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Abstract
The increase in the use of structural timber in construction over recent years has
been one of the main drivers behind the renewed interest in optimizing forest
management for timber quality. Past research and forest management have been
more focused on producing larger quantities of timber in a shorter amount of
time, while the relationship between forest management and timber quality is
not well understood. A better understanding of that relationship is needed in
order to successfully manipulate the quality of the timber produced, especially
in fast growing species currently planted and grown in Ireland and elsewhere in
Europe.
This research study examined the relationships between tree characteristics, forest management and timber quality in three softwood species, grown in Ireland.
A relatively large-scale study was performed, using trees from six different stands
of Douglas fir, Norway spruce and Sitka spruce. Half of the stands was regularly managed with thinning and the other half was not managed. A total of
600 standing trees of different species was included, and their crown and stem
properties were assessed. Acoustic velocity was measured in all trees of the three
main softwood species, after which the trees were felled and a sub-sample of
them sawn into structural-sized timber. Over 1300 structural-sized boards were
assessed non-destructively and tested destructively in four-point bending. Small
clear specimens were extracted as close to the fracture as possible, evaluated nondestructively and tested in three-point bending. The data were analysed using
a novel, multi-level approach using Bayesian data analysis. The analysis was

ix

conducted on the full sample of standing trees using acoustic velocity, on the
sub-sample of trees cut into structural-sized boards using mechanical properties
and on small clear specimens using mechanical properties. This innovative approach enabled a comparison of the analyzed relationships across three different
measurement levels instead of only using one, as commonly done by past studies.
The results indicate that thinning negatively affects mechanical properties overall,
with the size of the loss dependent on the species. In Sitka spruce, the loss was
negligible and thinning was recommended for maximizing volume production with
a negligible loss in mechanical properties. Tree characteristics were shown to
have a significant impact on the mechanical properties of the timber. Crown
social class was found to have an effect, as did crown projection area and stem
slenderness. Several other measured variables (crown ratio, crown eccentricity or
crown roundness) were found to have no influence on mechanical properties. This
study also examined the use of acoustic velocity in standing trees for prediction
of timber quality. The results indicate that acoustic velocity cannot be used
reliably in larger-diameter trees for prediction of the mechanical properties of
timber. While this appears to be possible in smaller-diameter trees, alternative
methods of evaluating timber of standing trees are needed to achieve the same in
trees of larger diameters.
This study also examined the relationships between mechanical properties of
boards and small clear specimens cut from those boards. Overall, the relationships were poor-to-moderate. However, this study has successfully demonstrated
that in order to evaluate mechanical properties on the level of an individual
tree, either specimen size could potentially be used. In both specimen sizes
the non-destructive evaluation of mechanical properties reflected the mechanical
properties relatively well, suggesting that non-destructive evaluation of timber
specimens can present a suitable replacement to destructive testing of specimens
under certain conditions.
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Chapter 1
Introduction

1.1

Background

In recent years there has been a renewed interest in optimizing forest management
strategies to increase timber quality as the demand for timber in construction
has increased. Wood is a sustainable building material, it has a good strengthto-weight ratio and good insulation properties and may be an ideal substitute for
more carbon-intensive construction materials for certain applications. An increase
in the demand for structural timber means more research time and resources have
been dedicated to developing a better understanding of what factors influence the
quantity and quality of the material produced in the first stage of the production
of structural-sized timber, e.g. in the forest stand.
The forest cover in Ireland is 11% of the total land area, which is the highest
in the last 350 years. This is a result of increased rates of afforestation both
in the public and private sectors, starting with the first Forestry Act in 1928.
State afforestation started increasing rapidly in 1950s and reached its peak in
the year 2000. The rise in private afforestation in the second half of 1980s was
predominantly due to the introduction of the afforestation grant aid provided to
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forest owners by the State, and half of the private owners have received grant aid
at least twice since the formation of the grant-aid system in the mid-1980s.
Predominantly coniferous species were used for planting in the last 50 years, which
is reflected in the proportions of species today. While almost three-quarters of
the forest area is covered by coniferous species, half of the forest area is covered
by one coniferous species, Sitka spruce (Picea sitchensis (Bong.) Carr)) (Forest
Service, 2018). Sitka spruce also accounts for 59% of growing stock volume while
all conifer species account for 82% of the growing stock.
Rotation lengths are getting shorter and in most cases rarely exceed 45 years,
especially in spruce stands (Phillips et al., 2016). In 2017, almost three-quarters
of forest stands were younger than 30 years, which will be reflected in a doubling
of the available roundwood supply over the next two decades. More than half of
the produced softwood roundwood is processed into structural timber. In 2017,
the proportion of sawlogs relative to total roundwood production reached 68%, a
figure which has been increasing over the last five years (Forest Service, 2018).
Structural timber in Europe is usually graded into strength classes using the
grade-determining properties of sawn timber within the European strength classification system, as defined in EN 338 (CEN, 2016). The grade-determining
properties are the modulus of elasticity in bending (Em ), bending strength (also
known as modulus of rupture, fm ) and clear wood density (ρ). In Ireland, most
sawn timber is graded into strength classes C14, C16 and C18, with 95% being
graded into the C16 strength class (Jacob et al., 2018). This is at the lower end of
the available strength classes and is believed to be lower than timber commonly
grown elsewhere in Europe. However, this is a direct result of the relatively short
rotation lengths in the majority of forest stands, which is in turn a consequence
of fast growth rates and increasing demand for timber.
Further reductions in rotation lengths are unlikely to improve the quality of sawn
timber by itself, as logs from fast-grown forests with short rotation lengths have
a larger proportion of juvenile wood and lower wood density due to faster growth
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rates (Zobel & van Buijtenen, 1989). Previous research has shown that the quality
of timber can be influenced by different factors, which can be manipulated in
favour of the volume production goals of the forest stand while still fulfilling other
ecological or social functions of stand. However, relatively little is known about
how to manipulate the quality of the timber produced in the forest, especially
in fast growing species currently planted and grown in Ireland and elsewhere in
Europe. While several studies have examined how the initial stages of a forest
stand (planting density, early respacing) affect the quality of the overall timber
(Macdonald, 2002; Moore et al., 2009), the effects of forest management and
individual tree characteristics on timber quality are not very well understood.

1.2

Factors that influence timber quality

Wood quality can be defined as the suitability of a certain wood product for
a specific purpose. In structural-sized sawn timber the three strength gradedetermining properties limit the appropriate end use by sorting the timber into
strength classes by Em , fm and clear wood density as per the European strength
classification system defined in EN 338 (CEN, 2016). As the three properties
are affected by a variety of environmental factors (Zobel & van Buijtenen, 1989),
studying each factor individually can lead to premature conclusions due to the
many interactions found in complex ecosystems. Only by looking at them collectively can one examine the size and the direction of the effect for possible
inferences.
The following sections examine the relationships between various factors and
mechanical properties of wood, as reported by studies in the past. The effect
of site and climate on wood properties are examined first, followed by the effect
of various silvicultural practices. The association between tree crown and wood
properties is further examined in Section 1.2.3.
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1.2.1

Site and climate characteristics

Various factors can impact the properties of wood in trees, including site, soil
or climate. According to Zobel & van Buijtenen (1989), no clear relationships
were found between the effect of site, soil, soil moisture or climate on wood
properties. It would appear that they all can have an impact; however the size
of the effect varies significantly. Differences seem to be more pronounced at the
extremes of an individual species geographical range or when looking at extreme
soil or site differences. The interactions between the four factors often make it
difficult to estimate the size or direction of the effect they individually have on
wood properties, as the effect of site consists of a combined effect of temperature,
elevation, climate and soil. While there are some differences between the effect
of site in hardwoods or softwoods, there is a lack of consistency in the reported
effects (Zobel & van Buijtenen, 1989). The following sections focus on softwood
species, as they represent the focus of the current study.
A review paper focused on Sitka spruce by Macdonald (2002) found that wood
density is likely to decrease with increasing site productivity. This is probably
due to higher growth rates in more productive forest stands, leading to lower
densities. Similar trends were recently also confirmed in radiata pine (Pinus
radiata D.Don) (Kimberley et al., 2015) and Douglas fir (Pseudotsuga menziesii
(Mirb.) Franco) (Kimberley et al., 2017). The latter study also found that air
temperature (specifically winter temperature) strongly influences wood density of
Douglas fir, which was also confirmed by several previous studies on the subject.
Kimberley et al. (2015) found that differences in ring width can explain differences
in wood density due to growth rate on the same site, but cannot explain differences
in wood density between sites. This study also found no evidence of correlation
between wood density and diameter at breast height (see Figure 1.1) overall.
However, a negative correlation between the two factors was found in older stands.
The authors suggest that the presence of suppressed trees (trees in the bottom
layers of a stand, not part of the canopy) in such stands is responsible for this
negative correlation, as suppressed trees have a smaller than average diameter at
breast height and a higher than average wood density.
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Figure 1.1: Some tree dimension terminology used throughout the thesis.

