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Abstract

Background: Density is an important wood property due to its correlation with other wood properties such as

stiffness and pulp yield, as well as being central to the accounting of carbon sequestration in forests. It is influenced

by site, silviculture, and genetics, and models that predict the variation in wood density within and among trees are

required by forest managers so that they can develop strategies to achieve certain wood density targets. The aim

of the study presented here was to develop a wood density model for radiata pine (Pinus radiata D. Don) growing

in New Zealand.

Methods: The model was developed using an extensive historical dataset containing wood density values from

increment cores and stem discs that were obtained from almost 10,000 trees at over 300 sites. The model consists

of two sub-models: (1) a sub-model for predicting the radial variation in breast-height wood density and (2) a

sub-model for predicting the distribution of density vertically within the stem.

Results: The radial variation in breast-height wood density was predicted as a function of either ring number or both

ring number and ring width, with the latter model better accounting for the effects of stand spacing. Additional model

components were also developed in order to convert from annual ring density values to a whole-disc density, predict

log density from disc densities, and account for the variation in wood density among individual trees within in a stand.

The model can be used to predict the density of discs or logs cut from any position within a tree and can utilise

measured outerwood density values to predict the density by log height for a particular stand. It can be used in

conjunction with outerwood density to predict wood density distributions by logs for stands of any specified

geographic location and management regime and is designed to be able to incorporate genetic adjustments at

a later stage.

Conclusions: The analysis has confirmed and quantified much of the previous knowledge on the factors that

affect the variation in wood density in radiata pine, particularly the influences of site factors and silviculture. It has

also quantified the extent and patterns of variation in wood density within and among trees.

Background

Density is an important wood property that affects the

performance of solid wood products, pulp and paper,

and some panel products (Kibblewhite 1984; Panshin

and de Zeeuw 1980; Xu et al. 2004). It is also an import-

ant determinant of carbon sequestration in forests.

Radiata pine (Pinus radiata D. Don) is the main com-

mercial forestry species in New Zealand and is grown on

a wide range of soil types and under differing climatic

conditions, particularly with respect to temperature and

rainfall. Past research in radiata pine growing in New

Zealand established that there are significant regional

trends in wood density, related to environmental

factors such as mean annual temperature and soil nu-

trition (Beets et al. 2001; Beets et al. 2007; Cown 1999;

Cown et al. 1991; Harris 1965; Palmer et al. 2013). In

common with many other conifer species, radiata pine

also exhibits a marked radial pattern whereby wood

density increases from pith to bark (Cown 1980). In the

vertical direction, whole-disc average wood density

decreases with height up the stem largely because the
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number of rings decreases with height, meaning that

proportionately more wood is contained within the

lower density inner rings (Cown 1999).

Previous research has also investigated the effects of

forest management practices, such as thinning, pruning

and rotation age, and genetic differences on wood dens-

ity (Burdon and Harris 1973; Burdon and Low 1992;

Cown 1973, 1974, 1999; Cown and McConchie 1981,

1982; Cown et al. 1992). These studies have reported a

positive correlation between wood density and mean

annual temperature and a weak negative correlation be-

tween growth rate and wood density. Silvicultural treat-

ments have a lesser impact unless stands are suddenly

released from intense competition by severe thinning or

a nutritional deficiency is corrected by fertiliser applica-

tion. In these cases, a noticeable drop in density can

occur for a few years immediately after treatment (Cown

1973). However, forest management is still expected to

have an effect on wood density by varying the propor-

tion of corewood within a tree (Cown 1992).

Forest managers commonly use growth and yield

models to predict the impact of different combinations

of site, genetics, and silviculture on volume and log

product outturn (Weiskittel et al. 2011). There is also a

demand to be able to predict the impacts of these factors

on wood density as some log grades have a density

requirement, often as a proxy for wood stiffness. For

example, forest managers want to be able to determine

what genetic stock and silvicultural regime (i.e., combin-

ation of spacing, thinning, and rotation length) are

needed to achieve a particular wood density target for a

given site. There are a number of examples of modelling

systems that have been developed to link forest growth

and timber quality in a range of species (Gardiner et al.

2011; Houllier et al. 1995; Peng and Stewart 2013), but a

comprehensive modelling system does not exist for

radiata pine wood properties. In New Zealand, an empir-

ical model called STANDQUA was developed in the

mid-1990s that enabled within-tree patterns of radiata

pine wood density to be estimated from breast-height

core samples and the future log-level wood density to be

predicted (Tian and Cown 1995; Tian et al. 1995). More

recently, a model was developed by Beets et al. (2007) to

predict the density of annual growth sheaths in order to

estimate carbon sequestration.

