from each of the disks. The block sample was chosen from
the longest radial axis of the disk that did not have any defects,
such as rot, knots and branches (Fig. 1).

These samples were dehydrated by successive ethanol baths
(70%, 90% and 100%), as described by Evans et al. (2000), to
prevent collapse, cracking and distortion during air-dry drying
(8% moisture content) and storage. From each dried block sam-
ple, one strip sample (2 mm tangentially × 8 mm longitudinally)
was obtained using a twin-bladed saw for SilviScan-3™ analysis
(Downes et al. 2014; Evans et al. 2000).

SilviScan-3™ was used to simultaneously assess air-dry
density at 8% moisture content (wood density), microfibril
angle (MFA) in the S2 layer of the cell wall and dynamic
modulus of elasticity (MOE) from pith to cambium on the
radial face of the strip samples. Wood density was obtained
using an X-ray densitometer with 0.025 mm resolution and
MFA with an X-ray diffractometer with 1 mm resolution.
MOE was predicted based on robust model using wood den-
sity and a diffractometric parameter, both related to the orien-
tation and proportion of S2 microfibrils (MFA) (Evans and
Ilic 2001; Evans et al. 2000; Evans 2006).MOEwas modelled
independent of MFA but at the same resolution.

Custom written software using the Interactive Data
Language (IDL) was used to define annual ring boundaries
in each strip sample based on visual features. These bound-
aries were then used to determine average wood properties on
a ring-by-ring basis.

Table 1 Main site characteristics
of the three plantations Location and environment Site

Strathblane Geeveston Florentine

Latitude and longitude (°) − 43.38; 146.94 − 43.15; 146.84 − 42.66; 146.47
Altitude (m above sea level) 153 296 438

Annual mean temperature (°C) 10.9 10.3 9.5

Annual rainfall (mm) 1161 1212 1436

Soil description Sandy over clayey Loamy over clayey Yellow podzolic

Prevailing winds Northwest Northwest Southwest

Site exposure status Intermediate Exposed Intermediate

Site index1 (m) 22.7 30.3 30.5

1Defined as height in meters of dominant and co-dominant trees in a stand at a base of 15 years
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2.3 Data analysis

2.3.1 Modelling radial trends in wood properties

The modelling of the radial variation of the wood properties
was based on the individual-ring averages and undertaken
using non-linear mixed-effects models following the hierarchi-
cal approach described by Robinson andHamann (2011). Eight
linear and non-linear mixed-effects models were examined
(Table 3). The non-linear models used were either asymptotic
or sigmoidal functions. The asymptotic functions included the
asymptotic exponential, asymptotic exponential with offset and
Michaelis-Menten models, and the sigmoidal functions were
logistic with three and four parameters, as well as Weibull
and Gompertz models (Logan 2010). The most appropriate
model function for each trait was selected, firstly, based on its
ability to fit the data for each of the three sites separately
(Figs. 3, 4 and 5 in Appendix 5) for cambial age as the inde-
pendent variable (Sattler et al. 2014), and secondly, following
previous studies (Gardiner et al. 2011; Moore et al. 2014), by
selecting the model with the lowest Akaike information

criterion (AIC) values (Akaike 1974). AIC is a measure of
model fit (likelihood function) penalised by the number of pa-
rameters and provides a way to evaluate whether more (or less)
information pertains to one model over the other (Crawley
2012). These models were initially fitted to the site-level data
ignoring tree identity (point-level data) using the nls function of
the R Stats package of R (R Development Core Team 2018).

Wood density was modelled with a four-parameter logistic
(sigmoidal) function (Eq. (1))

Wood density ¼ Asymcore þ
Asymouter−Asymcoreð Þ

1þ e
Xmid−Ringð Þ

scal

ð1Þ

where Asymcore is the left-hand-side horizontal asymptote cor-
responding to the wood density of the corewood (at cambial
age 1), Asymouter is the right-hand-side horizontal asymptote
corresponding to the wood density of the outerwood, Xmid is
the age in years at which the inflection point of the curve
occurs, scal indicates the slope at the inflection point of the
curve and Ring is the ring number from pith (analogous to
cambial age in years).

Table 2 Summary statistics for
plantations and sample trees Silviculture Site

Strathblane Geeveston Florentine

Establishment (year) 1993 1991 1993

Management Thinned and pruned Thinned and pruned Pulp

Establishment spacing (m) 2 by 4 2.5 by 3 2 by 4

Initial stocking (stems ha−1) 1250 1334 1250

Age (year) at thinning [retained stems, ha−1] 11 [300] 10 [192] Unthinned

Age (year) at pruning [pruning height, m] 3 [−]1 and 5 [6] 4 [−]1 and 6 [6] Unpruned