The effect of site on dynamic Em (determined acoustically by measuring the wave
velocity as it travels through the board) in young radiata pine was found to be
substantial (Watt et al., 2006), where sites of higher quality (warmer temperatures, well-drained and deep soils) are more likely to produce trees with a higher
Em and higher stem slenderness (the ratio of tree height to diameter at breast
height, see Figure 1.1). The opposite was found in cool sites with shallow soils.
The study also found a significant relationship between stem slenderness and dy-
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namic Em within individual sites. The key variables for prediction of the trees’
overall stiffness were stem slenderness and temperature. No relationships were
found between soil chemical properties and dynamic Em , suggesting that while
fertilisation has an impact on growth, it has no impact on overall tree stiffness.
Lasserre et al. (2008) found significant interactions between genotypes, sites and
dynamic Em in young radiata pine. Although the study only examined three
genotypes across two sites and the results are of a preliminary nature, they indicate that models of wood quality should be adjusted depending on site attributes.
Similar results to those from young radiata pine trees were also confirmed in
Norway spruce (Picea abies (L.) H. Karst) in static bending of timber from mature
trees (Høibø et al., 2014), where differences between sites explained a substantial
part of the variability in density, Em and fm of structural-sized boards. Variability
in the properties examined was also partly explained by diameter at breast height
and the longitudinal position of a board in the stem.
Liu et al. (2007) found the opposite with regard to the influence of site on structural sized timber of black spruce (Picea mariana (Mill.) Britton, Sterns &
Poggenburg), but credited the non-significance to a relatively narrow range of
site qualities of the studied sites. The insignificance of site as a predictor indicates that the developed models for predicting Em or fm can be used on all sites
in their study area.
Although there is little doubt that site and climate are important in the context
of optimising timber quality in general, the influence of forest management on
timber quality is not well understood. The potential effects of active management
of such stands are examined in the next section.
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1.2.2

Silviculture

Silvicultural practice can be defined as the sum of all human interventions in the
life of a forest, from initial forming of the stand to the felling of individuals or
groups of trees. Aside from direct human interventions, a forest is also influenced
by other natural factors (from wind exposure to competition-induced mortality),
which change its structure and composition during its lifetime. Some of those will
affect wood properties directly; for example, thinning leads to increased growth
rates (see Figure 1.2), which in turn affects wood density. For others, the effect
is indirect; for example, more growing space influences crown development and
consequently wood properties in the stem (Auty et al., 2012).

Figure 1.2: Variability in growth rate of a Sitka spruce stem associated with age
and thinning. The blue dot illustrates an example of a growth release.
Several authors have considered at individual species and how thinning affects
individual wood properties. The effect of thinning on the grade determining
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properties of softwoods was reported to be negative in general. In Norway spruce,
thinning was shown to decrease wood density (Pape, 1999a; Jaakkola et al., 2005a,
2006; Grammel, 1990; Herman et al., 1998), while similar trends were also found
in Douglas fir (Hapla, 1985), radiata pine (Bues, 1985; Cown, 1973; Cown & McConchie, 1982; Kimberley et al., 2015), loblolly pine (Pinus taeda L.) (Aslezaeim,
2016), Sitka spruce (Evertsen & O’Brien, 1985; Macdonald, 2002) and Scots pine
(Pinus sylvestris L.)(Peltola et al., 2007). Most authors seem to agree that those
changes are a consequence of wider tree rings from accelerated growth after the
thinning.
A smaller number of studies reported no change in wood density after early
respacing (pre-commercial thinning) or thinning - in Sitka spruce (Moore et al.,
2009), Douglas fir (Kimberley et al., 2017) or black spruce (Vincent et al., 2011).
The cause of the differences between these studies and the ones from the previous
paragraph is not clear. The different findings are likely a result of the different
climates between studies or different ages of trees examined in combination with
different site productivity.
The effect of stand management regime has been shown to affect the wood density
of Norway spruce (Piispanen et al., 2014), where wood density was reported to
be affected by whether the trees come from even-aged or uneven-aged stands. In
trees from uneven-aged stands, narrower annual rings with higher wood density
were found in juvenile wood close to the pith. Wood density was then found to
strongly decrease until the 20th year, after which it increased. It then decreased
with the proximity to the bark. The authors suggested that the abrupt changes
in growth and wood density are likely to increase the propensity for timber distortion. Similarly, the high wood density near to the pith is likely to negatively
affect the quality of sawn timber. Jyske et al. (2008) examined the wood density
variation in relation to radial and longitudinal position in the stem. The variation of density was shown to be bigger within annual rings than along the tree
height (Jyske et al., 2008). The differences in wood density between earlywood
and latewood were larger in the outer rings and smaller in rings closer to the pith.
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A significantly lower number of studies have dealt with the impact of thinning on
Em or fm . Moore et al. (2009) found that early respacing significantly reduced
Em and fm in Sitka spruce, while an slight increase in Em was reported in black
spruce for thinned stands with no increase in Em variation (Vincent et al., 2011).
No changes in Em or fm were reported with varying silvicultural intensity in
young Loblolly pine (Aslezaeim, 2016). Both properties were also shown to differ
between more irregular uneven-aged stands and regular even-aged stands of black
spruce (Torquato et al., 2014). No decrease in Em of Douglas fir trees was found
due to thinning by Lowell et al. (2014). The extent of how Em is affected by
silvicultural intensity seems to be at least partly governed by genetics, as seen in
young loblolly pine (Roth et al., 2007). The impact of thinning has been reported
as also dependent on final stand density (Moore et al., 2015).
Other indirect evidence is available on how thinning affects timber quality. For
example, thinning affects crowns in a variety of ways (see Pretzsch & Rais, 2016).
Thinning was also reported to reduce needlefall nutrients in Aleppo pine (Pinus
halepensis Miller) (Segura et al., 2017), which could lead to a decrease in available
nutrients and possibly influence stem wood development. Thinning has also been
shown to affect tracheid length in wood of Norway spruce (Jaakkola et al., 2005b).
The connections between tree characteristics and mechanical properties of timber
are further discussed in Section (1.2.3).
The effect of different types of thinning on mechanical properties is relatively
unknown. In Ireland, the most frequently used type of thinning in conifers in
practice is a combination of systematic thinning and selection thinning (most
commonly thinning from below) (Horgan et al., 2003; Booth et al., 2009).
A recent study by Zeller et al. (2017) found that trees from mixed-species stands
have a lower wood density than trees from monocultures of Scots pine and European beech (Fagus sylvatica L.). While Scots pine from mixed stands was found
to have wider tree ring width, the ring width of European beech was found not
to be affected. Both species were reported to have lower wood densities in mixed
stands. The study also found that tree ring width and mean tree ring density
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were influenced by stand density in European beech, but this was not confirmed
in Scots pine. Tree size was found to have an effect on wood density of European
beech, while no such conclusions were made for Scots pine.
An European-wide study (Benneter et al., 2018) investigated the relationship
between species richness (number of species per plot) and stem quality (derived
from official roundwood sorting norms of the EU) on a significantly-sized sample
(12000 trees) in six European regions. Stem quality was found to vary significantly
between regions, stand and individual trees across the species. On a stand level,
an increase in species diversity was weakly connected to a decrease in stem quality.
Due to the weakness of that link, stem quality was reported not to be affected by
increasing species diversity. Individual tree and stand properties (such as stand
structure, tree and crown properties, forest management...) were found to have
a bigger impact on stem quality.
In a study by Roth et al. (2007) of young loblolly pines, the effect of genotypes
as well as planting density and silviculture on corewood dynamic elastic modulus
were evaluated along with their interactions. The response to different silvicultural treatments seems to vary among genotypes, while the influence of planting
density was significant across all studied genotypes and silvicultural intensities
examined. Stiffness of individual trees was strongly related to their slenderness.
Site and silviculture were also shown to affect both wood density and acoustic
velocity in standing trees of mid-rotation radiata pine (Carson et al., 2014).
Bérubé-Deschênes et al. (2016) assessed individual trees of white spruce (Picea
glauca (Moench) Voss) using acoustic velocity measurements. Acoustic velocity
was found to increase with tree diameter at breast height and decrease with
growth rate, site productivity and competition pressure. The trees in this study
were relatively young with an average age of 20 years, which is in turn reflected
in a high proportion of juvenile wood in the stem. The study also found that
acoustic velocity might not be the best proxy for detecting subtle effects, as
measurements of stress-wave velocity in standing trees are subject to a likely
non-negligible amount of variation due to the measuring methodology, where
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some user-based parameters can have an effect on the measurements (such as the
insertion depth of the probes).
Interaction of site and silviculture has also been shown to affect both wood density
and acoustic velocity in mid-rotation radiata pine (Carson et al., 2014). Large
differences were found in wood properties and diameters at breast height between
sites. The results also suggest that regulating stand density through thinning has
a considerable impact on diameters, acoustic velocity and outerwood density. An
increase in stand density resulted in a stiffer and denser outerwood. Pruning was
also found to have an effect on the examined properties, although the size of the
effect was smaller than in the case of thinning. The authors suggested that the
silvicultural response could potentially be dependent on site type.
Several other silvicultural interventions as discussed below were also shown to
have an effect on wood properties to varying degrees (Zobel & van Buijtenen,
1989).
Hallingbäck et al. (2018) examined the use of wood traits measurable in the field
(density, grain angle) in Norway spruce for genetic selection with respect to the
quality of sawn boards. The largest genetic gains (improvements in the selection
criterion between generations) per year were found by indirect selection for wood
density and grain angle at a tree age of 10-16 years. Genetics were also found
to affect wood properties in several studies (Dungey et al., 2006; Lasserre et al.,
2009), as wood properties are partly under genetic control (Hallingbäck et al.,
2018; Zobel & van Buijtenen, 1989).
The effect of initial spacing on mechanical properties of wood has been confirmed
across multiple softwood species by several studies (Šimić et al., 2017; Rais et al.,
2014a; Aslezaeim, 2016; Roth et al., 2007; Johansson, 1993; Lasserre et al., 2005).
While the size of the effect of planting density varies, the majority of studies
have found that wider spacing is generally associated with a decrease in values
of mechanical properties, most frequently associated with an increase in growth
rates related with more growing space.
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Early respacing was also shown to affect mechanical properties to a varying degree
(Brazier, 1977; Macdonald, 2002; Cameron, 2002; Eriksson et al., 2006; Savill &
Sandels, 1983; Cameron et al., 2015; Moore et al., 2009; Pape, 1999b) across
several species. The increase in growing space due to respacing is commonly
linked to an increase in growth rates of trees, which in turn leads to a lowering
of mechanical properties. Early respacing also affects both stand structure and
total volume of produced timber (Pettersson, 1993).
While it is commonly believed that faster growth leads to a reduction in wood
density, the relationship is species dependent and not necessarily negative (see
Figure 1.3, faster growth leads to wider rings and vice versa). Several studies
reviewed by Zobel & van Buijtenen (1989) found no changes in density with
increasing growth rate. A recent study carried out in Belgium on Douglas fir
discovered that while growth rate does not impact the characteristic values of
grade-determining properties, and therefore the strength class of outerwood timber (mature wood), it does have an impact when considering strength of corewood
timber (juvenile wood) (Henin et al., 2018).