Both of these previous radiata pine wood density

models were developed using various subsets of the ex-

tensive data that have been collected in numerous pub-

lished and unpublished studies over many years. More

comprehensive analyses of these data are required along

with the development of models that enable forest man-

agers to predict how different combinations of site, silvi-

culture, and genetics affect wood density. Such analyses

and new model development has been undertaken in

three phases: (1) the development of a model to predict the

spatial variation in breast-height outerwood density (i.e.,

basic density of the outer five growth rings or outer

50 mm); (2) the development of a model to predict the vari-

ation in wood density within a tree and among trees within

a stand given a measured or predicted value of breast-

height outerwood density; and (3) the incorporation of the

effects of genetic gain for wood density into the model.

The results from the first phase of the analysis were pre-

sented in Palmer et al. (2013). They developed the concept

of a wood density index, which is somewhat analogous to

site index in growth and yield analysis as it uses a common

base age to account for the known variation in wood density

with age. The wood density index is defined as the breast-

height outerwood density of 20-year-old radiata pine trees

with silvicultural and genetic characteristics typical of stands

planted in the 1990s. Across New Zealand, this wood dens-

ity index was shown to be positively associated with mean

annual air temperature, with higher values of wood density

found in the warmer northern latitudes (Palmer et al. 2013).

In this paper, we present analyses of both the intra-stem

variation in wood density and the variation in density among

trees within a stand. These analyses were used to develop a

model that can be linked to the site-level model developed

by Palmer et al. (2013) and also to growth and yield model-

ling systems (West et al. 2013). This enables investigation of

the effects that factors such as rotation age and tree spacing

have on within-tree patterns of wood density and the result-

ing whole-stem average density. Genetic effects can also be

included in the modelling system using adjustments to the

wood density index. The derivation of these genetic adjust-

ments is described in a separate paper (Kimberley, MO,

Moore, JR, & Dungey, HS (in review). Modelling the effects

of genetic improvement on radiata pine wood density. New

Zealand Journal of Forestry Science).

Methods

Description of datasets used in the analyses

Data from a large number of historic studies were used

to develop the within-tree density model. These data

were of two main forms: (1) radial profiles of basic dens-

ity at breast-height and (2) vertical profiles of whole-disc

average density. Data on the radial profile of wood dens-

ity were available from breast-height samples that had

been collected from radiata pine stands throughout New

Zealand. A total of 336 sites were sampled and approxi-

mately 30 trees were typically sampled at each site

(Table 1). Data for 250 of these sites were collected in

the wood properties survey undertaken by Cown et al.

(1991). Wood density was assessed from 5-mm diameter

increment cores in five-ring sections from the pith out-

wards using the Maximum Moisture Content method

(Smith 1954). At 219 of these sites, trees were also felled

and discs were cut at breast-height (1.4 m above the

Kimberley et al. New Zealand Journal of Forestry Science  (2015) 45:22 Page 2 of 13



base of the tree) and at 5-m intervals up the stem. Basic

density was determined for the whole disc and five-ring

groups cut from these discs using gravimetric tech-

niques. X-ray densitometry data were available for 17

sites and eight spacing trials. These data were obtained

from either the Silviscan instrument (Evans 2000),

located at CSIRO in Melbourne, or Scion’s X-ray densi-

tometer (Cown and Clement 1983) and included ring-

level values of wood density and ring width.

Total tree height was generally not measured in these

studies, which has presented some problems in previous

analyses (e.g., Moore et al. 2014; Watt and Zoric 2010).

However, it was possible to predict the total height of

trees in many studies using the relationship between disc

diameter and height up the stem at which the disc was

sampled. For each tree, separate quadratic regression

models were fitted to predict disc diameter as a function

of height up the stem, and total tree height was then

predicted by extrapolating these models to a diameter of

zero. To ensure this procedure provided reliable predic-

tions of tree height, the models were only fitted using

discs cut at greater than 5-m height, as above this

height, stem taper was found to be adequately approxi-

mated by a quadratic model. Furthermore, predictions

were only made when the diameter of the uppermost

disc was less than 200 mm and where the uppermost

disc was sampled from at least 70 % of the predicted

total tree height. This procedure made it possible to esti-

mate total tree height at 150 of the 219 sites where disc

samples had been collected at multiple heights up the

stem. Relative height of each disc sample was then calcu-

lated as disc height divided by predicted total tree

height.

Model development

Various component models were developed from this

extensive database as described below. In most cases, a

nonlinear mixed modelling approach was used with

models fitted using the NLMIXED procedure in Version

9.3 of the SAS software (SAS Institute Inc. 2011).