Harvest characteristics

Felling age (years) 20 22 20

Harvest stocking (stems ha−1) 292 196 669

DBH2 (cm) 31.2 43.1 26.9

Basal area (m2 ha−1) 23.2 30.3 41.3

DBH2 of sampled trees (cm) 30.0 42.7 33.9

Height of sampled trees (m) 26.9 37.5 36.4

Slenderness of sampled trees3 90.5 92.0 107.8

1 Pruning height unknown
2Diameter at breast height over bark
3 Tree height/DBH

Pith Cambium

Radial plane Tangen�al plane
15-20 mm

20 mm

SilviScan sample PithFig. 1 Dimensions and
characteristics of the SilviScan
strip sample taken from
Eucalyptus nitens disks 2.5 m
aboveground level
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MFA was modelled with an asymptotic exponential model
(Eq. (2))

MFA ¼ Asymouter þ R0−Asymouterð Þ � e−e
lrc�Ring ð2Þ

where Asymouter is the right-hand-side horizontal asymptote
corresponding to MFA of outerwood, R0 is the Y intercept, lrc
is the natural logarithm of the rate of curvature and Ring is as
defined above.

MOE was modelled with a three-parameter logistic
(sigmoidal) function (Eq. (3))

MOE ¼ Asymouter

1þ e
Xmid−Ring

scalð Þ ð3Þ

where Asymouter is the right-hand-side horizontal asymptote
corresponding toMOE of outerwood, Xmid is the age in years
at which the inflection point of the curve occurs, scal indicates
the slope at the inflection point of the curve and Ring is as
defined above.

After the selection of the appropriate models for each wood
property (Table 3), using the same function, the selected models
were fitted to individual tree data and the trees for which model
convergence was achieved for all wood properties were identified
and this subset of trees used to test the difference in the patterns of
radial variation among trees within sites. This testing followed the
methodology of Ritz and Streibig (2008), whereby a full model
was fitted for each site which included separate parameter esti-
mates for each tree. This model was compared to a constrained
model where a single parameter was fitted for the site using
ANOVA. In all cases, significant differences were found among
trees within sites (Table 5 in Appendix 1) which warranted the
fitting of models for individual trees to compare sites.

Final parameter estimates for each tree were obtained using
the nlme function of the nlme package of R (Pinheiro et al.
2018). In the selected model, trees were considered random

and a first-order autoregressive correlation structure (AR(1))
was applied among successive cambial ages (Auty et al. 2013;
Jordan et al. 2005; Moore et al. 2014). Data from eight trees
each from Strathblane and Geeveston and those from nine
trees from Florentine were used in the radial modelling. The
remaining trees from each site did not converge with the nls or
nlme modelling. It is possible that the failure of a larger pro-
portion of trees from the Strathblane site to converge could be
due to the responses to thinning and pruning disturbing the
normal pattern of radial change at this low-productivity site.

2.3.2 Comparison among sites

Inter-site (among-site) variation in model parameters was deter-
mined by a one-wayANOVA test using the final individual-tree
parameter estimates pooled within sites as replication, weighted
by the inverses of their standard errors. This one-way ANOVA
was undertaken for each combination of model parameter and
wood property estimates using the PROC GLM procedure of
SAS™ (version 9.4; SAS Institute, Cary, NC, USA). For each
wood property, the average of the parameters for each site was
used to model the radial variation of wood properties at the site
level as a function of cambial age. Root mean square error
(RMSE) is reported as a measure of the goodness-of-fit of each
model at each site and was calculated using the average ring
value of the modelled wood property. The average radial trends
for each site modelled using this individual-tree level approach
were very similar to those obtained in the initial exploratory
analyses using all point-level data.

Estimates of the corewood, outerwood and transition wood
limits for each wood property and site were calculated using
the models derived from the site-level parameters (models 1–3
above). The threshold used for determining the boundary of
either the corewood or outerwood was the point where the
modelled value of the wood property was, depending on trait,

Table 3 Akaike information criterion (AIC) values for eight models tested for the modelling radial variation in the three wood properties against
cambial age using pooled point-level data by site

Models Wood density (kg m−3) MFA (degrees) MOE (GPa)

Strathblane Geeveston Florentine Strathblane Geeveston Florentine Strathblane Geeveston Florentine

Cambial age

Linear 4282 2274 1915 2037 1038 833 1861 985 817

Asymptotic exponential (Eq. (2)) – – – 1701 961 736 1775 972 819

Asymptotic exponential with offset – – – – – – 1776 972 819

3-parameter logistic (Eq. (3)) – – – – – – 1774 968 817

4-parameter logistic (Eq. (1)) 4257 2263 1905 – 945 736 1776 969 917

Weibull – – – – – – – – –

Gompertz – – – 1720 739 739 1774 970 818

Michaelis-Menten – – – – – – – – –

Eqs. (1)–(3) are the equations of the selected models described in the methodology and values in italics show their AIC values, (−) indicates that models
did not converge
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greater or less than 1 standard error from the relevant upper or
lower asymptote. A corroboration of the boundaries was made
through a visual inspection of the modelled curve, focusing on
identifying the point where the changes in wood properties
stabilised consistent with the presence of corewood or
outerwood according to the typical radial pattern of the ma-
jority of forest tree species (Lachenbruch et al. 2011; Moore
and Cown 2017).

