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Abstract 
Pinus radiata (radiata pine) is a common plantation species grown extensively across New 

Zealand (Cown, 2005). It has good form and fast growth making it a good species for timber 

production (Cown, 2005). However, the timber produced from radiata pine tends to be of 

relatively low quality for structural purposes. It has poor strength qualities, particularly in the 

corewood region, due to low stiffness and high microfibril angle (MFA) within this region 

(Jakawickrama, 2001). 

This study has investigated how different silvicultural treatments have affected the radial 

stiffness distribution within the stem of 15-year-old radiata pine. Silvicultural treatments 

observed include herbicide and fertiliser application, stocking, and clone type. 

Acoustic velocity measurements were recorded using time of flight and radial disc scan tools. 

The time of flight measurements were taken at approximately 1.2 m and the disc scans were 

taken at approximately 2.2 m height. Two linear mixed-effects models were developed for 

each of the datasets. Modulus of elasticity and microfibril angle were inferred using formulas 

developed in Mason et al. (2017).   

Herbicide: Herbicide had a significant effect on stiffness (P<0.01). The application of 

herbicide treatment reduced average stem surface MoE by 4% regardless of stocking level or 

clone type. Herbicide application increased DBH by 3.5%. Herbicide treatment had the 

greatest effect on MoE close to the pith. Effects were greatest and longest lived at 625 stems 

ha-1. Effects of herbicide were minimal at the stem surface.   

Stocking: A planting density of 625 stems ha-1 achieved the lowest surface MoE. On 

average, surface MoE was 10.6% lower at 625 stems ha-1 than that achieved at 1250 stems ha-

1 and 2500 stems ha-1. Stocking of 2500 stems ha-1 achieved the highest MoE throughout the 

stem but also had the highest gradient change in MFA and MoE with distance from the pith. 

The high stocking also had the smallest DBH. On average, DBH was 23.2% and 41.9% lower 

at 2500 stems ha -1 than 1250 stem ha-1 and 625 stems ha-1 respectively. 

Clone: Clone 3, a clone bred for low MFA and high basic density, had the highest MoE. On 

average Clone 3 had a MoE that was 13.0% higher than the other clone types. Clone 3 had 

the lowest radial gradient change of MFA and MoE. There was greatest variation in MoE 

between clone types at 625 stems ha-1. The difference between clones was less at 2500 stems 

ha-1. This suggests that genetics had a greater effect when environmental pressure was 

minimised. 
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Introduction 
Pinus radiata (radiata pine) is a common plantation species grown extensively in commercial 

forests throughout the world (Cown, 2005). Its fast growth, good form, and highly treatable 

timber make it a preferred species for timber production (Cown, 2005). However, besides its 

good growth and form, radiata pine timber is of relatively low quality. It has poor stiffness 

and strength qualities often making significant proportions of the stem unsuitable for 

structural grade timber. In addition to this, it has poor dimensional stability making it prone 

to deformation under drying conditions (Jayawickrama, 2001). These qualities make it 

difficult for radiata pine to compete in international structural timber markets where many 

widely grown species have superior structural qualities (Bayne, 2015). 

Furthermore, radiata pine is prone to poor wood quality in the corewood zone of logs. This 

further lowers the proportion of structural wood that can be cut from a log as corewood is 

often below the standard required for structural timber (Moore & Cown, 2017).   

Forestry is New Zealand’s third most valuable export with over 90 percent of plantation 

forests consisting of radiata pine (Cown, 2005). New Zealand is good at growing well-formed 

trees quickly but the timber is of low quality. If trees can be grown to enhance the timber 

quality, New Zealand forest growers could increase financial returns from their forests by 

penetrating new markets and selling their timber for higher prices (Bayne, 2015). 

The aim of this report is to investigate how certain silvicultural treatments affect stiffness of 

corewood in 15-year-old radiata pine. At 15 years of age it is likely the trees have already 

started to form outerwood. This study focused on corewood aspects as this section of the stem 

limits timber for structural uses. There are two objectives surrounding this wood quality 

issue: 

Objective 1: To assess how radial stiffness distribution within radiata pine stems and 

stiffness measured by speed of sound (called time of flight, or ToF) in living stems are 

affected by stocking, genotype, weed control, fertilisation, and interaction effects between 

them. 

Objective 2: To develop a model from disc analysis data and ToF measurements to infer 

wood stiffness gradients. 
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Background 

Radiata pine characteristics 
Radiata pine is a low to medium density timber that has a relatively low stiffness and 

strength. Its good stem form and high growth rate has made it a favourable plantation species 

in New Zealand (Bayne, 2015). Its high permeability makes it a suitable timber for chemical 

treatment. The easily treatable timber and excellent machinability of radiata pine make it a 

competitive product on the international market (Bayne, 2015). 

Many of the physical and mechanical properties of radiata pine compare favourably with 

other softwoods grown in New Zealand (Bier, 1999). The structural timber of radiata pine has 

a lower average strength and stiffness than other European and North American species 

(Moore, 2012).   

Modulus of elasticity (MoE) is a measurement of stiffness. The MoE is a measurement of 

resistance to being deformed elastically when a forced is applied. The MoE is the gradient of 

the stress-strain curve. MoE is used to evaluate the stiffness of timber. 

Microfibril angle (MFA) is the angle between the angle of the cellulose fibrils in the 

secondary cell wall and the axis of the cell. MFA is highly correlated to MoE with a low 

MFA being highly correlated to a high MoE. 

Radiata pine has high MoE variability within and between trees. Most New Zealand radiata 

pine structural timber achieves the grade of MSG8, the benchmark for structural grades in 

New Zealand. Other producers of radiata pine such as Australia and Chile can achieve stiffer 

grades with their timber (Bayne, 2015). 

Radiata pine wood varies in stiffness throughout the stem in radial and longitudinal 

directions. Stems tend to have low stiffness at the base with stiffness increasing up the tree 

achieving a maximum stiffness at approximately 5 to 7 m. Stiffness then begins to decrease at 

heights beyond this point with lowest stiffness occurring at the top of the tree (Waghorn et 

al., 2007). Stiffness increases in the radial direction, with the lowest stiffness occurring at the 

pith and highest at the outer portion of the stem near the bark. Stiffness gradients are highest 

near the pith (Xu & Walker, 2004). 

Wood stiffness can be influenced by different silvicultural treatments. MOE can increase 

with competition pressure. This competition can be from high stand densities or competition 

from weeds, which forces trees to grow slimmer stems and stiffer wood (Waghorn et al., 

2007). Fertiliser treatments can lower density, increase MFA and slightly lower stiffness 
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(Downes et al., 2002). Genetics also plays a role in stiffness; like most wood properties in 

radiata pine, it is under substantial genetic control (Matheson et al., 1997).  

Radiata wood quality issue 
Radiata pine is grown extensively across the southern hemisphere and within New Zealand 

(Cown, 2005). Since its first introduction to New Zealand in the late 1850s, breeding and 

silvicultural methods have focused on maximising growth rates and improving stem form 

achieved by radiata pine. This has been widely successful with rotation lengths being 

significantly reduced from over 40 years to around 25 years (Cown, 2005). However, 

enhanced productivity has had adverse effects on wood quality (Moore & Cown, 2017).  