Figure 1.3: Variation in ring width, late- and early-wood proportions with tree
age (fast growth with wide rings at the start with growth slowing down after a
few years due to competition).
Fertilization of Norway spruce stands was shown to significantly increase radial
growth rate of individual trees with only a small decrease in wood density, potentially showing that stands could be manipulated to produce more timber with
negligible losses in wood density (Jaakkola et al., 2006). Pruning of standing trees
was found to have an effect on the quality of produced timber (Makinen et al.,
2014). Boards from pruned trees were shown to have fewer knots, which were
also smaller in size in comparison to timber from un-pruned trees. No increase
in frequency of discoloration or decay in timber was found as a result of pruning.
A theoretical framework for studying timber properties was designed by Houllier
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et al. (1995), in which they evaluated the influence of silviculture, site quality, and
to a lesser extent, genetics on timber quality in Norway spruce. The framework
was created to demonstrate the connections between the disciplines of forestry
(silviculture, dendrometry) and wood science. While it is a useful study of examining what affects timber quality, it was not validated with real data across
different levels as that not was not feasible.
The impact of the factors listed above on mechanical properties of wood is neither
unidirectional nor unconditional, as the relationships are subject to change with
interactions and time (Zobel & van Buijtenen, 1989). It is for that reason a
simple one-sided approach to studying such relationships is not appropriate. A
multi-layered approach is needed instead, examining the relationships through a
“proxy”, which is in turn affected by all of the factors as described above. Tree
crowns are an example of such a “proxy” and are described in more detail in the
next section.

1.2.3

Tree crown as a proxy for assessing individual trees

In forest ecosystems, a tree crown is responsible for photosynthesis and impacts
growth of all other parts of the organism. It represents the sum of all past and
present environmental influences and is as such a good proxy for assessing an individual tree. Past growing conditions will have affected the current state of the
crown, while the potential for crown development can be described by the state
of the crown relative to neighbouring crowns (Figure 1.4). For example, a tree
with a currently underdeveloped crown with an abundance of growing space indicates that past growing conditions were relatively poor and that something had
recently happened to the neighbouring trees previously occupying the currently
free growing space. This holds true both when the “interruption” is man-made
or a result of natural elements, which can be determined by examining the neighbouring trees (or their lack of) in consort with the main tree of interest.
Tree crowns can be described with a variety of metrics, usually aimed at describ-
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Figure 1.4: Crowns of neighbouring trees.

ing an individual crown in relation to others or as a standalone subject. When
describing the social status of the tree, the crown of the subject tree is evaluated
in relation to crowns of neighbouring trees. One of the first crown classification systems was proposed by Kraft in 1884 (Kraft, 1884) (Figure 1.5), which
separates trees into five categories; predominant (1), dominant (2), co-dominant
(3), dominated (4) and overtopped (5) (also referred to as inferior) (Assmann,
1970). A simplified version using only three classes is also in use, distinguishing
dominant, co-dominant and suppressed trees.
An alternative classification system has been used by researchers in which trees
are separated into social classes according to their relative diameter at breast
height (relative to diameters of other trees in the same stand or spatial area).
These two classification systems are not interchangeable, as stem diameter does
not necessarily correlate with crown social position relative to neighbouring crowns.
Separation of trees into social classes by diameter is usually done post hoc on com-
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Figure 1.5: Kraft’s crown classification (Kraft, 1884).