For MOE, the ages at which the modelled values exceed
a threshold of 14 GPa were identified to indicate the age at
which veneer suitable for structural purposes could be re-
covered. This threshold was selected based on a previous
study of MOE in Tasmanian E. nitens (MOE estimated via
sonic resonance, with a similar calibration procedure of
SilviScan). This study showed that veneer with > 14 GPa
produced premium structural plywood and LVL
(Blackburn et al. 2018a). Thus, this threshold was estimat-
ed using the individual-tree and site models. Using the
tree-level data, one-way ANOVAs were fitted with the
PROC GLM procedure of SAS™ (version 9.4; SAS
Institute, Cary, NC, USA) to compare site differences in
pith-zone values (Y = 0) and the age at which wood over
14 GPa is produced, both weighted by the inverse of their
standard error. Pearson correlations were calculated to es-
tablish if there was a significant relationship of the mean
MOE with the cambial age at which the threshold was
reached (earlier the better).

In addition to the modelling of radial trends described
above, two additional analyses were performed on the
SilviScan data to compare the variation in wood density,
MFA andMOE among the study sites. The first analysis com-
pared sites based on unweighted and weighted disk means
(Appendix 2). The second analysis compared the differences
between inner and outer samples at each site (Appendix 3).

3 Results

3.1 Models of the patterns of radial change across
sites

3.1.1 Wood density

Both the linear and four-parameter logistic models consistently
converged when modelling the radial variation in wood density,
but the four-parameter logistic model was selected as the AIC
was lower in all comparisons (Table 3). Using tree-level data,
the asymptote of the corewood and the outerwood asymptote
differed significantly among sites (P < 0.01 and P < 0.05,
respectively; Table 4). The least productive site (Strathblane)
had the highest wood density of the corewood (i.e. Asymcore)
but, as noted above, exhibited less radial change (lower scal)
than the more productive sites although the difference was not

statistically significant (P ≥ 0.05; Fig. 2, Table 4). Early-age
comparisons among sites in wood density were not indicative
of differences in corewood density, but the wood density of
outerwood was higher at Geeveston than that at the
Strathblane site (i.e. larger Asymouter values in Table 4).

The model fitted predicted a relatively stable phase of
wood density through the corewood, as evidenced by the pe-
riod over which wood density did not deviate markedly (1 SE)
from the corewood asymptote (Asymcore; Fig. 2). At this
height in the stem (2.5 m), this corewood period persisted
for 6 years at the more productive sites (Geeveston and
Florentine) but extended to 8 years at the low-productivity
Strathblane site (Fig. 2). Following a rapid increase in wood
density during the transitional period, wood density stabilised
in the outerwood, with this phase commencing at ring ages of
between 11 and 13 years, being most delayed at the produc-
tive, thinned Geeveston site (Fig. 2).

3.1.2 MFA

As with wood density, both the linear and asymptotic exponen-
tial models consistently converged when modelling the radial
variation in MFA, but the asymptotic exponential model was
selected as the AIC was lower in all comparisons (Table 3).
MFA was highest in the pith, but rapidly declined to an asymp-
tote (Fig. 2). Sites did not differ in theMFA value at the pith (i.e.
R0 ranged from 21.5 to 22.3°), but significant site differences
were detected in the asymptote of the outerwood (i.e. Asymouter

ranged from 6.4 to 8.2°) and the pattern of curvature (lrc) de-
scribing the decrease between these values (Table 4). The most
rapid decline in MFA towards the outerwood asymptote (i.e. lrc
values approaching 0) was evident at Strathblane, followed by
Geeveston and finally Florentine (Fig. 2). For example, the
wood from the low-productivity site at Strathblane dropped to
a 10° MFA after 6 years of growth from the pith, while
Geeveston and Florentine took 10 years and 9 years, respective-
ly. The significant difference in outerwood asymptotes among
sites was due to differences between the two more productive
sites with Florentine stabilising at a lower MFA (6.4°) than
Geeveston (8.2°). As unstable radialMFA values in conjunction
with any sharp local variation in MFA would be conducive to
differential longitudinal shrinkage and hence to dimensional
instability, it is important to understand the point at which
MFA reached a stable plateau in the stem. This is particularly
relevant in veneer sheets after drying. Based on the site-level
curves, it was estimated that the stable, outerwood phase for
MFA began at ring ages from the pith of between 11
(Strathblane) and 19 years (Florentine) (Fig. 2).