Faster growth rates have resulted in trees reaching a given diameter in a shorter time which 

reputedly results in a greater proportion of corewood being formed. In radiata pine corewood 

is characterised by having a relatively low density and MFA. The corewood zone also has 

high gradient changes in its physical characteristics in the pith to bark direction. This leads to 

low stiffness and poor dimensional stability within the corewood zone. These poor intrinsic 

wood qualities mean the corewood of radiata pine cannot be used in structural applications 

(Moore & Cown, 2017).   

Corewood vs outerwood 
Corewood is formed in the inner 5 to 15 rings of a log. Rings beyond this zone are called 

outerwood. The transition from corewood to outerwood varies between species and even 

between trees of the same species. The transition typically occurs after the first 5 to 15 

growth rings; however, it is difficult to quantify as various wood properties can have 

substantial longitudinal variation even at equal ring numbers from the pith (Rowland, 2003).  

The transition to outerwood is characterised by relative changes in physical properties. 

Corewood is characterised by low density and high MFA (Burdon et al, 2004). As the 

corewood transitions into outerwood, the wood becomes higher in density and has a lower 

MFA (Burdon et al., 2004). This results in timber that is higher in strength, stiffness, and has 

better dimensional stability (Burdon et al, 2004). Radial gradients in wood properties are 

lower in the outerwood. This makes it ideal for construction purposes as it is more predictable 

in drying situations and under loads. Large gradient changes between outerwood and 

corewood can cause issues as higher MFA lead to greater longitudinal shrinkage, and 

differential shrinkage across a board lead to warp. The patterns of variation in wood 

properties affect the utilisation of a log. Understanding how wood properties are distributed 
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throughout the stem can maximise profits by using each part of the log for its optimal use (Xu 

& Walker, 2004). 

There is a strong relationship between the MoE and given position from the pith going up the 

stem. MoE increases from the base of the stem to about 3.5m. Above this MoE remains 

relatively constant for a given position from the pith (Waghorn et al., 2007). Practical 

implications of this are gradient changes in wood properties are at their greatest in the lower 

part of the butt log. This area also experiences a relatively low MoE. This part of the stem is 

often seen as the most valuable due to its volume and position. However, the characteristics 

pose challenges when it comes to utilisation and processing of the stem (Waghorn et al., 

2007). 

MoE radial variation 
Relationships between ToF data taken from standing trees and resonance measurements have 

previously been recorded in radiata pine. ToF measurements are higher than resonance 

measurements due to the increasing MoE in the radial direction (Wang et al., 2013).  

Products produced from corewood will have different performance characteristics than 

products made from outerwood (Moore & Cown, 2017). The products will have different 

potential uses making it beneficial to differentiate between corewood and outerwood. For 

most solid wood products corewood is considered to be of lower quality than outerwood 

(Moore & Cown, 2017). However, in some products such as pulp and paper and panel 

products, corewood can have distinct advantages over outerwood (Moore & Cown, 2017). In 

reengineered wood products the difference in MoE of products made from corewood 

compared to outerwood is minimal while the difference in solid wood products is significant 

(Moore & Cown, 2017). The significant variation between trees also makes it beneficial to 

segregate logs. By separating logs from different trees and the same tree allows for logs to be 

better utilised maximising profit for sawmill owners (Wang et al., 2013). 

Acoustic resonance tools make it possible to segregate logs based on their acoustic velocity 

ensuring each log maximises profit. ToF tools make it possible to measure the acoustic 

velocity of trees before they are harvested (Wang et al., 2013). This allows forest growers to 

get an idea of the properties of the resource they currently have available. This allows them to 

make better trade deals and sell the trees at a higher premium if they can ensure logs are of 

high quality. 
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Modelling internal MoE distribution from ToF measurements allows for inferences of a stems 

quality to be made from ToF data, without the need to fell/destroy the tree (Chauhan & 

Walker, 2006). This is beneficial to forest growers as they can better survey their resource 

while it is still standing. The relationship between outer MoE and internal MoE distribution 

varies significantly between species and between trees. It is also affected by a range of factors 

such as stocking, genetics, and competitive pressure (Lasserre et al., 2009). 

Measuring MoE 
Density has been a traditional measure of wood quality; however, wood quality of fast grown 

pine is controlled more strongly by intrinsic characteristics of the cell wall such as MFA 

(Chauhan & Walker, 2006). Selecting for stiffness rather than density or other indirect 

measurements is more effective at sorting timber by quality. Stiffness is influenced by several 

intrinsic characteristics, such as density, MFA, tracheid length, and chemical composition. 

Therefore, it is best to measure it directly rather than measuring indirect influences (Chauhan 

& Walker, 2006). MoE is traditionally measured through destructive sampling. This is 

impractical as the sample is destroyed during testing. Acoustic velocity is an effective 

alternative measurement to infer stiffness as it captures the underlying wood characteristics 

that affect stiffness (Chauhan & Walker, 2006). 

Logs vary in stiffness both within and between trees but are often sorted by visual 

appearance. This method is effective at sorting logs into broad categories but fails to account 

for the variation in intrinsic wood characteristics (Carter, 2004). Directly measuring stiffness 

is both time consuming and wasteful. Wood stiffness is strongly correlated to acoustic 

velocity and density at time of measurement (from green to oven-dried) following the 

relationship (Wang et al., 2013): 

MoE = nominal density * acoustic velocity2 

This makes it possible for intrinsic properties of logs to be accurately and rapidly measured. 

The ability to measure stiffness non-destructively allows sawmills to better sort their logs and 

products to provide them to the best end uses. 

Acoustics can be used in two ways: resonance and time of flight. Resonance-based tools 

measure the acoustic wave as it travels back and forth through a log, end to end repeatedly. 

This resonates at various frequencies. Velocity of sound in the log is calculated using the first 

harmonic and log length. This method requires a log with two cut faces; therefore, the tree 
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must be destroyed to be measured. This method can overestimate stiffness in the presence of 

knots or underestimate it if the log includes bark (Chauhan & Walker, 2006). 

ToF tools measure acoustic velocity in standing trees by measuring the time taken by the 

acoustic wave to travel along the stem between two points. Acoustic velocity from ToF 

measurements tend to be higher than resonance-based tools due to the outside of the tree 

tending to have a higher density, lower MFA, and higher stiffness. ToF tools are also 

sensitive to local stiffness variations (Chauhan & Walker, 2006). 

Tools used in this study 
Three types of tools were used to collect acoustic velocity data for each sampled tree. These 

tools included the IML hammer, hitman HM200, and disc scanner. The IML hammer 

involves inserting two probes into the surface of a standing tree 1m apart. A shock wave is 

introduced at one probe and the time it takes for the sound wave to reach the other probe is 

measured. This returns the velocity of the soundwave which is referred to as the time-of-

flight measurement (Knowles et al., 2004). 

The hitman works on log segments and requires one face of the log to be accessible. The 

hitman is pressed against the face of the log while a shock wave is simultaneously introduced 

by hitting the face with a hammer. The hitman returns the average acoustic velocity of the log 

segment (Chauhan & Walker, 2006). 