pleted measurements. Classification into social classes using diameters could be
considered more objective, as the separations between classes are clearly defined.
However, the limits between classes are still set arbitrarily and differ between
researchers. The classification of crown social position has to be done in situ
and is probably more subjective particularly with borderline subjects, where the
assigned social class is determined partly by the limits of the human eye.
Several past studies have considered how the different properties of the crown
influence the mechanical properties of wood in the stem. Suppressed trees are
more frequently reported to have higher wood density; however the differences
are not very pronounced (Johansson, 1993; Amarasekara & Denne, 2002; Deng
et al., 2014). It would appear that this relationship is somewhat dependent on the
shade tolerance of the species studied, being reversed in more shade-intolerant
species as shown in a study of seven subtropical species (Chen et al., 2017).
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In a study of black pine (Pinus nigra Arn.) by Tsoumis & Panagiotidis (1980), the
relationship between social status and wood density was found to be dependent
on site quality, as was the interaction between social status and tracheid length.
Co-dominant trees appeared to have have the highest wood density across the
studied sites of different quality.
Fajardo (2016) found significant differences between densities of heartwood and
corewood in timber of two species of the Nothofagus genus. No differences were
found when comparing standardised wood density (weighted mean of heartwood
and sapwood densities by area proportions of each in stem cross-section) among
dominant and suppressed trees.
Eriksson et al. (2006) examined clear wood properties of Scots pine in relation
to silviculture and concluded that silviculture can have a pronounced effect on
material properties, as it affects both crown properties and growth rate, which in
turn directly affect the vascular cambium. The link between the crown development and wood density was also confirmed by Lindström (1996) and Simpson &
Denne (1997).
Branch development in Sitka spruce was shown to be influenced by early respacing by Auty et al. (2012), indicating that wide re-spacing will have a negative
effect on sawn timber quality. Similar results were found in Scots pine by Fahlvik
et al. (2005), where pre-commercial thinning affected both growth rate and the
rate of naturally occurring pruning. Pfister et al. (2007) reported a positive
correlation between diameter at breast height and diameter of the thickest branch
in Norway spruce trees.
An increase in dominance of black pine trees has been shown to negatively impact
fm and Em , while wood density remained unaffected (Amarasekara & Denne,
2002). The values of fm and Em increased with crown length (see Figure 1.1)
in black spruce (Liu et al., 2007). Stem shape was also confirmed as a good
predictor of the overall wood quality. Both slenderness and taper (the rate of
decrease in stem diameter with increasing height) were shown to have potential
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in that aspect (Lasserre et al., 2009; Lindström et al., 2009). Slenderness was
found to be strongly related to stiffness in young loblolly pine in a positive way
(Roth et al., 2007) and was found to have a sizeable effect over the whole rotation
period on board bending strength in Douglas fir (Poschenrieder et al., 2016).
The opposite trend was reported by Dunham & Cameron (2000), as Sitka spruce
trees with smaller crowns were more likely to snap and overturn due to wind or
storm damage, whereas slenderness was not found to have an effect. This could
indicate that the relationships between slenderness and mechanical properties are
species dependent.
Crowns of Scots pine and Norway spruce were shown to become more asymmetrical with age with a different rate of change across species (Rautiainen et al.,
2008). Diameter at breast height was shown to have a bigger effect on crown
projection area and live crown length (see Figure 1.1) than competition index or
tree-species diversity (Forrester et al., 2017).
A comprehensive review by Pretzsch & Rais (2016) found that in the majority
of thinning trials conducted in pure stands, a reduction in stand density led to
a decrease in slenderness, while the ratio of crown length to tree height (crown
ratio) and number of primary living branches both increased with declining stand
density. Several studies reviewed by Pretzsch & Rais (2016) found that competition releases are associated with an increase in both mean and maximum branch
length as well as branch diameter. All of the relevant studies reviewed by Pretzsch
& Rais (2016) found that thinning is also related with lower stem form factors
(the ratio of stem volume to volume of a cylinder over a reference diameter).
As shown by past studies described in the paragraphs above, the properties of
tree crowns appear to be linked to the wood properties of the stem and therefore
to mechanical properties of sawn timber. However, in order to determine gradedetermining properties of sawn timber, the logs from the studied trees have to be
cut into timber, which then has to be tested in a destructive bending test in order
to determine both bending stiffness and strength and cut to determine wood den-
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sity of the clearwood in the boards. While several non-destructive methods exist
to estimate some of the grade-determining properties without inflicting damage
to the specimen tested, their accuracy varies. It depends largely on whether they
are used on standing trees, logs or sawn timber. Some of these approaches are
discussed in the next section and evaluated in order to assess their usefulness in
practice.

1.3

Evaluation of timber quality

Non-destructive evaluation of wood as a material is widely used at different stages
along the forestry and wood processing chains. By doing so, the potential quality
of the timber can be evaluated without inflicting significant damage to the object
evaluated (Legg & Bradley, 2016). These techniques enable grading structuralsized timber into strength classes, enabling the stratification of boards into quality
classes defining or limiting their end use (Ridley-Ellis et al., 2016).
One of the most commonly used non-destructive evaluation methods is based on
the use of acoustic velocity. Acoustic-based methods of wood evaluation can,
in general, be divided into two groups, those based on acoustic resonance (AR)
or on acoustic time of flight (TOF). The former is based on determining the
fundamental frequency of the specimen tested, while the latter measures the
time it takes a sound wave to propagate across the material between two points
(Figure 1.6). Both methods have been used for evaluating wood products, sawn
timber or logs, as reported in multiple studies (Wang, 2013; Ross, 2015; Legg &
Bradley, 2016; Rudnicki et al., 2017).
However, resonance-based methods are not applicable to standing trees, as they
require two cut faces. On the other hand, TOF techniques can be and are frequently used on standing trees (Legg & Bradley, 2016). They can be further
divided, according to the method used to generate the initial impulse, into acoustic stress wave and ultrasonic techniques. Stress waves are used more frequently,
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Figure 1.6: An example of time of flight detection.
as the impulses generated with an external tool (e.g. hammer) have greater
energy and can propagate further due to their lower frequencies and therefore
lower attenuation. Due to the advances in ultrasonic technology over the last few
decades, generating impulses with the use of piezoelectric transducers is becoming
more widely used (Ross, 2015).