Breast-height density by ring number

The radial variation in breast-height density was mod-

elled as a function of ring number from pith (cambial

age). The data used to develop this model consisted of

breast-height density data measured in five-ring groups

from 336 sites throughout New Zealand. Prior to fitting

the model, values of wood density were averaged across

all trees at each site for each five-ring group. The fitted

model had the following form:

DBH ¼ aþ fLþ b−aþ Lð Þ 1−e−cRing
� �d

ð1Þ

where DBH is the basic density of a five-ring group at

breast-height, Ring is the midpoint ring number from

the pith for this five-ring group, and a, b, c, d, and f are

model parameters estimated from the data. Because

wood density varies considerably between sites (Palmer

et al. 2013), a normally distributed site-level random

term with a mean of zero, L, was included in the model

to account for local site effects. When the model is

applied to predict wood density for a particular site it is

calibrated using this local parameter L. This parameter

can be obtained using either the wood density index map

(Palmer et al. 2013) or a wood density measurement from

a sample of trees of known age (see Appendix 1 for

details).

Breast-height density by ring number and ring width

An alternative breast-height density model using ring

width as its principal independent variable was fitted to

densitometry data averaged by ring at each of 25 sites.

Data from eight of these sites were obtained from spacing

trials, with each trial consisting of several replicate plots

covering a range of post-thinning stand densities. Several

different model forms from the published literature (e.g.,

Table 1 Summary of the different wood density datasets that were used to develop the various models

Five-ring density samples at breast-height Disc-level data collected on felled trees Ring-level densitometry data at breast-height

Region Number of
sites

Number of
trees

Age (years) Number of
sites

Number of
trees

Age (years) Number of
sites

Number of
trees

Age (years)

Min. Max. Mean Min Max Mean Min. Max. Mean

Auckland 50 1592 16 57 32 30 312 14 53 31 4 66 19 33 26

Rotorua 94 2265 10 64 24 117 1264 6 56 25 7 172 17 35 24

Wellington 42 1256 19 53 30 10 63 20 32 26 3 26 25 25 25

Nelson 60 1759 14 56 29 28 220 13 45 27 4 37 25 33 27

Westland 10 234 14 48 23 5 25 28 47 33 – – – – –

Canterbury 40 1232 14 74 31 8 54 16 30 25 3 29 25 25 25

Southland 40 1181 15 54 30 21 174 14 39 27 4 45 21 25 24

Overall 336 9519 10 74 29 219 2112 6 56 26 25 375 17 35 25
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Gardiner et al. 2011) were examined, with the following

final model form selected on the basis of goodness of fit to

the data:

DBH ¼ aþ Lþ b 1þ cLð ÞlnRwidth−de− f Ringð Þ ð2Þ

where DBH is the basic density of a given annual ring

(Ring) at breast-height, Rwidth is the width of the annual

ring (mm), a, b, c, d, and f are model parameters esti-

mated from the data, and L is a normally distributed

site-level random term with mean zero.

Disc density by height in the stem

By plotting whole-disc average density against relative

height, it was apparent that this property exhibited a sig-

moidal pattern with relative height, well-approximated

by a cubic function. Therefore, a model with the follow-

ing form was fitted to the data:

Ddisc ¼ aþ Lð Þ þ bþ fLð Þ H−0:4ð Þ þ c H−0:4ð Þ2

þ d H−0:4ð Þ3 ð3Þ

where Ddisc is the whole-disc average density, H is the

relative height of the disc up the stem, and a, b, c, and d

are model parameters estimated from the data. As with

the radial density models, this model is calibrated for a

particular site using a local parameter L.

Conversion between outerwood basic density and whole-disc

average density

When linking the breast-height radial density models

(given by either Eqs. (1) or (2)) with the model for pre-

dicting the variation in whole-disc average density with

height up the stem (Eq. (3)), it is necessary to convert

from a measure of the density of the outer five rings

(outerwood basic density) to whole-disc average density

at breast-height. The ratio of disc density to outerwood

density would be expected to be close to one both at

very young stand ages (e.g., at about age 6 years when

the disc will consist of only about five annual rings) and

very old stand ages (because the pith-to-bark density

profile reaches an asymptotic value at a cambial age of

approximately 20 years). This was modelled using the

following nonlinear function:

Ddisc

Dow
¼ 1−

1

aþ b age−6ð Þ þ c age−6ð Þ2
ð4Þ

where Ddisc is the whole-disc average density, Dow is the

outerwood basic density, age is the stand age (years),

and a, b, and c are model parameters.

Variation in outerwood density among individual trees in a

stand

In order to quantify the tree-to-tree variation in outer-

wood basic density, we used data from 82 stands which

were sampled using two or more cores per tree. With

these data, it was possible to separate out the small-scale

variability of cores within a tree from the general vari-

ation between trees using variance component analysis.