The disc scanner measures the acoustic velocity at several points of a wood disc. Several 

measurements are taken across the face of the disc returning an acoustic velocity gradient in 

the radial direction (Mason et al., 2017). 
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Method  
Site description 
The experiment used for this study was located in Rolleston, in the Canterbury region of New 

Zealand at latitude 43° 37.2’ S and longitude 172° 20.4’ E. The site is flat and prone to dry, 

frosty conditions in winter and occasional dry, windy conditions in summer. The mean 

monthly temperature ranged from 4.4°C to 15.9°C. The mean annual rainfall was 638mm/yr.  

Experiment 
The site was planted with radiata pine in 2005, with the trees being 15 years old at the time of 

sample collection. The experiment is a randomized complete block factorial split-split plot 

design. It contains 48 permanent plots. The factors were stocking, weed competition, 

fertilisation, clone type, and wind sway. Figure 1 displays the layout of the experiment. 

Factors varied as follows: 

1. Stocking (625, 1250, and 2500 stems/ha). 

2. Weed competition (Yes/no. All trees received herbicide treatment for the first 3 years 

of growth. Trees selected for weed control received herbicide treatment for additional 

years beyond age 3)  

3. Fertilisation (NPKS + trace elements, yes/no). 

4. 5 clones with pre-selected wood properties: 

1. Low microfibril angle, high basic density 

2. High microfibril angle, low basic density 

3. Low microfibril angle, very high basic density 

4. Low microfibril angle, low basic density 

5. High microfibril angle, medium density 

5. Wind sway (yes/no) for clones 1 and 2. 
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Figure 1 – Experimental design 

Table 1 – Clone wood characteristics 

Each of the 48 plots was assigned one of three stocking levels (625, 1250, or 2500 stems/ha) 

giving 16 plots at each stocking level. Each plot was assigned a fertilisation/herbicide 

treatment (Fertilisation/no herbicide, no fertilisation/herbicide, fertilisation/herbicide, no 

fertilisation/no herbicide) giving a total of four plots with each fertilisation/herbicide 

treatment combination occurring at each stocking level. There are four complete repeats of 

each stocking-chemical treatment combination. Each plot contained all five clones randomly 

allocated within each plot. 

Data collection 
An initial walkthrough was carried out to survey the state of each clone within each plot. One 

tree from clone groups 1, 2, 3, and 4 were selected for destructive harvesting in each plot 

giving a total of four trees harvested from each plot. Each selected tree was marked with 

spray paint and given a number corresponding to its clone type. The height at 1.4 m was 

marked on each stem using spray paint. The diameter at 1.4 m (DBH) was recorded for each 

of the selected trees. If there were significant swelling or defects at 1.4 m then two diameter 

measurements were taken either side of 1.4 m then averaged to give a DBH measurement. In 

total, 192 trees were selected from the 48 plots for destructive sampling.  

Clone 1 2 3 4 

MFA Low High Low Low 

Basic Density High Low Very High Low 
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Each sample had its ToF measured with the IML hammer before being felled. Measurements 

were taken by inserting a probe approximately 20 cm above and 80 cm below the DBH (i.e. 

probes were inserted 1 m apart at 0.6m and 1.6m). Probe locations were selected where there 

were no branch stubs between probes where possible. Two measurements were taken on 

opposite sides of the tree.   

The sampled trees were felled as close to the ground as possible using a chainsaw. Once 

felled the stem was delimbed and tree height measured using a measuring tape. The stem was 

divided into 2 m sections with the first section beginning 1.2 m below the DBH mark. 

Sections were marked every 2 m above this mark and the segments were cut using the 

chainsaw. The average acoustic velocity of each segment was measured using the hitman. A 

large number of measurements were unrealistically high. It is suspected this is due to the 

hitman recording the wrong harmonic. Due to this the hitman data were not included in this 

analysis. 

An approximately 5 cm thick disc was cut from the end of each 2 m section. If a defect 

occurred at this point the disc was taken in the first clear section of wood as close to the end 

as possible. The disc taken at 2.2 m was placed in an airtight plastic bag and stored at 4 

degrees Celsius. The basic density of the 2.2 m discs was measured using the formula: 

Basic density = Mass / Volume 

The green density was assumed to be equal throughout the entire stem. This basic density 

value was used in the calculation of MoE for both the hitman and time-of-flight 

measurements. 

All discs were dried in an oven at 70 degrees Celsius for approximately 48 hours. They were 

then left for approximately two weeks to allow moisture content to adjust to air dried levels. 

The discs at 2.2 m had their surface smoothed with a bandsaw and sanding. The acoustic 

velocity was measured at several points using the disc scanner. Measurements were taken 10 

mm apart in 8 directions from pith to bark. Figure 2 displays the pattern measurements were 

taken and the resulting velocity gradient. 
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Figure 2 – Disc scan pattern 

The final result was acoustic velocity measurements at the surface of the stem at 1.1 m and 

acoustic velocity distributions in the radial direction at 2.2m.  

Time of flight model 
A linear mixed-effects model appropriate for the experimental design was developed to 

determine what factors were statistically significant in having an impact on MoE. Factors that 

were found to be not statistically significant using an alpha value of 0.05 were removed from 

the model to improve its accuracy. Factors were removed in order of insignificance. This 

resulted in the following model: 

GPa = 5.6619 + 0.6922(Stocking1250) + 0.6959(Stocking2500) – 0.4742(Herbicide) – 

0.2058(Clone 2) + 0.7209(Clone 3) + 0.3488(Clone 4) 

Disc Scan model 
The disc scan data contained several outliers. Many of these were considered to be artefacts 

of the ultrasonic measurement process. For instance, any estimate close to the pith was 

unusually low, and given the 20-30 mm swath width of the disc scanner machine (Mason et 

al. 2017), such values were thought not to represent wood quality close to the pith. Negative 

values were removed as they are considered errors in measurement. Values above 6500 m s-1 

and less than 1500 m s-1 were removed as outliers. Values below the line y = 1500 + 20x, 

where y = acoustic velocity (m s-1) and x = distance from the pith (mm), were also removed 

from the dataset. 

A linear mixed-effects covariance model was developed from the remaining dataset using 

velocity as the response variable and radial distance as the covariate. Fertiliser was not 

included in the model because it had not shown any significant effect on velocity in previous 

studies at this site. Only two-way interactions and single variables were considered. Scaled 
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power transformations were required to create a normal distribution of residuals. Lambda 

values of 1.5 and 1.2 were used to transform velocity and radial distance respectively.  

MoE and MFA can be estimated from the velocity measurements from the disc scanner. 

MFA is highly correlated to velocity while air dry density is not (Mason et al., 2017). The 

following formulae were used to predict MoE and MFA (Mason et al. 2017): 

MoE (GPa) = ((0.7942896*(Velocity(km/s)^1.86-1)/1.86-1.4949208)*0.76 + 1)^(1 / 0.76) 

MFA (degrees) =((-0.644517*(Velocity(km/s)^1.86-1)/1.86+13.274082)*0.54+1)^(1/0.54) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

Results 
Diameter 
Figure 3 displays the average DBH for each clone across all treatments. Clones 1 and 3 had 

the highest average DBH at 23.5 cm and 23.8 cm respectively. Clones 2 and 4 had lower 

average DBH at 21.2 cm and 19.8 cm respectively.  