1.3.1

Assessing timber quality in standing trees and logs

On standing trees, TOF measurements are usually carried out in the longitudinal
direction, i.e. parallel to the grain. Several studies have related the mechanical properties of standing trees and their velocity in the longitudinal direction.
The mechanical properties of interest are usually the strength grade-determining
properties of sawn timber, i.e. Em , fm and clear wood density as defined in EN
338 (CEN, 2016). In the following paragraphs, several studies on using acoustic
velocity for prediction of mechanical properties of timber are described in detail,
followed by a synthesis.
Auty & Achim (2008) report a relatively good correlation between acoustic velocity of trees and modulus of elasticity (R2 = 0.53) or modulus of rupture
(R2 = 0.59) of small clear samples from Scots pine trees. In this study, 100
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trees were assessed acoustically (mean sample diameter of 25 cm, age 66 years).
One measurement per tree was performed longitudinally on the north-west face
of the trunk over a distance of 1 meter. The north-west direction was selected
as it was at a 90 degree angle to the dominant wind direction (south-west) to
avoid potential areas of compression wood. Of the trees evaluated, 11 were cut
and 4 small clear specimens per log were cut from the bottom log of each tree
giving a total of 40 specimens. Relatively good correlations between acoustic
velocities and mechanical properties were also found by Wang et al. (2001) in
Western hemlock and Sitka spruce, evaluating a total of 168 standing trees aged
38 to 70 years and then felling 56 trees with diameter at breast height ranging
from 9 to 53 cm. One log was taken from each tree and 8 small clear samples
were cut from each log.
A few studies have considered how tree acoustic velocity directly relates to the
mechanical properties of sawn boards. Amateis & Burkhart (2015) reported no
correlation between the tree acoustic velocity and mean mechanical properties of
structural-sized timber in loblolly pine. The authors suggest that this was due
to the small number of boards taken from each tree. They evaluated 48 trees,
aged 27 years, using acoustic velocity with a diameter at breast height at least
8.6 inches (21.8 cm). A total of 87 structural-sized boards (two per tree) with
dimensions of 2 inches by 4 inches by 80 inches (5 cm by 10 cm by 203.2 cm) were
cut from the first log and tested in bending. No relationships were found between
mean Em and fm values of boards from each tree and its acoustic velocity.
Paradis et al. (2013) evaluated 333 standing trees of black spruce in Canada using
the Hitman ST300 acoustic sensor. A subsample of 39 trees (1.8 m-long logs) was
cut and sawn into 77 pieces of 38 mm x 89 mm, which were then destructively
tested in a three point bending test. The measurements on standing trees were
performed at breast height (1.3 m) at two different insertion depths (1.5 cm and
3 cm). The distance between two probes was between 50 and 120 cm. Two measurements were taken per tree on the south- and east-facing cardinal directions
“to limit the potential influence of environmental effects on wood properties”
(such as prevailing wind direction). Depth of probe insertion had an effect on
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measured acoustic velocity; deeper depths were linked with higher measured velocities. A linear regression model was developed to predict modulus of elasticity
using acoustic velocity and stem diameter at breast height (R2 = 0.41).
Gonçalves et al. (2013) tested the use of ultrasound exponential transducers (45
kHz) on standing trees in the longitudinal direction with indirect sensor placement
over a distance of 1.2 m. The first sensor was placed at a height between 0.40
and 0.60 m above the ground. Each stem was measured twice at diametrically
opposite positions on the stem, and each measurement was repeated three times.
A bending load was then applied to the log to evaluate the stiffness of individual
stems. Significant relationships were found between acoustic velocity and stiffness
of individual trees (R2 = 0.65). Higher values of velocity indicated higher stiffness
values.
In a study of Douglas fir standing trees, Rais et al. (2014b) considered how acoustic velocities measured in standing trees and in both long logs and short logs could
be used for pre-grading of the material at different stages of the wood production
chain. Dynamic modulus of elasticity of boards was used for pre-grading, but no
destructive tests were carried out. While relatively high correlations were found
between dynamic modulus of elasticity of logs and mean dynamic modulus of
elasticity in boards, the relationships found between tree mean dynamic elastic
modulus and the tree acoustic velocity was reported as relatively low (R2 = 0.30).
The correlations were better at the log level. Similar levels of correlations were
reported by Šimić et al. (2019) in young Sitka spruce. In this study, full destructive testing was undertaken and better relationships were found between
mean tree mechanical properties and acoustic velocities measured on standing
trees (R2 = 0.41 for modulus of elasticity and R2 = 0.27 for bending strength).
Matheson et al. (2002) reported an R value of 0.33 when comparing the acoustic
velocity and average tree boards stiffness in one sub-sample of radiata pine. In a
second sub-sample, no correlation was found.
Grabianowski et al. (2006) studied the use of TOF measurements for prediction of
mechanical properties of lumber in young radiata pine. The tests were conducted
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on 43 young trees, aged from 8 to 11 years. The tests were performed twice,
on opposite sides of trees’ stems and then on boards. Each measurement of
time of flight per stem side was repeated 10 times and the results averaged.
The measurements were taken in a indirect way (longitudinally on the surface
of the stem). A relatively high correlation was found between acoustic velocity
and the mechanical properties of lumber sawn from those trees. Higher values
were found for timber sawn from outerwood (R2 = 0.89) than from corewood
(R2 = 0.74). The authors suggest that the correlation would become less certain
with increasing age as the diameter increases with age. No statistically significant
differences between velocities on both sides of the stems were found, although the
differences could be quite large. Tree age was found to have a strong influence
on acoustic velocity, with older trees displaying higher velocities.
As seen by the previous studies described above, there are mixed reports on
how well acoustic velocity measured in standing trees reflects the mechanical
properties of timber from the stem. Some studies report strong relationships,
others report no relationships at all.
This could be due to variety of differences between past studies:
• species,
• range of diameters at breast height,
• approach to measurement of acoustic velocity,
• variability in moisture content of trees (due to time of year),
• tree age,
• specimen size of sawn timber,
• testing a sub-sample of sawn timber,
• characterization of sawn timber (destructive, non-destructive. . . ),
• sawing pattern . . .
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While several of the listed factors were shown to have an effect on the relationships described, three are especially important. Differences in species aside, the
majority of studies in the past used trees with relatively small diameters. In a
similar manner, most studies only tested a sub-sample of sawn timber and not
all timber sawn from tested trees. Mechanical properties of specimens cut from
a single stem were shown to have a high degree of variation and the sub-sample
selection does not necessarily represent variation in the full sample from within a
single tree. The selection methods of said sub-sample varied in past studies and
could significantly influence the strength of the relationships found.
Acoustic velocity can also be measured perpendicular to grain in standing trees.
This is usually done for detection of defects in stem tomography (Ross, 2015).
High rates of defect detection were reported in multiple studies and the methodology is commonly used by arborists to assess the stability of individual trees. In
general, measurements perpendicular to grain and along the grain are to a degree
correlated. Absolutely speaking, acoustic velocity is highest in the longitudinal
direction, followed by the radial and tangential directions (Bucur, 2006).
A number of previous studies utilized the radial approach in addition to measuring the longitudinal velocity. In a study by Chiu et al. (2013), ultrasound and
acoustic measurements were performed on 12 trees in the radial (transverse) and
longitudinal directions. Radial measurements were performed in north-south and
east-west directions. Two longitudinal measurements were performed per tree.
Afterwards the trees were felled, measurements repeated on logs from different
heights in the longitudinal direction. 4 logs per tree were extracted and sawn
into specimens with dimensions 20 mm x 20 mm x 400 mm, which were then
destructively tested. The obtained correlations between the dynamic modulus
of elasticity determined from the radial/transverse measurements were relatively
high (R = 0.92), which shows that there is potential for performing measurements
in a radial direction. The relationships between dynamic and static Em were also
reported as good (R = 0.69), as were the relationships between dynamic Em and
fm .
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Dzbenski & Wiktorski (2007) performed ultrasound measurements on “several
dozen” standing trees in both longitudinal and transverse (radial) directions.
While a relatively strong relationship was observed between the velocity of sound
in the longitudinal direction and the wave velocity in sawn timber, no relationship was confirmed between the acoustic velocity in the transverse direction of
stems and the wave velocity in sawn timber. However, a strong correlation was
found between the velocity of ultrasound in the transverse direction measured
in standing trees and the static bending modulus of elasticity (R = 0.71) of the
timber sawn from those trees or static bending strength (R = 0.80). An even
stronger correlation was found between Em or fm and the velocity of ultrasound
in longitudinal direction (for Em , R = 0.87, and for fm , R = 0.66).
In addition to measurement orientation, other factors have been shown to affect
the measurement of acoustic velocity in a standing tree. For example, temperature (Xu & Wang, 2014) and moisture content (Llana et al., 2018) both have an
impact on the acoustic velocity measured in timber, which was confirmed in logs
by Denzler & Weidenhiller (2016) as well as in standing trees by Searles (2012)
and Newton (2018).
The correlations between acoustic velocities of standing trees and logs appear to
be relatively good, as reported in several previous studies (Wang, 2013; Moore
et al., 2013). On the log level, the log acoustic velocity was used in multiple
studies for segregating logs by quality (Rais et al., 2014b; Fischer et al., 2015;
Šimić et al., 2019).
Various other semi-destructive approaches exist to evaluate standing tree properties, which are not based on acoustics. For example, Wagner et al. (2013)
examined the association between the microstructural properties of wood and
its macroscopic mechanical performance in Scots pine. The microfibril angle and
density were shown to be good predictors of stiffness on a macroscopic level. This
would suggest that relatively good estimations of macroscopic properties are possible by using microstructural properties, which are less destructive to measure in
the field. However, the specimen still has to be extracted from the tree, so some
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damage is still inflicted on the examined tree. Individual tree properties can also
be used for assessing timber quality of standing trees. For example, tree slenderness was reported as a useful predictor of stem quality by several studies. It was
reported to be a relatively good predictor of both mean tree stiffness (Lindström
et al., 2009; Searles, 2012) and mean timber strength (Lindström et al., 2009;
Pretzsch & Rais, 2016). Pretzsch & Rais (2016) reported an R2 value of 0.52 in
Douglas fir when relating slenderness to predicted mean strength. This indicates
that slenderness may also be used to evaluate timber quality in standing trees.
The use of non-destructive and semi-destructive approaches to evaluating timber quality in standing trees is possible, as shown above. The accuracy of the
predictions seems to vary significantly and appears to depend on various factors
(species, measurement method...). The size and direction of their effect should
be studied and used to improve the accuracy of such predictions.