The first step in this analysis was to examine the form

of the statistical distribution of outerwood density

between trees. Secondly, the existence of any potential

relationships between easily predicted tree characteris-

tics and wood density were examined. More specifically,

the potential relationship between DBH and outerwood

density was investigated by calculating correlation coeffi-

cients between these two variables for each stand. Fol-

lowing this, between- and within-tree variance components

were estimated for each stand. Stands were classified on the

basis of mean basic density into the following classes: 300–

350, 351–400, 401–450, 451–500, and 501–550 kg m−3,

and the variance components were averaged across stands

in each class. Variance components were expressed as coef-

ficients of variation (i.e., standard deviation as a percentage

of the mean).

Application of the model

The wood density models developed in this paper were

designed to be coupled to growth and yield models, so

that the effects of site, silviculture, and genetics on wood

density can be predicted. The implementation of these

models within Forecaster, which is the most widely used

growth and yield prediction system for radiata pine in

New Zealand (West et al. 2013), is described in detail in

Appendix 1 and Appendix 2. To illustrate the utility of

the models developed in this study, we used them to

predict within- and among-tree variation in wood dens-

ity for different radiata pine stands growing on four sites:

the northern part of the North Island (Northland); the

central North Island (CNI); the upper part of the South

Island (Nelson); and the southern part of the South

Island (Southland). Values of wood density index, site

index (mean height of the 100 largest trees per hectare

based on diameter at breast-height at age 20 years) and

300 index (a volume productivity index for radiata pine

defined as the mean annual volume increment of a stand

containing 300 stems ha−1 at age 30 years (Kimberley

et al. 2005)) were obtained from the relevant geospatial

layers (Palmer et al. 2013; Watt et al. 2010) and are

given in Table 2. At each site, three different silvicultural

regimes were simulated. These consisted of two different

initial planting densities (500 and 1000 stems ha−1).

Stands were then thinned when the trees reached a

mean height of 10 m. A constant thinning ratio of 2.5:1

was used resulting in residual stand densities after
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thinning of 200 and 400 stems ha−1, respectively. In

addition, an un-thinned stand established at an initial

density of 1000 stems ha−1 was also simulated. For each

stand, whole-log average density was predicted for up to

eight logs from each stem (each log had a nominal

length of 5 m) and for rotation lengths of 20, 30, and

40 years.

Results

Modelling radial variation in wood density at breast-height

Basic density at breast-height showed a monotonic in-

crease with increasing ring number from the pith, with

the rate of increase diminishing after approximately 20

rings from the pith (Fig. 1). The model given by Eq. (1)

explained 93 % of the variation in breast-height density

for the dataset containing five-ring average values

from 336 sites. This variation could be partitioned into

variation between sites (which explained 45 % of the

variation) and the pith-to-bark trend described by the

model (which explained a further 48 % of the vari-

ation). Parameter estimates for the model are given in

Table 3, and a comparison of model predictions

against the five-ring average density values are shown

in Fig. 1.

Although the model given by Eq. (1) performed well in

general, it did not explicitly account for the effects of

stand stocking on wood density. For example, in one of

the spacing trials in the dataset located in Tarawera

Forest (near Rotorua in the central North Island), basic

density at ring ten was approximately 400 kg m−3 at a

stand density of 200 stems ha−1 but almost 500 kg m−3

at a stand density of 2000 stems ha−1 (Fig. 2). There was

a strong negative linear relationship between the natural

Table 2 Characteristics of the four sites selected to demonstrate

the utility of the models

Site Site index 300 index Wood density index

(m) (m3 ha−1 yr−1) (kg m−3)

Northland 27.4 17.5 450

Central North Island 32.9 27.7 398

Nelson 28.1 24.9 402

Southland 25.4 30.2 382

Fig. 1 Pith-to-bark radial trend in breast-height wood density. Black dots correspond to mean densities by five-ring group at each site. The black

lines show the density predicted by model 1 for an average site (middle solid line, L = 0) and for sites at the 5th and 95th percentiles (lower and

upper dashed lines, L = −34.6 and L = +34.6, respectively)

Table 3 Parameter estimates and associated standard errors (s.e.)

and tests of significance for the models given by Eqs. (1)–(4)

Parameter Estimate s.e. t value p value

Eq. (1)

a 339.9 2.5 135.96 <0.0001

b 459.2 2.5 183.68 <0.0001

c 0.1447 0.0092 15.73 <0.0001

d 2.44 0.29 8.42 <0.0001

f 0.657 0.088 7.47 <0.0001

Eq. (2)

a 579.8 17.7 32.76 <0.0001

b −58.61 3.59 −16.33 <0.0001

c 0.002763 0.000224 12.33 <0.0001

d 80.17 4.73 16.95 <0.0001

f 0.1845 0.0260 7.10 <0.0001

Eq. (3)

a 390.3 2.2 177.41 <0.0001

b −42.30 2.67 −15.84 <0.0001

c 31.93 4.07 7.85 <0.0001

d −293.0 16.6 −17.65 <0.0001

f −0.5181 0.0307 −16.88 <0.0001

Eq. (4)

a 44.0 13.3 3.31 0.0013

b −2.34 1.10 2.13 0.036

c 0.0467 0.0218 2.14 0.035
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logarithm of ring width and basic density in this trial,

with ring width seemingly able to explain the differences

in basic density between the spacing treatments (Fig. 3).