3.1.3 MOE

A greater number of radial change models converged for MOE
than for either wood density or MFA (Table 3). Both the linear
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and the three-parameter logistic sigmoidal functions converged
when modelling MOE, but the three-parameter logistic sigmoi-
dal function model was selected as the AIC was lower com-
pared to the linear and most other converged models (Table 3).
This model described an increase in MOE with age to an as-
ymptotic value (Fig. 2). The maximum outerwood asymptotic
values for MOE ranged from 18.8 to 22.2 GPa, but these site
differences were not significant (Table 4). However, there were
highly significant differences among sites in the other two pa-
rameters (Xmid and scal), indicating age in years at which the
inflection point of the curve occurs and slope at the inflection
point of the curve, respectively. The lower-productivity site,
Strathblane, clearly exhibited the most abrupt increase in
MOE; however, there were no major visual differences among
the other two sites (Fig. 2, Table 4).

The cambial age at which wood was produced with MOE
over the 14-GPa threshold for structural uses was substantially
earlier at Strathblane than the other two sites, with a significant
difference among sites in the age at which this threshold was

reached (F2,22 = 8.4; P = 0.003). The low-productivity
Strathblane site reached this threshold at the age of 4.1 years
old, more than 2 years and 3 years earlier than the Geeveston
(6.3-year-old) and Florentine (7.1-year-old) sites, respectively
(Fig. 2). Similarly, the predicted MOE at the pith was signifi-
cantly different among sites (intercept X = 0; F2,22 = 7.6; P =
0.03), with the highest values (8.7 GPa) occurring at the
Strathblane site (Fig. 2). At the tree level, across all sites, the
age at which the threshold MOE of 14 GPa was surpassed was
negatively correlated with the weightedmeanMOE (n = 25; r =
− 0.67; P < 0.001), indicating that the earlier the threshold was
crossed, the greater the average MOE of the tree. Accordingly,
the site rankings were the same for weighted mean MOE
(Strathblane >Geeveston > Florentine; Table 6 in Appendix 2)
and years of growth with MOE above the threshold (Fig. 2).

While the outerwood asymptotes for MOE were not statisti-
cally different among sites, there were clearly large site differ-
ences in the age at which stable MOE was achieved, which
followed the relative site differences mentioned above for

Table 4 Model parameter means
and standard errors (SE), F ratios
and the significance of differences
among the means for three
sampled sites for air-dry density
(wood density), microfibril angle
(MFA) and dynamic modulus of
elasticity (MOE) as a function of
cambial age

Wood property and parameters Cambial age F2,22

Strathblane Geeveston Florentine
Mean (SE) Mean (SE) Mean (SE)

Wood density (kg m−3)

Asymcore
1 562.0a (8.4) 523.0b (8.6) 520.0b (7.2) 8.2**

Asymouter
2 668.1ab (23.4) 704.5a (21.3) 619.6b (18.7) 4.6*

Xmid3 10.5a (0.9) 10.2a (0.7) 9.0a (0.8) 1.1ns

scal4 0.8a (0.3) 1.3a (0.3) 1.1a (0.3) 0.8ns

RMSE5 (kg m−3) 24.8 19.8 21.6

MFA (degrees)

Asymouter
2 7.9ab (0.5) 8.2a (0.6) 6.4b (0.4) 4.3*

R06 21.5a (1.2) 22.3a (1.1) 22.2a (0.8) 0.1ns

lrc7 − 1.0a (0.1) − 1.4ab (0.1) − 1.5b (0.1) 5.8**

RMSE5 (degrees) 1.9 1.6 2.1

MOE (GPa)

Asymouter
2 18.7a (1.5) 20.0a (1.5) 22.2a (1.7) 1.2ns

Xmid3 0.8a (0.8) 2.5ab (0.8) 3.8b (0.8) 3.6*

scal4 3.4a (0.5) 4.4ab (0.5) 5.8b (0.5) 5.9**

RMSE5 (GPa) 1.1 1.0 1.0

A four-parameter logistic model was fitted for wood density, an asymptotic exponential model for MFA and a
three-parameter logistic model for MOE. Sites with common letters are not significantly different for the param-
eter indicated
nsP ≥ 0.05; *P < 0.05; **P < 0.01
1Asymptote for corewood
2Asymptote for outerwood
3Age in years at which the inflection point of the curve occurs
4 Slope at the inflection point of the curve
5 RMSE root mean square error
6 Y intercept
7 Natural logarithm of the rate of curvature

Page 7 of 15     65Annals of Forest Science (2020) 77: 65



reaching the 14-GPa MOE threshold. However, the cambial age
at which stable MOE values were first achieved varied markedly
ranging from 10 years (Strathblane) to 19 years (Florentine)
(Fig. 2). Indeed, the earlier cambial age at which outerwood com-
menced also coincidedwith increased stability inwood properties
(i.e. wood density at 12 years, MFA at 11 years and MOE at
10 years for Strathblane; Fig. 2). The transitional stage was also
shorter at the Strathblane site and longest at Geeveston. Our

modelling suggests that at the site level, the minimal cambial
age for producing outerwood, where all three wood properties
have reached their outerwoodasymptote and stabilised, is 10years
(Strathblane), but this age for universal stability may extend up to
19 years, as is the case predicted for the Florentine site.