Figure 4 displays the DBH by clone for each stocking level. At each of the stocking levels the 

clones followed the same trend with clones 1 and 3 having significantly higher DBH than 

clones 2 and 4. Clone 4 was significantly smaller than the other clones at each stocking level. 

  

 
Figure 3 – DBH by clone treatment 
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Figure 4 – DBH by clone and stocking level 

Figure 5 displays the DBH at different stocking and herbicide treatments. Stocking had a 

clear positive effect on DBH with lower stockings correlating to larger DBH. A planting 

density of 625 stems ha-1 resulted in an average DBH of 28.3cm. Stockings of 1250 stems ha-

1 and 2500 stems ha-1 had average DBH of 21.4cm and 16.5cm respectively.  

The use of herbicide had a significant effect on DBH at 625 stems ha-1, but little effect at 

1250 stems ha-1 and 2500 stems ha-1. Herbicide treatment increased average DBH by 10.6% 

at 625 stems ha-1 and had little effect at 1250 stems ha-1 and 2500 stems ha-1 with decreases 

of -0.6% and -2.5% respectively. 

 

Figure 5 – DBH by stocking and herbicide treatment 
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Figure 6 displays stem slenderness (DBH/height) at different stocking and herbicide 

treatments. Slenderness had the same effect as DBH; higher planting densities were strongly 

correlated to slender trees. Planting at 625 stems ha-1 promoted high rates of diameter growth 

relative to height while the higher stocking levels promoted high rates of height growth 

relative to DBH. Although herbicide treatment had no significant effect on DBH, herbicide 

had an effect on slenderness at 1250 stems ha-1 with herbicide treatment decreasing tree 

slenderness by 0.8%. Herbicide had the greatest effect on stem slenderness at 625 stems/ha.  

 
Figure 6 – Slenderness by stocking and herbicide treatment 

Time of Flight 
Table 2 displays the p-value of factors effect on the ToF acoustic velocity measurements. 

Stocking, herbicide, and clone were found to have a significant effect on velocity. Interaction 

effects between factors were deemed not statistically significant.  

A four-way interaction effect between stocking, fertiliser, herbicide, and clone was found to 

be statistically significant with a p-value of 0.0009817. This is highly unusual and has not 

been observed in previous studies conducted at the same site (Jones, 2016). The relatively 

high sample size has likely contributed to this as removal had a minimal impact on the model 

fit. This four-way interaction, although statistically significant, has been deemed not 

practically significant and therefore removed from the model.  

Once the four-way interaction was removed from the model, other factors also appeared to be 

not statistically significant. Fertiliser did not have a significant effect, which is similar to 

findings in previous studies. Once all not significant factors were removed, a model 

containing herbicide, stocking, and clone remained.  
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 Chisq Df Pr(>Chisq) 
(Intercept) 290.7163 1 <2.2e-16 

Stocking 31.9842 2 1.134e-07 
Herbicide 6.7127 1 0.009573 

Clone 51.1630 3 4.516e-11 
Table 2 – Returns from anova analysis of time of flight model 

Figure 7 displays the residuals of the time of flight model. The residuals of the model were 

evenly distributed on either side of the line except for a few outliers giving the model high 

validity in its ability to model acoustic velocity. 

 

Figure 7 – Time of flight model residuals 

Herbicide: Figure 8 displays velocity for herbicide treatment at different stocking level. 

Additional herbicide application resulted in a lower velocity. The application of herbicide 

reduced the competitive pressure caused by weeds. Increased competition is correlated to 

high MoE and, therefore, acoustic velocity. On average, the use of weed control decreased 

average ToF measurements by 4%, regardless of stocking level or clone type. This did not 

vary significantly across stocking levels. 
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Figure 8 – Stocking vs time of flight velocity by herbicide treatment 

Stocking: Figure 8 and 9 display the mean velocity for each herbicide and clone type by 

stocking level. As the planting density increased the average velocity also increased. Table 3 

displays the emmeans output. Planting densities of 2500 stems ha-1 and 1250 stems ha-1 had 

average MoE that was 10.5% and 11.9% higher than average MoE at 625 stems ha-1 

respectively. Average MoE at 625 stems ha-1 was significantly different to average MoE at 

1250 stems ha-1 and 2500 stems ha-1. The average MoE at 1250 stems ha-1 and 2500 stems ha-

1 were not significantly different.  

Stocking emmean SE df Lower.CL Upper.CL Group 
625 5.53 0.294 4.38 4.74 6.32 a 

2500 6.18 0.296 4.34 5.38 6.98 b 
1250 6.19 0.296 4.33 5.39 6.98 b 

Table 3 – Time of flight model: emmeans return on stocking 

Clone: Figure 9 displays the velocity of the four clones at different stockings. Table 4 

displays the emmeans outputs. Clone 2 has the lowest MoE, followed by clones 1, 4, and 3 

respectively. Clones 1 and 2 and clones 2 and 4 did not have significantly different velocities. 

Clone 3 is significantly different to the other three clones and clones 1 and 4 are significantly 

different to each other. Clones 3 and 4 are bred for a high MoE. Clone 3 is bred for a high 

density and clone 4 bred for a low density. They both have high velocity due to MFA being 

highly correlated with acoustic velocity and MoE while density is poorly correlated.  
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Clone 3 consistently had the highest surface MoE. On average clone 3 had a MoE that was 

13.9%, 17.1%, and 8.3% higher than clones 1, 2, and 4 respectively. 

Clone emmean SE df Lower.CL Upper.CL Group 
2 5.56 0.299 4.56 4.77 6.35 a 
1 5.73 0.299 4.56 4.94 6.52 ab 
4 6.07 0.299 4.59 5.28 6.86 b 
3 6.5 0.299 4.57 5.71 7.29 c 

Table 4 – Time of flight model: clone emmeans output  

 

Figure 9 – Stocking vs time of flight velocity by clone treatment 

Disc Scans 
Table 4 displays the p-values of factors that had a statistically significant effect on disc scan 

acoustic velocity measurements. The stocking, distance from pith, herbicide, and clone were 

all statistically significant. There were significant interaction effects between distance from 

pith and stocking, herbicide, and clone; and a significant interaction effect between stocking 

and herb, and stocking and clone. 
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Factor Chisq Df Pr 
Distance from pith 25965.569 1 < 2.2e-16 

Stocking 4712.740 2 < 2.2e-16 
Herb 16.375 1 5.196e-05 
Clone 66.634 3 2.243e-14 

Distance from 
pith:Stocking 

2024.771 2 < 2.2e-16 

Distance from 
pith:Herb 

33.419 1 7.430e-09 

Stocking:Herb 60.284 2 8.119e-14 
Distance from 

pith:Clone 
253.231 3 < 2.2e-16 

Stocking:Clone 224.221 6 < 2.2e-16 
Table 4 – Anova return for disc scan acoustic velocity model 

Figure 10 displays the residuals of the disc scan model. The residuals were evenly distributed 

except for a kink at distances near zero. This kink may be due to errors when taking 

measurements. The point of origin may not have been directly over the pith for every scan. 