Across the 25 sites for which data on ring width and

density were available, there was also a strong negative

relationship between the natural logarithm of ring width

and basic density (Fig. 4). However, ring width did not

explain site differences in basic density. For this dataset,

the site effects explained 63 % of the variation in basic

density, while the model given by Eq. (1) explained

88.7 % of the variation. A model using the natural loga-

rithm of ring width in combination with site (i.e., using a

local parameter L) performed better than Eq. (1),

explaining 91.5 % of the variation in basic density. How-

ever, the model given by Eq. (2) (which included both

ring width and ring number as independent variables)

explained 93.1 % of the variation in ring-level basic

density. Parameter estimates for this model are given in

Table 3.

Modelling vertical variation in whole-disc average density

along a tree stem

The data used to model longitudinal variation in whole-

disc average density consisted of measurements of disc

diameter and density made at approximately 5-m inter-

vals in trees from stands at 219 sites throughout New

Zealand. By plotting disc density against relative height,

it was apparent that density has a sigmoidal pattern with

relative height well-approximated by a cubic function

(Fig. 5) and was modelled using Eq. (3). In this model,

45.4 % of the total variation in density between all discs

in the dataset was due to differences among sites (i.e.,

the L parameter) and the model explained 73.2 % of the

total variation in whole-disc average density. This

implied that the vertical pattern predicted by the model

explained an additional 27.8 % of the variation. Equation

(3), which was fitted using absolute height as the inde-

pendent variable, explained 71.0 % of the variation, indi-

cating that relative height was a slightly better predictor

Fig. 2 Relationship between breast-height wood density and ring number from the pith for four post-thinning levels of stand density. Data are

from a thinning trial in Tarawera Forest, Rotorua

Fig. 3 Relationship between breast-height wood density and ring width (natural log base e) for four post-thinning levels of stand density. Data

are from a thinning trial in Tarawera Forest, Rotorua
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of whole-disc average density than absolute height.

Furthermore, it was obvious when examining plots of

density versus absolute and relative height (data not

shown) that the vertical trend of whole-disc average

density was more consistent between sites when using

relative height as the independent variable. Parameter

estimates for the model given by Eq. (3) are given in

Table 3, and the model is shown plotted against the data

in Fig. 5.

Converting outerwood density to whole-disc average

density

The ratio of whole-disc average density to outerwood

density at breast-height was found to be approximately

constant with stand age, averaging 0.942 with standard

error 0.0032 (Fig. 6). A simple conversion to whole-disc

average density could, therefore, be achieved by multi-

plying the outerwood density by this mean value. How-

ever, a slightly better result was obtained using Eq. (4)

with parameter estimates given in Table 3.

Variation in outerwood density among individual trees

within a stand

The distribution of outerwood density among trees

within a stand was approximately normal. For example,

the distribution of breast-height outerwood density is

shown in Fig. 7 for stands grouped into low and high

density classes. Overall, the variation among trees

expressed as a coefficient of variation averaged 6.46 %

and did not vary with mean density. In contrast, within-

tree variation (i.e., variation between multiple breast-

height outerwood cores taken from the same tree)

increased with mean density, or equivalently, with age

(Fig. 8). This implies that as trees become larger and

older, the variation in outerwood density at different

locations around the stem increases. However, more

importantly, the variation in mean density does not in-

crease when expressed as a percentage of the mean

density. There was almost no relationship between tree

diameter and wood density within a stand. The average

of the correlation coefficients calculated for each stand

Fig. 4 Relationship between breast-height wood density and ring width from 25 sites across New Zealand. Each line represents a cubic spline

curve fitted to data from each site

Fig. 5 Variation in whole-disc density with relative height up the stem. The grey lines are smoothing curves fitted to the disc densities from each

of 150 sites. The black lines show disc density predicted by model 3 for an average site (middle line, L = 0) and for sites at the 5th and 95th

percentiles (lower and upper dashed lines, L = −59.3 and L = +59.3, respectively)
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was −0.07, and the individual correlation coefficients

were symmetrically distributed about this mean.

Application of the model

The values of log average density predicted for the four

sites followed the expected pattern given the differences

in wood density index (Fig. 9). For the stand growing on

a site in Northland, whole-log average wood density was

410 kg m−3 at age 30 years. Conversely, whole-log aver-

age wood density for the stand growing at a site in

Southland was 325 kg m−3 at the same age. The effect of

silvicultural regime was not as large as the effect of site,

although the stands thinned to 200 stems ha−1 typically

had a whole-log average wood density that was 18–

30 kg m−3 lower than stands thinned to 400 stems ha−1.