Neither the conventional disk mean (unweighted) nor
weighted disk means significantly differed among sites for
wood density, MFA and MOE (Appendix 2). At each site,

Fig. 2 The fitted models for each tree (grey line) and site (red line) for air-
dry density (wood density), microfibril angle (MFA) and dynamic mod-
ulus of elasticity (MOE) as a function of cambial age. TheMOE threshold
of 14 GPa is also shown along with the age at which this threshold is

reached (dashed lines). Arrows indicate the outer boundary of corewood
(CW) and the inner boundary of outerwood (OW) for wood density, and
for MFA and MOE, the arrows only indicate the inner boundary of outer
wood, with the limits indicated specific to each wood property

65    Page 8 of 15 Annals of Forest Science (2020) 77: 65



all wood properties exhibited a significant difference between
inner and outer samples (t test from zero; P < 0.05)
(Appendix 3). The wood density and MOE of the outer sam-
ples were higher than those of the inner samples, and MFA
was lower. These trends were the same at all sites, but in some
cases, the magnitude of the change differed.

4 Discussion

The current study revealed differences in wood density, MFA
and MOE between inner and outer samples of E. nitens, consis-
tent with corewood and outerwood differences reported in other
eucalypt species (Downes et al. 2014; Lima et al. 2004). These
differences involve an increase in wood density and MOE and a
decrease in MFA with age (Downes et al. 2014; Hein and
Brancheriau 2011; Medhurst et al. 2012; Salvo et al. 2017).
While our study was based on samples collected at 2.5 m above-
ground level, studies of within-tree variation in E. nitens wood
properties suggest that these radial trends persist along the stem
with respect to the ring number from the cambium (Downes et al.
1997). While these radial trends were evident from a simple
comparison of inner and outer samples and despite modelling
only eight to nine trees per site, our detailed study of radial change
showed that the traits and sites differed in their pattern of change
in wood properties over the 20- to 22-year timeframe studied.

4.1 Wood density

Radial variation in wood density was appropriately described by
the four-parameter logistic model. These sigmoid-type models
have also been reported in conifers such as Pseudotsuga
menziesii (Mirb.) (Filipescu et al. 2014) and Pinus taeda L.
(Mora et al. 2007), as well as other eucalypts including
E. nitens (McGavin et al. 2015). Our results are also consistent
with visual plots of the radial variation of wood density in other
eucalypts, including E. nitens (Medhurst et al. 2012; Salvo et al.
2017). With 10-year-old Eucalyptus globulus Labill., Downes
et al. (2014) modelled radial change in wood density using
simple linear regression models but this age span is prior to
the transition to outerwood in the present study. In older trees,
the four-parameter logistic model thus appears more appropriate
as it describes the transition from low-density corewood to
higher-density outerwood. This transition commences just after
6 years of age, which is 2–4 years after the normal timing of
heteroblastic transition in leaf morphology (Williams et al.
2004), suggesting these are independent changes.

The model fitted for wood density showed that site differ-
ences were due to differences in both corewood density
(Asymcore) and outerwood density (Asymouter). The highest
corewood density was found for trees grown at Strathblane
which could be a consequence of unfavourable site growth
conditions (lowest site index) in the early stage of the

plantation. Such conditions could reduce vessel area and in-
crease cell wall thickness, resulting in higher wood density
(Downes and Drew 2008; Lachenbruch et al. 2011; Zobel
and van Buijtenen 1989). The opposite situation would there-
fore apply at Florentine, which had the lowest wood density
and was considered a good-quality site. Geeveston had the
highest growth rate of our sites as well as the highest rate of
radial increase in wood density, but there were no detectible
differences among sites in the rate of radial increase.

4.2 MFA

An asymptotic exponential model appropriately represented the
radial trend in MFA, revealing a rapid drop during the first
years followed by a less rapid decrease, consistent with previ-
ous studies in eucalypts (Evans et al. 2000; Hein and
Brancheriau 2011; Medhurst et al. 2012). While no fine-scale
modelling of radial variation in MFA was found for eucalypts,
conifers exhibit the same trend (Donaldson 2008). In this case,
the main models used for MFA are logistic models, fitted as a
function of ring number from the pith (Jordan et al. 2005;
Moore et al. 2014). However, such models were not successful
in our study (Table 3). This may be due to the greater radial
change in conifer MFA values. According to Donaldson
(2008), conifers vary more than hardwoods, with drops in
values from ca. 45to 11° in comparison with, for example,
E. nitens where MFA in the study dropped from ca. 22 to 8°.