This resulted in the velocity at point zero not always being the lowest value in a set of 

measurements as it was expected to be.  

 

Figure 10 – Residuals  

Figure 11 and 12 display the full disc scan dataset with outliers removed. From these initial 

graphs, differences between stocking levels and herbicide treatments are obvious. Higher 

stocking levels resulted in higher acoustic velocities than lower stocking levels. No herbicide 

treatment had higher acoustic velocities than herbicide treatment. 
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Figure 11 – Distance from pith vs velocity by stocking, outliers removed 

 
Figure 12 – Distance from pith vs velocity by herbicide treatment, outliers removed 
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Factors effecting velocity 
Distance from pith: Acoustic velocity increased as distance from the pith increased. 

Stocking: Figures 13 and 14 display the modelled acoustic velocity plotted against distance 

from pith by stocking. Higher stockings tended to have higher acoustic velocities. Higher 

stockings resulted in high competitive pressure between trees. This resulted in denser 

stockings producing stiffer timber.  

The rate that acoustic velocity increased with radial distance is greatest at 2500 stems ha-1. 

The rate of change is lowest at 625 stems ha-1. 

Herbicide: Figure 13 display acoustic velocity plotted against distance from pith by 

herbicide treatment. No herbicide treatment tended to have a higher acoustic velocity than 

trees that received additional herbicide treatment.  

For every stocking level, no herbicide treatment resulted in a higher acoustic velocity than 

trees that had additional herbicide treatment. This difference was greatest near the pith, and 

the average acoustic velocities of the two treatments became more similar at greater distances 

from the pith. 

Herbicide treatments had the greatest effect when trees were young. This is when the trees 

were directly competing with weeds and the removal of weeds had a significant effect on 

competitive pressure. At a certain size the trees reach a point where competition from the 

weeds is insignificant; the trees shade out the competition and the gap between the acoustic 

velocity measurements of the two treatments has decreased. 

Herbicide treatment had the largest effect at a stocking of 625 stems ha-1 and the least effect 

at 2500 stems ha-1. At 625 stems ha-1, there is little competitive pressure between trees. The 

main competitive pressure is from weeds. The two treatments have very different competitive 

pressures at a young age resulting in the significant differences in acoustic velocity between 

the two treatments.  

At the higher stockings, inter tree competition became more significant. Weeds were shaded 

out earlier and competition between trees was stronger. These effects were strongest at 2500 

stems ha-1. These effects resulted in the difference between herbicide and no herbicide 

treatments being less with increased distance from the pith. The effect of no herbicide 

treatment was longer lasted at 625 stems ha-1. The length of time the effect of herbicide 

treatment affects velocity was shortest at higher stockings.  
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There was little difference in the acoustic velocity of timber near the surface of the stem 

between the herbicide treatments. This suggests that herbicide treatment only had an effect on 

the corewood stiffness formed during early growth. 

 
Figure 13 – Disc scan model: distance from pith vs acoustic velocity by stocking and 

herbicide treatment 

Clone: Clone type had a significant effect on acoustic velocity. Near the pith, clone 3 tended 

to have the highest acoustic velocity, followed by clones 4, 2, and 1 respectively. At greater 

distances from the pith near the stem surface, Clone 4 tended to have the highest acoustic 

velocity followed by clone 2, 3, and 1 respectively. Clone 1 had a significantly lower velocity 

at the pith than the three other clones, furthermore, it also had the largest increase in velocity 

from pith to bark. Clone 3 had the highest velocity at the pith but also had the lowest increase 

in velocity from pith to bark, with clone 4 experiencing a larger increase giving it the highest 

velocity at the surface. Clone 2 had a lower velocity than clones 3 and 4 at the pith. It has a 

higher rate of increase in velocity from pith to bark giving it a higher velocity than clone 3 at 

the stem surface.  

At the three stocking levels all clones followed the same trend in velocity, however, the 

effects of some clones on velocity differ depending on the stocking level. The impact of clone 

type on velocity was more evident at 625 stems ha-1 with the differences in velocity between 
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clones being the greatest at this level. The differences between clone type velocities were 

reduced at 1250 stems ha-1 and 2500 stems ha-1 respectively. 

 
Figure 14 – Disc scan model: distance from pith vs acoustic velocity by stocking and clone 

type 

Modulus of elasticity 
Figure 15 displays the relationship between distance from pith and MoE. Herbicide treatment 

and stocking had a significant effect on MoE. The brown line represents a MoE of 8 GPa. 

Higher stocking levels promoted timber with a higher MoE and higher gradient changes in 

MoE as distance from the pith increased. 

To meet structural grade requirements in New Zealand, timber must have a minimum MoE of 

8 GPa. The higher stocking levels achieved a MoE of 8 GPa at shorter distances from the pith 

compared to lower stocking levels. Stocking levels of 2500 stems ha-1, 1250 stems ha-1, and 

625 stems ha-1 with herbicide treatment achieved a GPa of 8 at approximate distances from 

the pith of 42 mm, 62 mm, and 90 mm from the pith respectively. This corresponded to cross 

sectional areas of wood with less than 8 GPa of 0.0055 m2, 0.0121 m2, and 0.0254 m2 

respectively. Stocking levels of 625 stems ha-1 and 1250 stems ha-1 had on average 117.9 % 

and 359.2 % greater cross-sectional area than 2500 stems ha-1 that was unsuitable for 

structural timber. 
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Additional weed control decreased MoE. Trees with additional herbicide treatment achieved 

a GPa of 8 at greater distances from the pith than trees that had no additional herbicide 

treatment. No herbicide treatment achieved an 8 GPa at 6 mm, 8 mm, and 12 mm closer to 

the pith than when additional herbicide was applied at 2500 stems ha-1, 1250 stems ha-1, and 

625 stems ha-1 respectively. Herbicide had the greatest effect on MoE at 625 stems ha-1. The 

effect of herbicide was also the longest lived at 625 stems ha-1.   

 
Figure 15 – Disc scan model: distance from pith vs modulus of elasticity by herbicide and 

stocking treatment 

Figure 16 displays MoE by Clone and stocking level. Clone 4 achieved the highest MoE out 

of the four clones at each stocking level. Clone 3 had the highest stiffness near the pith. Clone 

3 and 4 had a cross over point in MoE at each stocking level. At 2500 stems ha-1, clone 4 

MoE crossed clone 3 to have a higher MoE at 40 mm from the pith. At 1250 stems ha-1, clone 

4 passed clone 3 at 45 mm from the pith. At 625 stems ha-1, clone 4 passed clone 3 at 55 mm 

from the pith.  

A MoE of 8 GPa is the minimum level required for structural grade timber in New Zealand. 

At 2500 stems ha-1, clone 3 passed this threshold 30 mm from the pith, a marginally shorter 

distance from the pith than clone 4 achieved the threshold. At 1250 stems ha-1 and 625 stems 

ha1, clones 3 and 4 crossed the 8 GPa threshold at approximately the same place, 52 mm and 

60 mm from the pith respectively. Clone 4 passed the threshold approximately 2 mm before 
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clone 3 in both instances. The higher Moe achieved by clone 4 does not necessarily make it 

the optimal clone for producing higher quality timber. Clones 3 and 4 passed the threshold at 

relatively the same distance from pith meaning both clones had relatively the same amount of 

timber that is below the 8 GPa threshold, however, clone 3 achieved a smaller gradient which 

may give it better wood quality properties. 