The difference in wood density between un-thinned

stands and stands thinned to 400 stems ha−1 was much

less, typically 5–10 kg m−3. Whole-log average density

decreased with increasing log height up the stem. At a

stand age of 30 years, it was approximately 20 kg m−3

lower in the fifth log than in the butt log at the South-

land site and 50 kg m−3 lower at the Northland site. For

an equivalent log height, there was an increase in log

average density of 5–8 kg m−3 for each 10-year increase

in rotation length.

Discussion

The models described in this paper represent a compre-

hensive analysis of the data collected for radiata pine

over the past 50 years. While the general within- and

among-stem trends in radiata pine wood density are

generally well-known (Cown 1973, 1974; Cown and

McConchie 1981, 1982; Cown et al. 2002; Palmer et al.

2013), this is the first time that a complete model linking

tree growth and wood density has been developed for

the species. This modelling system will allow the relative

effects of environmental, silvicultural, and genetic effects

on radiata pine wood density to be accurately quantified.

The breast-height radial density model linked to the

height-within-stem density model can predict densities

of logs cut from any position within a stem and at any

age. When linked to a growth modelling system capable

of predicting ring widths at any height, it is also possible

to use these models to estimate density by annual ring

Fig. 6 Variation in the ratio between disc density and density of the outer five rings at breast-height with stand age. The red line shows Eq. (4)

Fig. 7 Distribution of outerwood density in low (<420 kg m−3) and high density (>420 kg m−3) stands. For illustrative purposes, densities were

subtracted from stand means and plotted around the mean for each density class. Red lines show fitted normal distributions
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and height within stem. This can be achieved by estimat-

ing the disc densities annually, and using the predicted

ring width at any height, to derive the density of each

ring. Finally, the distribution of individual logs cut from

different stems in a stand is modelled on the assumption

that they are normally distributed with a fixed coefficient

of variation. Model implementation details are explained

in Appendix 1 and Appendix 2.

The purpose of the analysis reported here was to

investigate the variation in wood density within and

among trees within a stand. However, analysis of the

breast-height five-ring and the whole-disc datasets

showed that approximately 45 % of the variation in these

datasets was due to differences between sites. These site

effects are incorporated into the model through a local

parameter, which can be estimated from density samples

collected from trees or based on the location of the

stand, from the national wood density index map de-

scribed by Palmer et al. (2013). Differences in wood

density among sites have been shown to be due to fac-

tors such as temperature, rainfall, and soil fertility (Beets

et al. 2001; Beets et al. 2007; Cown et al. 1991; Harris

1965; Palmer et al. 2013). While it is conceivable that

the effect of these factors on wood density might be ex-

plained by ring width as they are known to also affect

productivity (Watt et al. 2010), our analysis showed that

Fig. 8 Variation between and within tree (expressed as coefficients of variation) for stands in five mean density classes. Error bars show standard

errors of each coefficient of variation

Fig. 9 Predicted values of whole-log average density a for stands grown at four contrasting sites, b under different silvicultural regimes (combinations

of initial and post-thinning stand density), c for three different rotation lengths, and d at different heights up the stem (5-m height classes)
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even after accounting for ring width, there was still a

large amount of unexplained site-level variation (Fig. 4).

Therefore, the wood density model given by Eq. (2) that

included ring width as an independent variable also

requires a local parameter to account for site differences.

The negative relationship between ring width and

wood density, after accounting for ring number, is con-

sistent with findings in studies on other species (e.g.,

Gardiner et al. 2011; Jozsa and Middleton 1994; Jyske et

al. 2008; Kantavichai et al. 2010; Zhang 1998). This ap-

parent relationship between wood density and ring width

has been the subject of some controversy in the scien-

tific literature (e.g., Sutton and Harris 1974; Wimmer

and Downes 2003) where, in some cases, the negative

correlation between ring number and ring width has not

been accounted for. Our results showed that ring width

can be used to explain the effect of growth differences

on wood density among stands growing at the same site

but not differences among sites. In fact, the negative re-

lationship between ring width and wood density would

suggest that lower density wood would be found on

those sites where radial growth rate (all other factors be-

ing equal) is higher. However, for the same silvicultural

regime both wood density and ring width are higher on

warmer northern sites than on cooler southern sites

(Palmer et al. 2013; Watt et al. 2010). A previous study

by Cown and Ball (2001) showed that latewood percent-

age was the main factor associated with regional vari-

ation in wood density. More detailed investigation is

required in order to better understand the relationship

between ring width and wood density, particularly how

within-ring density components (i.e., earlywood density,

latewood density, and latewood percentage) are affected

by ring width. Studies in Norway spruce (Picea abies

Karst.) have shown that the partial correlation between

ring width and density, after controlling for latewood per-

centage, is much lower than the simple correlation (Jyske

et al. 2008; Wimmer and Downes 2003). Furthermore, the

correlation between ring width and wood density fluctu-

ates between years depending on climatic and silvicultural

factors (Wimmer and Downes 2003).