1.3.2

Assessing timber quality on sawn timber and small
clear specimens

In the past, research on wood mechanical properties was commonly carried out
on small clear specimens (Figure 1.7). However, the end product is almost never
a small clear specimen, but a structural-sized board with all the material heterogeneity found in wood. Testing structural-sized timber in bending requires
more resources and time than testing small clear specimens. The structural-sized
boards are also harder to transport, take longer to condition and require more
expensive specialized equipment to perform the tests.
Knots in structural-sized boards (Figure 1.8) are influenced by many different
factors and can have a pronounced effect on mechanical properties, as can other
naturally occurring defects in timber. Testing small clear specimens excludes the
effects of knots on mechanical properties, which can be useful when examining
the cause-effect relationships between mechanical properties and other factors
(silvicultural treatments, genotypes...). Due to their size they are also relatively
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Figure 1.7: Small clear specimens as per BS 373 (British Standards Institution,
1957).
straightforward to obtain, fast to condition and easy to test in bending. Several
standards have been developed in order to standardise the testing procedures of
small clear specimens (BS 373 (British Standards Institution, 1957), ASTM D14314 (American Society for Testing Materials, 2014), ISO 13061-4 (International
Organization for Standardization, 2014)).

Figure 1.8: Knots in a structural-sized board.
A few studies have examined the relationship between material properties of
boards and properties of small clear specimens. They are to a degree correlated,
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as shown by research carried out in the past. For example, a recent study by
Butler et al. (2016) examined the relationships between mechanical properties
determined on both clear specimens with dimensions of 25 mm x 25 mm x 410
mm and structural-sized timber of four different dimensions of loblolly pine, using
linear regression for quantifying the relationships. The study reports an overall a
coefficient of determination R2 of 0.22 for relating Em of clear specimens to Em
of boards, 0.11 in bending strength and an R2 of 0.50 when comparing densities.
The strength of the relationship in Em was also reported to be affected by the
sample orientation with regard to applied load direction (tangential, radial or
mixed). The orientation of the specimens with regard to applied load direction
appeared to have had no effect on fm .
A study by Gil-Moreno (2018) examined the relationships between properties
of structural timber and the corresponding clear specimens across four different species, Noble fir (Abies procera Rehd.), Norway spruce, Western red cedar
(Thuja plicata Don ex D.Don) and Western hemlock (Tsuga heterophylla (Raf.)
Sarg.). A relatively good relationship (R2 = 0.63) was reported overall between
the moduli of elasticity of both sizes with structural-sized boards showing on
average 20% higher stiffness than small clear specimens. Slightly better relationships were reported when comparing the mean stiffness of individual trees
(R2 = 0.68). When comparing the mean bending strength of individual trees, a
lower correlation was found (R2 = 0.35). The same study also investigated the
use of dynamic Em for prediction of static Em and fm in both specimen sizes. The
values of dynamic Em in small clear specimens were higher than the static Em ;
in structural-sized boards the relationship was reversed. The correlation between
static and dynamic Em was found to be relatively strong in both specimen sizes
(R2 = 0.88 in small clear specimens, R2 = 0.90 in boards). The relationships
between dynamic Em and static fm were weaker (R2 = 0.57 in small clear specimens, R2 = 0.43 in boards). In addition, an overall correlation R of 0.50 was
reported between density of clear wood and static fm in boards.
Teder et al. (2012) examined the use of ultrasound on boards of Norway spruce
before destructively testing the specimens. Ultrasound measurements were per-
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formed in the longitudinal, radial and tangential directions. Measurements in the
longitudinal direction proved best for predicting static modulus of elasticity and
bending strength - the R2 between Em or fm and acoustic velocity was reported
as 0.37 and 0.18, respectively. The analyses also showed that the larger the measuring distance, the better the dependant variables can be predicted. A strong
correlation was also discovered (R = −0.78 ) between the acoustic velocity and
moisture content.
The relationships between dynamic and static Em of structural-sized were investigated in a large number of studies (Larsson et al., 1998; Divos & Tanaka, 2005;
Yang, 2015; Vikram et al., 2011). The relationships were found to be good across
several species and specimens sizes, showing that some mechanical properties of
timber can be evaluated using non-destructive approaches. This led to the development and wide-spread use of machine grading over the last four decades, as
sorting boards by quality is both faster and less prone to human error than visual
grading. The machine-determined “indicating properties” are usually also better
predictors of quality than visual grading, leading to a more accurate assessment
of the board quality (Ridley-Ellis et al., 2016).
While several factors can affect the strength of the estimations and actual values
of mechanical properties, specimen dimensions (Bucur, 2006; Arriaga et al., 2017)
and moisture content (Unterwieser & Schickhofer, 2011; Llana et al., 2018) can
affect the dynamic Em measurements. Temperature at the time of measurement
also has an effect, as shown by Xu & Wang (2014).

1.4

Motivation and objectives

In order to optimize forest management to improve the quality of the timber
produced, a better understanding of the relationships between silviculture, tree
characteristics and provenance is needed. These relationships will most likely vary
between species and are very likely influenced by several external factors (initial
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planting density, site quality...). Only after understanding those relationships can
foresters prescribe forest management regimes to improve the quality of timber in
a standing, living tree. As the relationships are most likely complex with many
cross-interactions between factors, a careful approach is needed. Currently such
research is both time and resource demanding, as the trees studied need to be
cut into structural timber, which is then destructively tested (most frequently
in bending) to determine its material properties. While several non-destructive
approaches to characterization of standing trees exist, there are conflicting reports
on how well those approaches reflect the material properties of timber. The
determination of material properties of structural-sized boards is standardized
and specialized equipment is needed to carry out the testing procedure. Due to
the destructive nature of the tests, the testing material (structural-sized boards)
is mostly unusable and frequently disposed of after testing. In order to increase
the efficiency of future research on this topic and to make the research process less
wasteful, a better understanding of possibilities and limitations of non-destructive
approaches to assessing standing trees and timber is needed.
The primary aim of the current study is to investigate the relationships between
tree characteristics, forest management and timber quality in softwood species
commonly grown in the Republic of Ireland. To ensure that the study’s findings
are replicable, as many as possible of the influencing factors will be controlled in
the experiment design. The study will also evaluate non-destructive approaches
to estimations of mechanical properties in trees, structural-sized timber and small
clear specimens to establish whether they present suitable alternatives to destructive testing.
The following research objectives were set for this research study:

1. To evaluate the effect of thinning on timber quality at the end of the rotation period across multiple softwood species grown in Ireland. Potential
differences arising from different proportions of crown social classes as a
consequence of thinning/non-thinning will be accounted for. The effect of
thinning will be examined at three different levels: on trees using acoustic
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velocity, on structural-sized boards using grade-determining properties and
on small clear specimens without knots using Em , fm and density. The relationships at the three different levels will be compared and their differences
evaluated. In this study, the full sample of structural-sized boards will be
tested to destruction. This will provide a more accurate representation of
the effect of thinning on mechanical properties than previous studies, in
which only a subset of the total sample was tested, while also eliminating
potential bias introduced in the selection of a subset.
2. To investigate the relationships between crown shape, stem shape and timber quality. The relationships will be examined on the level of individual
trees, structural-sized boards and small clear specimens to get a comprehensive overview. This multi-level approach has not been used before, as each
level was studied individually in the past. Linking tree measurements to
timber properties will provide new insights on the examined relationships.
Recommendations on how to improve the quality of the timber produced
through forest management will be made based on the results of the study.
3. To examine the connection between acoustic measurements in larger diameter trees and the mechanical properties of structural-sized timber and small
clear specimens. Acoustic velocities will be measured on standing trees in
the longitudinal, radial and tangential directions and their usefulness for
predicting mechanical properties of either sawn boards or small clear specimens will be assessed. While past studies have considered this topic, almost
no studies were carried out on larger-diameter trees and very few studies
have examined the possible connections between tree acoustic velocity and
the mechanical properties of structural-sized boards from those trees.
4. To develop and critically assess models linking non-destructive assessments
of timber with its mechanical properties, determined in destructive bending
tests. Both structural-sized boards and small clear specimens will be examined and the link between mechanical properties of both will be studied.
This is the first study to examine the link between mechanical properties of
small clear specimens and mechanical properties of structural-sized boards
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of the three Irish softwood species investigated. The study is also more
representative than previous studies due to the large sample size used.