Clone 1 had the lowest MoE and highest gradient change. At stocking levels of 625 stems ha-

1, 1250 stems ha-1, and 2500 stems ha-1 it passed the 8 GPa threshold at 90 mm, 67 mm, and 

42 mm respectively. Clone 2 passed the threshold at 75 mm, 60 mm, and 37 mm respectively. 

The differences between the MoE between clone types was greatest at 625 stems ha-1, with 

the clones having less variation in MoE at 2500 stems ha-1. 

 
Figure 16 – Disc scan model: distance from pith vs modulus of elasticity by clone and 

stocking 

Microfibril angle 
Figure 17 display the microfibril angle at given distances from the pith. Given that MFA and 

MoE were derived from acoustic velocity, all three measurements follow the same trends, but 

on different scales. The MFA decreased as distance from the pith increased. 

Higher stocking levels resulted in lower MFA throughout the stem. It also resulted in a larger 

gradient change in MFA with distance from the pith. No herbicide treatment resulted in a 
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lower MFA, and like MoE, this effect was greatest close to the pith with the difference 

between herbicide and no herbicide diminishing as distance from the pith increased.  

Clone type also followed the same trend as MoE with low MFA being associated with high 

MoE. Clones 3 and 4 had lower MFA at the centre than clones 1 and 2. At the surface clones 

4 and 2 had the lowest MFA. Clone 1 had the highest MFA and largest gradient changes from 

pith to bark. 

Clones 1, 3, and 4 were bred for low MFA. This has appeared to be true for clones 3 and 4. 

Clone 2 was bred for high MFA. This appeared true near the pith but at greater distances 

from the pith MFA is relatively low in comparison to the other three clones.  

 
Figure 17 – Disc scan model: distance from pith vs microfibril angle by herbicide and 

stocking treatment 
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Discussion 
Diameter 
It appears that the main linking factor across treatments that affected MoE was DBH. 

Stocking, herbicide, and clone all had significant effects on DBH. High stocking resulted in 

smaller diameter and high MoE, no herbicide resulted in smaller diameter and higher MoE, 

and clones that tended to have smaller diameters had a higher MoE. This hypothesis holds up 

for experiments over a singular site but in other research that was conducted over multiple 

sites, diameter effect on MoE was not consistent (Lasserre et al., 2009 & Watt & Zoric, 

2010). Furthermore, the relationship with diameter does not explain regions like Nelson and 

Northland that produce trees with large DBHs and high wood quality. 

It has been hypothesised that diameter acts as a surrogate for slenderness (Lasserre et al., 

2009). In previous studies slenderness, a measurement of height/DBH, has been found to be 

strongly correlated with MoE (Lasserre et al., 2009; Watt et al., 2010). Slenderness was also 

consistent across environmental gradients in these studies (Lasserre et al., 2009).  

Slenderness was a common variable that all treatments had in common in relation to acoustic 

velocity. Slenderness is a survival response that trees initiate to avoid being shaded out by 

competition (Lasserre et al., 2009). In situations where there is strong inter or intra species 

competition that reduces below canopy radiation it induces trees to allocate more carbon to 

height growth rather than diameter growth to prevent being overtopped (Watt et al., 2009).  

There are several hypotheses that have been put forward to explain why stem slenderness is 

correlated with MoE. One hypothesis is that high radial growth is correlated with higher rates 

of cell division. This results in altered cell structures such as shorter tracheids which tend to 

lead to cells with high MFA. The high MFA results in low MoE (Mason, 2008). This may 

explain the relationship between diameter and MoE but does not account for slenderness. 

A more likely hypothesis is slender trees have higher MoE to prevent buckling under a 

greater level of compressive forces. For a given mass, slender trees will have greater 

compressive stresses within its stem. For a given height a tree with a smaller DBH will have a 

smaller basal area per mass resulting in larger compressive forces. It is thought that trees 

sense the higher level of compressive stress and respond by producing new wood that has low 

MFA and, therefore, high MoE to withstand buckling (Watt et al., 2009).  

Increased height growth is also likely to create a high water potential gradient that can be 

mitigated through either increasing basal area or increasing specific conductivity. In the case 
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of slender trees in highly competitive environments, increasing specific conductivity is more 

practical than increasing diameter growth. Trees increase water flow by increasing fibre 

length. There is strong correlation between fibre length and MoE resulting in slender trees 

having a higher MoE (Lasserre et al., 2009). 

Herbicide 
Weeds had a significant effect on velocity in both ToF and disc scan data. Herbicide 

treatment reduced competitive pressure experienced by trees resulting in lower MoE. Weeds 

directly compete with trees for nitrogen and phosphorous as well as water (Smethurst & 

Nambiar, 1989). Trees grown on fertile sites tend to emphasise diameter growth over height 

growth (Watt et al., 2009). The trees response to the weed induced competition is to prioritise 

upward growth creating slender trees. Past studies (Watt et al., 2009) have credited this 

response mainly to the shading effect weeds have on the below canopy radiation. Trees 

respond to this by increasing height to prevent being shaded out by the weeds (Lasserre et al., 

2009 & Watt et al., 2009). At the time of weed competition during this experiment there was 

no shading effect induced by the weeds. Given that fertilisation did not have a significant 

effect on the trees it was most likely competition for water that had an effect on the trees 

(Mason, 2006).  

The application of herbicide treatment had a larger effect close to the pith. This is due to the 

competition from weeds being strongest early in the experiment. Once trees got to a certain 

height, canopy closure is achieved, and the weeds are altogether shaded out. At the surface, 

wood quality was similar between treatments due to environments being similar. 

Herbicide treatment decreased stiffness but increased growth rates. Weed control is an 

additional cost that increases survival and promotes high early growth rates. If the main 

objective is wood quality and high growth rates are not required, then the forest grower 

should use minimum weed control; if growth is the main objective, use weed control. This 

research suggests that the high growth rates gained from herbicide use need to be balanced 

with the resulting reduction in wood quality in the absence of weed competition. 

Stocking 
Planting at higher stocking levels resulted in higher velocities in both ToF and disc scan 

measurements. This likely occurred because higher stockings resulted in slender trees, with 

slender trees being correlated with a higher MoE. The trees are slender at higher stockings 

because of the increased competition. Under the competitive environment, trees encourage 
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tall and slim growth to get above competition and avoid being out competed (Watt et al., 

2011).  

The ToF results show the average velocities at 1250 stems ha-1 and 2500 stems ha-1 were 

significantly higher than the average velocity at 625 stems ha-1 but are not significantly 

different between 1250 stems ha-1 and 2500 stems ha-1. This is likely due to the trees already 

being highly stressed from competition at 1250 stems ha-1 so the additional pressure induced 

at 2500 stems ha-1 is not significant compared to the pressure already experienced by the 

trees. 