For MFA, the asymptotic exponential model showed pith
values similar to those reported by Medhurst et al. (2012) in
22-year-old E. nitens, but slightly higher than those found by
Evans et al. (2000) for 15-year-old E. nitens. Outerwood as-
ymptote values in these previous studies, however, were no-
tably higher than reported here. This difference could be a
consequence of the height of sampling, as shown by Evans
et al. (2000) and Medhurst et al. (2012) who sampled at the
DBH height of 1.3 m, whereas the samples in the present
study were taken at 2.5 m. The significant differences among
sites for the outerwood asymptote or pith values of MFA in
our study agrees with results from Lima et al. (2004), who
reported site effects on outerwood values but not on the pith-
zone values. Lima et al. (2004) studied clones of Eucalyptus
grandis × Eucalyptus urophylla growing in the warm climate
of Brazil and reported a genetic influence onMFA, but it is not
clear whether genetics or site had the greater influence.

In the current study, the Strathblane plantation was
established on a poor-quality site, with DBH (31.2 cm) signifi-
cantly lower than that observed at Geeveston (42.7 cm) despite a
very similar silvicultural treatment. However, MFA values at
Strathblane reached a stable outerwood state earlier than
Geeveston, and a greater proportion of the wood had low
MFA. Wimmer et al. (2002) found a positive relationship be-
tween growth rate andMFA inE. nitens, so factors that influence
growth rate could also affect the rate of decline inMFA from pith
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to cambium. This pattern observed by Wimmer et al. (2002) is
consistent with our observations at Strathblane. On the other
hand, Geeveston and Florentine had very different silviculture
treatments but similar site quality. Geeveston exhibited the larg-
est DBH, presumably due to thinning, but a slightly (yet signif-
icantly) lower rate of decline in MFA than at Florentine. Of the
sites studied, Geeveston had the greatest exposure to wind
which, in conjunction with thinning, would produce a higher risk
of stems breaking. According to Lachenbruch et al. (2011), trees
need to increase wood stiffness with age/size to avoid stem frac-
ture due to self-weight and wind. As high stiffness is highly
correlated with low values of MFA, a decrease in MFA value
would increase stiffness (Donaldson 2008; Lachenbruch et al.
2011). Thus, under this hypothesis, Geeveston trees would be
expected to produce lowerMFA values earlier than Florentine to
increase their stiffness in response to higher wind exposure. The
extent towhich such effects could be confoundedwith increasing
prevalence of tension wood (which has low MFA) is unclear;
however, no relationship between MFA and tension wood has
been reported in either E. globulus or E. nitens in processing
studies (Washusen et al. 2001).

4.3 MOE

For MOE, the radial change was best described using a three-
parameter logistic model, which accords with the general trends
found in previous studies of E. nitens (Harwood et al. 2005;
Medhurst et al. 2012). McGavin et al. (2015) also used a logistic
function tomodel the trends but with four parameters. The shape
of the logistic function is consistent with the structural integrity
theory in trees, as described by Lachenbruch et al. (2011). That
is, lowerMOE in early-stage growth (core wood) increases stem
flexibility and thus allows young trees to bend with external
forces like wind and snow. As the trees increase in age, howev-
er, the stems require increasing stiffness to avoid failure due to
environmental factors and their own weight. At a certain stiff-
ness value, the progression stops, and stiffness remains relative-
ly constant (approaching asymptote), which is believed to help
distribute the bending stress produced by environmental factors,
especially wind, over a large sectional area (Lachenbruch et al.
2011; McGavin et al. 2015).

The sigmoid model evaluating the modulus of elasticity
showed that outerwood asymptotic values of MOE did not
differ statistically among sites, with an average of 19.4 GPa
across sites. This average asymptote of the outerwood is 19%
larger than that reported by McGavin et al. (2015) using sam-
ple strips of veneers obtained from logs from the same trees as
the current study, presumably due to differences in sampling
protocols. McGavin et al. (2015) measured dynamic MOE
using sonic resonance and strip samples from the veneer, cut
parallel to the grain between 0.5 and 2.5 m above the ground,
which may have included natural defects, whereas the

SilviScan estimates of MOE were measured using clearwood
samples obtained at a height of 2.5 m.

The lack of difference among sites in the MOE asymptote of
the outerwood could be associated with phenotypic stability of
the outerwood zone. In contrast to the lack of differences in
outerwood asymptote values, there were significant differences
in the scale and inflection point parameters among sites for
MOE. These parameters reflect the rate of radial change in the
trees. Day and Greenwood (2011) considered that radial devel-
opment is controlled by both intrinsic (gene expression) and
extrinsic (environmental) factors. However, the same authors
recognised that it is very difficult to determine which is most
influential. In a study of outerwood MOE and wood density in
Pinus radiataD. Don, a greater influence of site and silviculture
than genetics has been shown (Carson et al. 2014; McLean et al.
2016). Although P. radiata is not directly comparable with
Eucalyptus spp. and such comparisons will depend upon the
range of genetic and site treatments compared, they provide an
indication of the influence extrinsic factors can have on forest
plantations. In the present study, the sites differed in silviculture
and environments but there is no precise information about ge-
netic stock. However, most Tasmanian E. nitens plantations
established approximately 20 years ago were from natural-
stand seed collections from Central Victoria (Hamilton and
Potts 2008). Thus, the similar MOE asymptote could reflect the
similar genetic stock reaching the same value across a range of
growing conditions and silviculture studied, but these site factors
only affect the rate at which the asymptote is achieved.