This level of variation in wood density among trees

within a stand confirms the results from previous

studies (Cown 1999; Cown et al. 1991). Overall, there

was no evidence of a correlation between wood dens-

ity and diameter at breast-height. However, in a few

of the stands there was a weak negative correlation

between these traits. A closer examination of the few

stands that showed a significant association between

DBH and density indicated that this occurred only in

older, highly stocked stands, containing small sup-

pressed trees. Such trees tended to be of higher than

average density producing a weak negative correlation

between density and DBH in these stands. It is

important to note that this result applies to individual

trees within a stand, not to stands growing at differ-

ent stand densities at the same site, where mean

wood density is related to mean ring width. While

this study found that there was generally no pheno-

typic correlation between wood density and diameter

at breast-height, most studies in radiata pine have

found that there is a negative genetic correlation be-

tween these two traits (Wu et al. 2008). The wood

density model is able to assist tree breeders who want

to be able to predict the implications of early selec-

tions on later age wood properties and whole-log

density. At present, tree breeders rely on knowledge

of age-age correlations to assist with this (Kumar and

Lee 2002; Li and Wu 2005).

The radial and vertical trends in wood density were

broadly similar to those observed in other studies

(Burdon et al. 2004; Cown et al. 1991). Previous research

has suggested that the gradients of wood properties

found in radiata pine are underpinned by differences in

the rate of cambial cell division, differences in the rate

and duration of tracheid wall thickening, and differences

in gene expression (Cato et al. 2006). In the radial

direction, wood density increased rapidly with increas-

ing ring number from the pith before reaching a quasi-

asymptotic value such that little change in density

occurred after approximately ring 20. This typical radial

pattern has frequently been used to determine the ex-

tent of the corewood zone, which is defined as the

region in which the radial rate of change in wood prop-

erties is greatest (Lachenbruch et al. 2011; Zobel and

Sprague 1998). In radiata pine, corewood has typically

been defined as the innermost ten growth rings from

the pith (Burdon et al. 2004; Cown 1992), although a

threshold density of 400 kg m−3 has also been proposed

(Cown 1992). The results from the current study show

that wood density is still increasing rapidly with

cambial age at ten rings from the pith, suggesting that

the arbitrary ten ring definition may be inadequate.

However, other properties, such as microfibril angle,

also need to be considered when determining the age of

transition from corewood to outerwood (Mansfield

et al. 2009). The models developed in this study can be

used to further investigate the extent of the corewood

zone, particularly if defined based on a wood density

threshold, and how this is affected by different factors,

such as environment and silviculture.

Conclusions

An extensive database of radiata pine wood density data

collected over 50 years of research has enabled models

to be generated to predict within-tree, within-stand, and

among-stand variation in wood density. These models

can be linked to growth and yield models so that forest
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managers can predict the impacts of factors such as site,

silvicultural regime, and genetics on wood density. The

research here has confirmed and quantified much of the

previous knowledge on the factors that affect the vari-

ation in wood density in radiata pine.

Appendix 1

Implementation of models within a growth and yield

prediction system

The density models use local parameters to calibrate

them to particular sites or stands. For the breast-height

radial density models, this parameter is calculated from

the density at a specified ring number. This can be

obtained either from a measurement of density (e.g.,

from outerwood density cores taken from sample trees),

or more commonly, using the map showing national

variation in wood density index developed by Palmer

et al. (2013). For the breast-height radial density model

given by Eq. (1), the local parameter is calculated by

solving Eq. (1) for L, such that

L ¼
DBH−a− b−að Þ 1−e−cRingð Þ

d

f þ 1−e−cRingð Þd
ðA1Þ

The wood density index is defined as breast-height

outerwood density (density of the outermost five rings)

for a 20-year-old stand. The mean ring number for an

outerwood sample taken from breast-height in a 20-

year-old stand is calculated using the following equation:

Ring ¼ 18− 7:8−0:329SI þ 0:00388SI2
� �

ðA2Þ

where SI is the site index (mean top height (m) of a

stand at a reference age of 20 years). The bracketed term

in this equation is the number of years for a stand grow-

ing on a site with a given site index to achieve a mean

height of 1.4 m. It was derived by running the 300 index

growth model (Scion, unpublished data) for a range of

site indices and using a quadratic function to model the

relationship between site index and the age at which

mean height reached 1.4 m.

For the breast-height radial density model given by Eq.