With the disc scan data, 1250 stems ha-1 and 2500 stems ha-1 follow similar trends and are 

both significantly different to 625 stems ha-1, which is similar to the ToF analysis. However, 

it appears that at the pith and at the surface 2500 stems ha-1 had a higher velocity than 1250 

stems ha-1. This differs to the ToF analysis. The differences between data are likely due to the 

disc scan machine having a larger sample and therefore being more reliable. The disc scan is 

also inferring distance from pith so does not show the absolute outside velocity measurement 

like ToF, leading to this slight variance. 

Stocking and herbicide 
The effects of stocking and weed control both affected MoE due to the competition it induced 

on the trees. However, the competition between trees does not stop like it did with the weeds. 

The trees experience competition until thinning or mortality occurs meaning the effect of 

stand density is much longer lived than the effect of herbicide treatment. 

There was a significant interaction effect between stocking and herbicide in the disc scan 

model but not in the ToF model. This is due to the strong effect that herbicide treatment had 

on wood formed early in the tree’s life near the pith. At all stocking levels weed control 

resulted in a lower MoE, however, this effect was greatest at 625 stems ha-1. There was low 

competition between trees at 625 stems ha-1 meaning that competition from weeds had a 

greater effect. There is already strong competition between trees at 1250 stems ha-1 and 2500 

stems ha-1, so the removal of weeds had minimal effect on the competitive pressure. 

The increased benefit of wood quality from no weed control was longer lived at 625 stems ha-

1 than at 1250 stems ha-1 and 2500 stems ha-1. This was due to the effect of herbicide being 

initially higher at 625 stems ha-1 but also because the competition from the weeds lasted 

longer at 625 stems ha-1, as it took longer for the stand to achieve canopy closure and shade 

out competing weeds. 
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At the stem surface, the effect of herbicide treatment was similar at each stocking level. The 

ToF model does not show an interaction effect between stocking and herbicide because the 

herbicide effect was at its minimum at the surface and similar between all stockings. If more 

ToF measurements were retaken in the future, it would be expected that there is no significant 

effect of herbicide on velocity. This highlights how herbicide treatment had a strong 

influence on corewood stiffness but had little effect on the stiffness of outerwood. 

High stocking and no weed control restricted the growth rates of trees. This slower growth 

rate condensed the low-quality core to a smaller diameter and outerwood is formed closer to 

the pith. This also means that the tree will take longer to reach a merchantable size. 

Clone  
Genetics had a significant effect in the ToF and disc scan models. The ToF and disc scan 

models had similar trends for each clone except for clone 2, which appeared to have higher 

disc scan velocities near the surface but low ToF velocities. This is due to clone 2 having a 

smaller average DBH than other clones. The disc scan data does not show the MoE at the 

absolute surface of the stem. The average surface of clone 2 will occur at a shorter distance 

from the pith than the other clones resulting in this appearance of having higher surface MoE 

in the disc scan results. 

Clones 3 and 4 tended to have the highest MoE. These clones were selected for having a low 

MFA which has appeared to be the main genetic component that affected MoE. Basic density 

has appeared to have little correlation to MoE. This is similar to findings found in other 

studies (Jayawickrama, 2001). 

Genetics had a larger effect at 625 stems ha-1 compared to 1250 stems ha-1 and 2500 stems 

ha-1. At 625 stems ha-1, the variation between clones was greater than at the higher stocking 

levels. There was also less variation between clones at the stem surface compared to the pith. 

This suggests that genetics plays a greater role in displayed characteristics when there are less 

environmental factors involved. At 625 stems ha-1 there is less competitive pressure overall, 

especially when trees are young. These low competition environments foster a greater display 

of genetics. 

Clone 1 had the lowest MoE and highest MFA. It also had the largest gradient change from 

pith to bark. This makes it the lowest quality timber as it has low stiffness making it 

inadequate for structural purposes. The large gradient changes also decrease its quality as it is 

less dimensionally stable. 



30 
 

Clone 4 had the highest MoE and lowest MFA at the surface. This is a benefit for structural 

purposes. Its core is less stiff and it had higher gradient changes than clone 3. Clone 3 had a 

lower MoE than clone 4 at the stem surface. In the core it had a higher MoE and a lower 

gradient change. Clone 3 will have a high dimensional stability relative to clones 4 and 2 

while still having a relatively high MoE. It has a good balance between gradient change and 

stiffness.  

Clones that were bred for low MFA tended to have higher MoE in comparison to clones bred 

for high MFA. Wood density appeared to be irrelevant in affecting MoE. This reinforces 

findings in other studies on radiata pine where MFA has been found to be strongly correlated 

to MoE while basic density had little correlation (Baltunis et al., 2007). 

Clones that had high MoE characteristics also tended to have low DBH. Clone 4 tended to 

have the highest MoE at the stem surface. It also had the lowest DBH values. This highlights 

that the genes that code for high MoE traits tend to work against genes that code for high 

growth traits (Baltunis et al., 2007). This relates to the origin of the wood quality issue; 

breeding for fast growing trees has worked against wood quality genetics.  

There was greater variance between clones in plots that experienced high competition. This 

suggests that it may be more beneficial to select clones on sites where trees are expected to 

experience higher environmental stress. 

Gradients 
High MoE and low MFA are usually good for wood quality, however, high gradients in these 

properties throughout the stem can have adverse effects on the final product (Walker & 

Nabala, 1999). High MoE and low MFA are usually correlated with high dimensional 

stability, however, high gradients throughout the timber results in high levels of distorted 

shrinkage occurring during drying (Walker & Nabala, 1999).  

This is an issue when growing trees to maximise stiffness as high stiffness often comes with 

high gradient changes throughout the stem.  A stocking level of 2500 stems ha-1 achieved the 

highest MoE, however, it had the greatest gradient change with distance from the pith. The 

lower stocking of 625 stems ha-1 achieved the lowest MoE but also had the smallest gradient 

change, therefore, will have minimal distortion occur during drying. Finding a balance 

between gains in MoE and gradient can be achieved through thinning to contain areas of low 

stiffness and high gradient to a low quality, condensed core (Watt, 2011). 
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No weed control treatment gave a higher MoE within the core but also resulted in a slightly 

lower gradient change throughout the stem improving the wood quality overall. 

Clone 4 tended to achieve a relatively high MoE but had high gradient changes throughout 

the stem. Clone 3 also achieved a high MoE but also had a smaller gradient. Clone 3 also 

passed the MoE threshold for structural timber of 8 GPa at relatively the same distance from 

the pith as clones 2 and 4. Clone 3 had relatively the same proportion of timber suitable for 

structural grade and had a smaller gradient making it the best clone choice for producing 

structural timber. It also had a relatively high DBH. 

Growth vs quality 
The treatments that increase stiffness tend to have an adverse effect on growth. High 

stockings resulted in stiffer timber being produced but it also resulted in significantly smaller 

DBH. No weed control had an impact on stiffness but again resulted in a lower DBH. The 

clones that tended to have stiffer timber also tended to have a smaller DBH.  

The silvicultural treatments that had the highest MoE tended to have the largest gradient 

changes throughout the radius of the stem. High stockings achieved higher MoE but had the 

highest gradient change with distance from the pith. Clones that achieved highest MoE also 

tended to have higher gradients. This suggests that the combination that achieves the greatest 

MoE is not always the best for wood quality and a balance between MoE and wood property 

gradients throughout the stem will maximise quality. Treatments that increased MoE also 

tended to have reduced DBH growth. This highlights the source of the wood quality issue; 

silvicultural and breeding efforts that have been developed to increase growth work against 

wood quality and trees that had lower diameter growth tended to have higher MoE (Cown, 

2005). 