1.5

Thesis structure

This thesis is formed as a series of papers.
This chapter has provided an overview of the literature relevant to the research,
concluding with research objectives. The literature review is split into two parts.
In the first part different factors are discussed which were reported to have an
influence on the quality of the timber produced. The second part reviews different approaches to non-destructive evaluation of both trees and sawn timber, as
those methods are commonly used when studying the factors that affect timber
properties.
The second chapter presents materials and methods used in the research in detail,
which should facilitate future replications of the experiments carried out in the
current study. Initial experiment design with sampling is described here. The
procedures of non-destructive evaluation of trees and sawn timber are defined
in this chapter, as well as the exact testing procedures for destructive testing of
small clear specimens and structural-sized boards.
The results are presented as a series of publications, each addressing one of the
objectives. Chapters 3-6 present four published journal papers. Chapter 3 addresses the relationships between thinning and timber quality, where the relationships were studied using acoustic velocity in standing trees and the mechanical
properties of boards and of small clear specimens. The second paper, Chapter 4,
analyses the influence of tree crown or stem properties on mechanical properties,
validating the results on standing trees using acoustic velocity. The use of nondestructive evaluation on standing trees for prediction of mechanical properties is
investigated in Chapter 5, where several different approaches are used and their
usefulness evaluated. The connections between mechanical properties of small
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clear specimens and structural-sized boards are examined in Chapter 6, where
the non-destructive evaluation of both specimen sizes is examined and critically
reviewed.
The thesis concludes with Chapter 7, which presents the conclusions and recommendations for future research arising from this study.
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Materials & methods
This chapter outlines the process of selecting and testing the material in accordance with the study’s objectives. The process of selecting suitable forest stands
is described step by step, illustrating the thought process behind individual steps.
Following stand selection, the field measurements on trees are described in detail, including the non-destructive acoustic measurements on standing trees. Tree
felling, log extraction and sawing into structural-sized boards are detailed next.
Before destructive testing, the boards were assessed using non-destructive approaches. X-ray technology was used on boards for assessing the number and size
of knots in an individual board, together with a laser accelerometer for measuring the dynamic modulus of elasticity of boards. Due to the larger-than-planned
number of boards extracted from the sampled trees, the destructive testing procedure had to be optimized with regard to the total time of testing per individual
board. This was done in order to test the whole sample instead of a sub-sample
of the boards. The improvements in the measuring process of the four-point
bending tests are characterized, along with the extraction and the testing procedure of small clear specimens. The small clear specimens were also assessed
non-destructively using ultrasound transducers before testing. As much detail as
possible is provided in order to ensure that the experiments can be repeated in
the future.
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2.1

Tree selection and measurements conducted
on trees

The process of stand selection and the measurements conducted on trees in the
selected stands is presented in Figure 2.1 and is described in more detail in the
sections below.

Figure 2.1: Flowchart of the material selection process

2.1.1

Site selection and field measurements

Due to the fact that many factors can influence the mechanical properties as
found by studies described in the previous chapter, the selection of stands needed
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to account for as many as possible of known influencing factors. In order to
address the influencing factors together, a good database was required where
such influencing variables are known for each potential stand to be included in
the study. While there is very little information on private-grown forest stands
in Ireland, the records are much better in state-owned forests. The state forests
are managed by Coillte, which maintains a database of managed stands, where
a lot of relevant stand properties are recorded and updated periodically. As the
majority of forest surface in the Republic of Ireland is in public ownership, those
stands represent a natural choice for this study.
A trawl of the Coillte database was performed first, looking for stands of various
softwood species scheduled for clear-felling in 2016 and 2017. This was done to
both minimize the cost of the felling and extraction and in order to simplify the
organisational aspect of the experiment. The stands were required to be of similar
age at the time of felling and of similar initial planting spacing. One of the goals of
stand selection was also to stratify the stands according to their past management
into two categories, managed and unmanaged. Older stands were to have priority,
due to the length over which they were potentially managed/unmanaged. Since
climate can have an effect on mechanical properties, the search was limited to
the west of Ireland, preferably in County Galway due to proximity for site work.
An initial list of suitable stands was prepared and those sites were inspected and
an impromptu inventory was made to make sure that the information from the
database matches what was present in the field. A large proportion of stands
inspected was deemed unsuitable for further use, as their state in situ did not
match what was recorded in the database. Some of the potential stands also
had a significant area with windblown trees and were discarded from the pool of
potential stands after site visits. Several suitable pairs of stands (managed/unmanaged) were identified. As slope can affect the wood development in the stem,
stands with steeper slopes (where harvesting and extraction were impossible using
a harvester/forwarder) were also excluded from further consideration.
The choice of species was narrowed down in this stage of the experiment. Sitka
spruce was an obvious choice of species to be included, as it is grown in the major-
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ity of Irish forests (see Table 2.1). Norway spruce was included as a “benchmark”
species to compare the results to previous studies, as it was frequently used for
similar experiments in Scandinavia in the past. Douglas fir was selected because
the appropriate stands were available and there is a growing interest Europe-wide
in Douglas fir.
Table 2.1: Tree species composition in percent of forest area in the Republic of
Ireland (Forest Service, 2018)
Dominant species

Area (ha)

Percent

Sitka spruce
Norway spruce
Scots pine
Other pine spp.
Douglas fir
Larch spp.
Other conifers
Pedunculate and sessile oak
Beech
Ash
Sycamore
Birch spp.
Alder spp.
Other short living broadleaves
Other long living broadleaves

343,310
25,770
7,660
64,890
10,380
24,490
3,030
17,880
10,030
25,280
10,100
47,270
17,910
53,280
11,820

51.1
3.8
1.1
9.6
1.5
3.6
0.4
2.7
1.5
3.8
1.5
7.0
2.7
7.9
1.8

Total

673,110

100

As the final choice of stands was dependent on whether the stands would be clearfelled in the timeline of the current study and the harvesting plans are dependent
on a variety of outside factors, the final stand pairs were determined together
with the local Coillte forest managers. The information on selected stand pairs
is listed in Table 2.2.
The locations of the three selected sites given in Table 2.2 are displayed in Figure
2.2. Three of the stands were located close to the town of Cong, two close to
Moycullen and one close to Derrybrien, all of which are located in the west of
Ireland.
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Table 2.2: Information about the six selected stands.
Dominant
species
Douglas fir
Norway spruce
Sitka spruce

Thinning
regime

Site

Compartment
number

Planting
year

Initial planting
spacing (m)

Thinning
years

unthinned

Moycullen

52563N – 5

1963

2x2

/

thinned

Cong

51721S - 10

1963

2x2

1986, 2000

unthinned

Moycullen

52563N – 2

1963

2x2

/

thinned

Cong

51721S – 8

1963

2x2

1990, 2005, 2011

unthinned

Derrybrien

51375T – 2

1967

2x2

/

thinned

Cong

51721S – 8

1963

2x2

1982, 2001, 2005, 2011

Figure 2.2: Location markers of the three sites used in the current study.
Site Moycullen = 1 (53◦ 21’54.9”N 9◦ 09’20.4”W), Derrybrien = 2 (53◦ 07’49.4”N
8◦ 42’12.1”W), Cong = 3 (53◦ 32’37.7”N 9◦ 18’00.2”W). Map data c 2018 Google.
Using long term data from Met Éireann, the Irish meteorological service, the
prevailing winds in all stands of interest were assessed using the closest wind
measuring stations. Wind rose charts averaging the last 30 years from stations
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Claremorris, Birr and Shannon were used. The established prevailing wind direction for all stands included in this study is SW.
The stand-level characteristics are listed in Table 2.3. Yield class is a measure of
potential productivity of an even-aged stand and is calculated using the maximum
annual increment of cumulative timber volume of a certain species on a given
site. Stand density is given as the number of trees per hectare, while basal
area represents the cumulative cross-section of tree stems in a certain area. One
stand of the pair was thinned using a combination of thinning from below and
systematic thinning in accordance with standard Coillte practice, while the other
was not managed in any way post planting before clear felling. The soil type
found in all stands was a shallow brown earth over a limestone bedrock, which
was also checked in the field. No information was available with regard to the
provenance of the trees in the selected stands.
Table 2.3: Stand-level information on the selected stands
Dominant
species
Douglas fir
Norway spruce
Sitka spruce