5 Conclusion

In conclusion, our models revealed a dynamic change in wood
properties across the stem radius of E. nitens trees, with the
pattern varying with trait and the plantations studied.
Plantations differed in the age and proportion of the stem where
wood properties have stabilised and reached accepted threshold
values of stiffness suitable for products such as structural ply-
wood. Themodels suggest an outerwood phase is reachedwhere
site average values for all three wood properties studied have
reached asymptotic values. This phase is reached at cambial
age of between 10 and 19 years, with the faster-growing planta-
tions taking longer. The relatively stable outerwood phase is
preceded by a phase of wood production where wood density
is initially low and stable butMFA is rapidly decreasing, but then
as MFA starts to stabilise, wood density rapidly increases. Thus,
while a stable phase of corewood may be evident for wood
density, this is not generally applicable as other traits such as
MFA and MOE are changing rapidly in the corewood.
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Appendix 1. Testing the difference
between trees within sites

Appendix 2. Analyses based on tree means

Methods

Unweighted disk means of wood properties were estimated as
the averages of the ring wood property values from disk.
Additionally, disk means were estimated by weighting ring
means by ring area (weighted disk means), to allow a more
accurate representation of the tree-level wood property means
(Downes et al. 1997). This methodology assumed that rings
were circular and that there was no pith eccentricity. The
methodology of Medhurst et al. (2011) was used to quantify
eccentricity to test this assumption. Using this measure for
each tree, a one-way ANOVA was used to test the differences
among the study sites using the anova function of R (R
Development Core Team 2018).

Results

Neither the conventional means (unweighted) nor the weight-
ed means significantly differed among sites for wood density,
MFA and MOE (Table 6). While the study sites ranked sim-
ilarly for MFA and MOE based on individual means (un-
weighted and weighted), wood density did not follow this
trend. For example, when differences in wood density were
assessed using unweighted means, Strathblane ranked highest
for wood density; however, Geeveston ranked above
Strathblane when using the weighted disk mean wood density
(Table 6).

Disk eccentricity had an average of less than 10% for each
site and did not differ among these sites (F2,22 = 1.1,P > 0.05),
arguing that the weighted means are a good estimate of the
overall difference among sites. With the weighted mean
values, wood density was lowest at Florentine but its sitemean
was not significantly different from Strathblane and
Geeveston, according to a Tukey-Kramer multiple compari-
son test. Unweighted disk means were consistently lower than
those based on the area weighted disk means

Table 5 Significance of the differences in radial models among trees
within sites (intra-site) for wood density, microfibril angle (MFA) and
modulus of elasticity (MOE) as a function of cambial age

Wood property Sites

Strathblane Geeveston Florentine(1)

F21–28,114–143 F21–28,124–132 F24–28,130–137

Wood density 2.4*** 9.3*** 4.9***

MFA 5.9*** 6.2*** 9.4***

MOE 9.0*** 9.0*** 16.0***

The F values and their significance for each site and model are shown. A
four-parameter logistic model was fitted for wood density, an asymptotic
exponential model for microfibril angle and a three-parameter logistic
sigmoidal model for modulus of elasticity

***P < 0.001
(1)One tree did not converge for wood density using nls function

Table 6 Mean wood properties and significance of the differences among plantation sites of E. nitens

Site Wood density (kg m−3) MFA (degrees) MOE (GPa)

Unweighted Weighted Unweighted Weighted Unweighted Weighted

Strathblane 596.91 618.12 11.53 9.03 14.71 16.71

Geeveston 590.82 626.41 12.72 9.91 13.92 16.42

Florentine 557.73 577.13 12.61 9.82 13.63 15.93

Significance of differences among sites
F2,22 3.2 3.3 1.5 0.6 1.3 0.4
P value 0.06ns 0.06ns 0.25ns 0.56ns 0.28ns 0.69ns

Results are presented based on unweighted and weighted disk mean values from samples taken 2.5 m aboveground level. All the site means were not
significantly different (P > 0.05) among the sites according to the Tukey-Kramer multiple comparisons, so the superscript numbers denoted the site
ranking

Page 11 of 15     65Annals of Forest Science (2020) 77: 65



Appendix 3. Comparisons between inner
and outer samples

Methods

At a broad scale, the pith-to-cambium change in wood properties
was investigated by comparing the inner (adjacent to the pith)
and outer (adjacent to the cambium) samples from each tree, with
the difference expressed as a percentage of the innermost sample.
The samples were chosen as the two innermost and two outer-
most rings or, following Downes et al. (2014), the innermost and
outmost 10% of cross-sectional area. Using this tree-level data,
(i) a t test was undertaken separately for each site and wood
property to test the statistical significance from zero of the differ-
ence between the innermost and outermost samples, and (ii) a
one-way ANOVA was undertaken to test for the difference in
change among sites, with Tukey-Kramer multiple comparisons
applied to compare site means. These analyses were undertaken
using cambial age and percentage of area data for each wood
propertywith the t.test and anova functions inR (RDevelopment
Core Team 2018).