This once again highlights the relationship between wood stiffness and growth. Fast growth 

and stiff wood do not go hand in hand. This falls back on the main factor affecting stiffness, 

tree slenderness. Low DBH is often related to high slenderness which is correlated with high 

MoE (Watt, 2010). To maximise final product value, it is necessary for forest growers to find 

a balance between stiffness and growth rates. Wood quality can be maximised by delaying 

thinning and extending rotation length (Watt, 2011). 

Factors influencing growth 
In 2016, a similar study conducted at the same site (Jones, 2016) found that stocking and 

herbicide had a significant effect on DBH. Higher stockings had significantly reduced DBH 
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compared to lower stockings and plots treated with herbicide had significantly higher DBH 

than plots without treatment. The significance of this is that it is the opposite effect of wood 

quality. MoE was higher at high stocking levels and lower with herbicide application. There 

is a trade-off between wood quality and growth rate. 

Forest growers should adapt their silviculture regime based on their objectives. If the main 

objective is wood quality, then an initial high stocking and no weed control will likely yield 

the stiffest timber. However, this regime will sacrifice growth for stiffer wood.  If the 

objective is purely for fast growth rates and stiffness is not an issue then an initial low 

stocking and weed control may be the optimal solution. 

Effect of thinning 
Thinning can give growers the ability to manage their stands in a way that captures the 

benefits of both high and low stockings. Based on these findings, by having an initial high 

stocking, the trees will have slower diameter growth but high stiffness gains. Allowing the 

stiffness to reach the structural grade threshold before thinning minimises the proportion of 

corewood that is unsuitable for structural grade timber.  

If the stands are thinned it may result in the thinned stands taking on the characteristics of the 

new stocking density. For instance, if a 2500 stem ha-1 or 1250 stem ha-1 stand was thinned to 

625 stems ha-1, it could be expected that the stiffness of additional growth will increase at a 

lower rate with distance from the pith than it did prior to thinning. The thinned stands have a 

sudden decrease in competitive pressure meaning high stiffness in the new growth is no 

longer required. In many studies, a lower stocking almost always results in higher diameter 

growth and lower MoE than high stockings (Lasserre et al., 2009; Waghorn et al., 2007; Watt 

et al., 2010). Thinning can be used to condense variable stiffness gradients and low stiffness 

characteristics to a low-quality core and then allow for faster, higher quality growth to occur 

post thinning 

Underlying control of stiffness 
Slenderness has appeared to be correlated with stiffness, however this does not mean it is 

causal. Clone 3, although giving the highest average ToF measurements was not the most 

slender clone. If slenderness was the cause of stiffness, it would be expected that clone 3 

would be the most slender. Some of New Zealand’s most productive sites like Nelson and 

Northland also produce relatively stiff timber. This goes against the idea that slower growing 

trees tend to have higher quality timber. This study highlights the factors that are correlated to 

stiffness but underlying causes of stiffness are still an unknown. As discussed earlier, there 
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are several hypotheses that have been put forward to explain stiffness in trees, many of which 

are likely candidates to explain the correlations seen in this experiment, however, there is not 

enough evidence to pick a winning hypothesis. These hypotheses continue to be unproven 

speculations. 
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Limitations 
Like any data collection, there is an element of human error involved. Not all measurements 

would have been taken identically with the distance between ToF probes not all being exactly 

1 m. There also may have been errors in the recording of data with wrong clone or plot being 

recorded. This may have been the case as there were double ups in the data and several 

unknown samples. These had to be identified through speculating what disc they were based 

on physical properties such as diameter. The large sample size has minimised this effect. 

The machines used are not 100 percent accurate. This is seen in the disc scan giving negative 

results. The effect of this has been minimised by removing outliers that seem unrealistic from 

the dataset before completing the analysis. 

The ToF dataset was complete, however, the disc scan data was missing two samples. This 

would have had a minimal effect on the results as there were repeats within the experiment 

and a large sample size was utilised. 

Some discs contained knots. Knots are denser and stiffer than the surrounding clear wood. 

When the discs were collected sections with knots were avoided but some discs still 

contained knots. The effect of these were minimised by attempting to set the scan pattern 

over clear sections of disc. The large size of the dataset will also minimise the effect as any 

measurements of knots will be diluted by the sheer volume of clearwood measurements. ToF 

measurements are also affected by branch stubs due to the stiffer sections of knots.  

All models are inherently wrong. As accurate as the models may be, they are still modelling 

velocity based on several correlated variables. There is high variation within the population 

and the models should not be taken as truth. 

MoE and MFA had been estimated by converting from acoustic velocity using modelled 

formulas. Although velocity is highly correlated to MFA and MoE there is still inaccuracies 

within it. The estimated MoE and MFA should not be taken as absolute truth. 

This experiment was conducted on a single site within Canterbury. Conclusions drawn here 

are specific to the treatments used at this site and results may vary between sites, genetic 

material, herbicide treatment, and stockings used. The stiffness variation is also specific to 

2.2 m for radial distributions and 0.6 m to 1.6 m for the ToF results. Stiffness distributions 

throughout the stem cannot be inferred beyond these regions with the current dataset. Further 

studies should be conducted to infer how these stiffness distributions compare in the 

longitudinal direction to infer the entire stem stiffness distribution. 
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Conclusion 
Clone type, stocking, and herbicide treatment all had significant effects on wood quality. 

Stocking and herbicide treatment both significantly affected wood quality. The general trend 

was as competitive pressure increased on a site the MoE also increased. The DBH also 

decreased as competitive pressure increased.  

The silvicultural treatments that had the highest MoE tended to have the largest gradient 

changes throughout the radius of the stem. High stockings achieved higher MoE but also had 

the highest gradient change with radial distance. Clones that achieved highest MoE also 

tended to have higher gradients. 

The application of weed control reduced average MoE at the stem surface by 4% regardless 

of clone or stocking level. It also resulted in an increased DBH which was on average 3.5% 

higher than no weed control. Effects were greatest near the pith and minimal near the stem 

surface. Effects were longest lived at 625 stems ha-1. 

A stocking level of 625 stems ha-1 achieved lowest MoE, and was 10.6% lower than average 

MoE at 1250 stems ha-1 and 2500 stems ha-1. A stocking of 2500 stems ha-1 achieved the 

highest MoE, but also had the highest gradient throughout the stem. It also had the lowest 

DBH, which was on average 32.6% lower than at 1250 stems ha-1 and 650 stems ha-1. 

Clones that were bred for low MFA tended to have higher MoE in comparison to clones bred 

for high MFA. Expected wood density of clones appeared to be irrelevant in affecting MoE. 

Clone 3 was bred for low MFA and high basic density. It also had the highest MoE on 

average, being 13.0% higher than other clone types. Clone 3 also had a relatively high DBH. 

Clone 3 was unusual in having a relatively high DBH and MoE. The differences in MoE 

between clone types was greatest in low competition environments.  
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