(2), the local parameter is calculated by solving Eq. (2)

for L such that

L ¼
DBH−a−b lnRwidthþ de−f Ring

1þ c lnRwidth
ðA3Þ

Equation (A3) requires a measurement of both wood

density and ring width at a known ring number. These

could be obtained from outerwood cores taken from a

sample of trees, in which case the mean ring number

and ring width of the density sample would be used.

However, if the national wood density index map is used

to calibrate the model, it is necessary to use a ring width

that is compatible with the site selected on this map.

Because the model given by Eq. (2) is intended to be

used in conjunction with the 300 index growth model,

the 300 index (Kimberley et al. 2005) and site index

must be either specified by the user or estimated from a

growth measurement. In either case, Ring is estimated

using Eq. (A2), while ring width is calculated using the

following equation:

Rwidth ¼ 11:29þ 0:263I300−0:340SI

þ 0:543SI2−0:00807I300SI ðA4Þ

where I300 is the 300 index (m3 ha−1 yr−1). This equation

was developed by predicting mean ring width of the five

outermost growth rings at breast-height for a 20-year-

old stand using the 300 index growth model. The model

was run for sites where the 300 index ranged from 15 to

40 m3 ha−1 year−1 and site index ranged from 20 to

40 m. The silvicultural regime that these stands were

grown under was assumed to be typical of those contrib-

uting to the database used to develop the wood density

index geospatial layer (i.e., an initial planting density of

833 stems ha−1, pruned to 6 m and thinned to a residual

stand density of 400 stems ha−1 at age 9 years).

Once the local parameter has been estimated, the ra-

dial profile of basic density at breast-height can be pre-

dicted using the models given by either Eq. (1) or Eq.

(2). When the model given by Eq. (2) is used in conjunc-

tion with a growth model, the width of each annual ring

is predicted by the growth model, and these can be used

to estimate the whole-disc density at breast-height as an

area-weighted average of the ring-level values. When the

model given by Eq. (1) is used, breast-height disc density

is estimated using Eq. (4). The model given by Eq. (3) is

then used to predict whole-disc average density at any

position along the stem. This requires a local parameter,

which is calculated by solving Eq. (3) for L, such that

L ¼
Ddisc;BH−a−bh−ch

2
−dh3

� �

1þ f h
ðA5Þ

where Ddisc,BH is the breast-height disc density, h ¼ 1:4
H total−0:4

,

and Htotal is total tree height (m).

Appendix 2

Derivation of a method to calculate whole-log density

from disc density

The simplest approach would be to take the arithmetic

average of the density of the disc at each end of the log.

However, as logs are usually tapered, slightly more

weight should be given to the density of the disc at the

large end of the log, compared with the disc from the

small end. If both disc diameter and density vary linearly

with distance along a log (a reasonable assumption over
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the length of a typical log), the average density of the

log is

Dlog ¼ WDdisc;L þ 1−Wð ÞDdisc;S ðA6Þ

where: Ddisc,L and Ddisc,S are the whole-disc average

density values at the large and small ends of the log,

respectively, and W is the weighting factor. This weight-

ing factor is a function of the ratio of small- to large-end

diameter of the log (SED/LED):

W ¼
SED=LEDð Þ2

4
þ SED=LED

2
þ 3

4

SED=LEDð Þ2 þ SED=LEDþ 1
ðA7Þ

This result can be established using basic calculus.

Without loss of generality, assume that log length is 1

and large-end diameter (LED) is 1. Let R = SED/LED

and let the whole-disc densities of each end of log be

Ddisc,L and Ddisc,S. The density at any position x along

the log is Ddisc,L − x(Ddisc,L −Ddisc,S) and the diameter of

the log at position x is 1 − (1 − R)x. The density of the

log is the integral over the length of the log of density

multiplied by the square of the diameter, divided by the

integral of the diameter, i.e.,

Z 1

0

Ddisc;L−x Ddisc;L−Ddisc;S

� �� �

1− 1−Rð Þxð Þ2dx

Z 1

0

1− 1−Rð Þxð Þ2dx

ðA8Þ

The solution to this integral (steps not shown) is:

R2 þ 2Rþ 3
� �

Ddisc;L− 3R2 þ 2Rþ 1
� �

Ddics;S

� �

∕

4R2 þ 4Rþ 4
� �

¼ WDdisc;L þ 1−Wð ÞDdisc;S

ðA9Þ

Using the above result, log density will be obtained in

the growth model implementation of the density model

using the predicted diameter of the stem at each end of

the log. In a stand-alone version of the density model,

the weight W could be calculated by making reasonable

assumptions on the values of log diameter, length, and

taper. As an example, in a 5-m log with 400-mm SED

and 6-mm/m taper, the value of W calculated using Eq.

(A7) is 0.512. It can be seen from this example that a

simple average of the two log end densities (i.e., assum-

ing W = 0.5) would generally be adequate.
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