Results

At each site, all wood properties exhibited a significant
difference between innerwood and outerwood (t test
from zero; P < 0.05). The wood density and MOE of
outerwood were higher than those of innerwood (11.4
to 31.0% and 86.2 to 137.5% higher, respectively, de-
pending upon site), and MFA was lower (− 52.5 to −
60.3% of inner sample), regardless of whether the ring
or percentage area data as used (Table 7).

Sites did not differ significantly in the magnitude of the
difference in MFA and MOE between innerwood and

outerwood, and only when expressed in terms of percentage
was there a significant difference for wood density (P < 0.05).
Wood density of Geeveston and Strathblane had the greatest
and smallest difference between the innermost and outermost
wood, respectively.

The rank order of sites and the magnitude of the change in
all response variables remained the same, regardless of how
the comparison was made and whether sites were significantly
different. In wood density, Strathblane showed the least
change between pith and cambium, followed by Florentine
and Geeveston. On the other hand, Strathblane continued
showing the least change, but followed by Geeveston instead
of Florentine (Table 7).

Appendix 4. Summary of wood properties
by site

Table 7 Site means for the difference between pith and cambium
samples for wood density, microfibril angle (MFA) and modulus of elas-
ticity (MOE)

Site Wood density
(kg m−3)

MFA (degrees) MOE (GPa)

Rings Percentage Rings Percentage Rings Percentage

Strathblane 11.4 a 11.6 a − 53.3 a − 52.5 a 89.9 a 86.2 a
Geeveston 24.5 a 31.0 b − 59.1 a − 56.8 a 131.6 a 134.0 a
Florentine 19.5 a 20.3 ab − 60.3 a − 58.2 a 137.5 a 134.0 a
Significance of differences among sites
F2,22 2.0 6.1 0.7 0.4 1.9 2.2
P value 0.16ns 0.008** 0.52ns 0.69ns 0.17ns 0.14ns

The differences were between the two innermost rings and the two out-
ermost rings expressed as a percentage of the innermost rings. Site means
significantly different (P < 0.05) according to a Tukey-Kramer multiple
comparison test are denoted by different letters. ns P ≥ 0.05; **P < 0.01

Table 8 Summary of wood properties measured using SilviScan by site

Statistics Wood density (kg m−3) MFA (degrees) MOE (GPa)

Strathblane Geeveston Florentine Strathblane Geeveston Florentine Strathblane Geeveston Florentine

n 8.0 8.0 9.0 8.0 8.0 9.0 8.0 8.0 9.0

Mean 596.9 590.8 557.7 11.5 12.7 12.6 14.7 13.9 13.6

SD 34.4 41.6 27.3 1.8 1.4 1.5 1.9 1.2 1.3

Median 592.7 585.2 556.7 11.6 12.3 13 13.9 14 13.5

SE 12.1 14.7 9.1 0.6 0.5 0.5 0.7 0.4 0.4

Min 569.4 540 515.1 8.8 11.2 10.2 12.9 12 11.9

Max 676.5 683.5 604.6 13.6 15.1 14.7 18.2 15.4 16.1

Range 107.1 143.5 89.5 4.7 3.9 4.4 5.3 3.4 4.2

All data are unweighted (core means) and based on individual tree data
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Appendix 5. Models selected at site level data

Table 9 Summary of wood properties measured using SilviScan by site. All data are weighted by the area of the disk and based on individual tree data.

Statistics Wood density (kg m−3) MFA (degrees) MOE (GPa)

Strathblane Geeveston Florentine Strathblane Geeveston Florentine Strathblane Geeveston Florentine

n 8.0 8.0 9.0 8.0 8.0 9.0 8.0 8.0 9.0
Mean 618.1 626.4 577.1 9.0 9.9 9.8 16.7 16.4 15.9
SD 38.8 53.1 34.5 2.0 1.7 1.6 2.3 1.7 1.8
Median 618.9 622.1 575.1 9.0 9.9 10.4 15.7 16.4 15.4
SE 13.7 18.8 11.5 0.7 0.6 0.5 0.8 0.6 0.6
Min 576.3 556 537.5 6.2 8.1 7.4 14.6 14.2 14.4
Max 700.1 741.7 651 11.8 12.9 11.4 20.7 18.6 20.2
Range 123.8 185.7 113.5 5.6 4.8 4.0 6.1 4.3 5.8

Fig. 4 Selected microfibril angle models for cambial age using pooled data by site and wood property (19, Strathblane; 20, Geeveston; 21, Florentine)

Fig. 3 Selected wood density models for cambial age using pooled data by site and wood property (19, Strathblane; 20, Geeveston; 21, Florentine)
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