Thinning
regime

Yield class
(m3 ha−1 year−1 )

Stand density
(trees/ha)

Basal area
(m2 ha−1 )

Median diameter
at breast height (cm)

unthinned

8

1491

59.9

20.6

thinned

10

1124

55.4

29.4

unthinned

18

1552

70.1

23.4

thinned

20

593

54.7

40.0

unthinned

22

928

89.7

33.6

thinned

22

487

54.0

41.2

Having selected the suitable stands, the number of sample trees in each stand had
to be determined in advance to estimate the number of structural-sized boards
that could be tested during the research project. This was carried out using the
planned sawing patterns and the tree diameters from the initial inventory from
the potential sites. The process is illustrated below.
Due to the cost and time constraints, the limit of structural-sized boards that
could potentially be tested during the span of the research study was estimated
to 1000 boards, based on previous experience. Although the use of multiple
board sizes was considered initially, this would present another potential source
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of variation in the mechanical properties. As the main purpose of the study was to
look at what affects mechanical properties from the forestry perspective, a single
board size was selected with a cross section of 45 mm x 100 mm. The size selected
is commonly sold and used in Ireland and elsewhere in Europe for construction.
Additionally, taking more than one log per tree was considered reasonable, as it
would allow the study to look at the variation of mechanical properties within
each tree stem. Using standard sawing patterns and the breast-height diameters
from the inventories of stands, around 100 logs were estimated to yield around
1000 boards. In order to maximize the number of trees included in the study, it
had been decided to use the first two logs from each of the trees, which would
result in using around 50 individual trees for the purposes of the project.
In order to adequately assess the tree’s status in relation to those in the stand
and to further expand the number of trees sampled in the forest, a plot was to
be established around the selected trees and all trees in each plot were to be
measured. After the six stands had been selected, 10 random coordinates were
generated within each of the selected stands and randomly assigned to one of
the five Kraft crown classes in equal proportions to sample different crown social
classes and to avoid any selection bias. In the field, a handheld GPS device was
used to find each set of coordinates for each individual tree. The closest tree to
those coordinates matching the species and the assigned crown social class was
marked as the centre of the plot, with the proviso that the first six metres of the
tree were of minimum sawlog quality. A plot was then established around each
of the selected trees using the nine closest living trees to the centre tree having
a diameter at breast height greater than seven centimeters. Kraft crown classes
were assigned to trees by two independent observers from two different angles in
order to avoid any selection bias. All of the trees in each plot were marked using
plastic tags and the centre trees were marked more visibly to enable the harvester
to separate them during harvesting (see Figure 2.3 for an example). The plots
were circular with a varying radius, the radius being determined by the distance
to the ninth tree (the tree farthest away from the centre tree). This gave a total
of 10 sample trees per plot and 100 sample trees per stand. The non-centre trees
in each plot would not be not taken for sawing, but would instead serve several
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different purposes. They were used to expand the sample size when looking at
the tree acoustic velocities and to provide information on the neighbouring trees
in relation to the centre trees.

Figure 2.3: A marked sample plot (non-centre trees marked with white, centre
tree marked with red colour).
The following parameters were recorded on all of the trees in each plot (a total
of 600 trees from six stands):
1. diameter at breast height (d ),
2. crown social class (using Kraft’s classification),
3. species,
4. tree height (h),
5. height of the crown base,
6. tree location in plot (azimuth, distance to centre tree),
7. crown projection area,
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8. GPS coordinates of centre trees,
9. IUFRO tree classification,
Some of the measured variables are illustrated in Figure 1.1 and in Figure 1.5;
others are explained below.
Diameters were measured using a diameter tape and heights with the Vertex IV
hypsometer (Haglöf, Sweden). The crowns were classified into crown social classes
by observing the same tree from two different angles to keep the classification
process as objective as possible. Tree location in the plot was recorded using the
distance to centre tree and the tree’s azimuth. A similar technique was used for
recording crown projection area. A vertical sighting device with a mirror inside
(periscope) was used, a Densitometer (Geographic Resource Solutions, California,
USA). The instrument was mounted on a 1.7 metre-long wooden board (see Figure
2.4) and positioned under the eight main crown extremities of each individual
crown and their distance to the stem along with the reverse azimuth were recorded
for each tree in each plot. Half of the tree’s diameter was added to those distances
to reference them to a common point in the stem.

Figure 2.4: Densitometer, mounted on a wooden board.
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Each tree was also classified using the IUFRO classification, as described by
Oldeman (1990). This classification evaluates six different aspects of individual
trees: stand layer, tree vigour, developmental tendency, silvicultural position (in
commercial value classes), trunk quality and crown depth. The slope of each
plot was also recorded in two different directions, as was the presence of stumps,
standing dead and fallen dead trees.
In addition to the measured characteristics (Figure 1.1), a number of other attributes was derived post hoc. Slenderness (h/d) was determined as the ratio of
tree height to diameter at breast height. Crown ratio (lcrown /h) was calculated by
dividing the live crown length (lcrown ) by the tree height. Crown projection areas
(cpa) were calculated by applying the shoelace algorithm (also known as Gauss’s
area formula) to crown coordinates for each tree (Pretzsch, 2009). Crown eccentricity (exc) was calculated as the distance between the stem centre and crown
centre of gravity divided by diameter at breast height. The crown roundness
(rmin /rmax ) was derived from the ratio of minimum crown radius to the maximum one (Pretzsch, 2014). An example of a sample plot with some measured
characteristics can be seen in Figure 2.5.

2.1.2

Non-destructive measurements on trees

All softwood trees in each plot were also evaluated using non-destructive methods. Two different approaches were used, one measuring acoustic velocity in the
longitudinal direction and one measuring velocities in transverse direction (across
the tree stem at breast height).
Acoustic velocity in standing trees is most commonly evaluated over a fixed distance in the longitudinal direction using the former approach. In this study, other
measuring directions, specifically the radial and tangential directions (transverse
directions) were investigated. As the measuring distance varied significantly in
the transverse directions (depending on the tree diameter), it was not possible to
guarantee the same impulse strength using the hammer over varying distances.
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Figure 2.5: An example of a Sitka stand plot from the Cong forest stand, displaying species, crown social class, diameter and smoothed crown projections.

The impulse strength affects the detection of time of flight and should be controlled in order to obtain non-biased data. Measurements over a standardized
distance are usually not affected, as it is relatively easy to use the hammer with
the same strength. Doing so objectively over varying distances is more problematic and could affect the measurements. This is, however, possible using
piezoelectric transducers, as the signal amplification is controlled electronically.
Due to those differences and the difference in energy needed to obtain a readable
signal, the hammer was used over a longer distance (in the longitudinal direction)
and ultrasonic transducers over shorter distances (transverse directions).
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The acoustic velocity in the longitudinal direction was measured using the TreeSonic
device (Fakopp Bt, Sopron, Hungary) at breast height (see Figure 2.6a), perpendicular to the prevailing wind direction (SE side).

(a) TreeSonic

(b) Pundit PL-200

Figure 2.6: Non-destructive devices used on standing trees.
The impulse signal was generated with an external hammer and the distance
between transducers was 1 metre, as recommended by the manufacturer of the
TreeSonic device. The top transducer was 1.8 metre from the ground or 0.5 metre
above breast height (1.3 metre) while the bottom one was be at a height of 0.8
metre from the ground or 0.5 metre below the breast height (Figure 2.7a). In
longitudinal measurements, the transmitting transducer was always the top one.
Both transducers were hammered into the stem using the device’s integrated
hammer until stabilized, as prescribed by the manufacturer. The angle between
the transducers and the tree stem was approximately 45 degrees.
The acoustic velocities in the transverse direction were measured using the Pundit PL-200 ultrasonic device (Proceq, Switzerland) with exponential transducers
operating at 54 kHz (see Figure 2.6b), which generated the impulse using piezoelectric transducers. Six different transverse directions were measured, two radial
and four tangential (Figure 2.7b). The amplification of the recorded ultrasonic
impulse was manually adjusted to avoid signal clipping to ensure the best signalto-noise ratio in the measurements. Before measuring, four cardinal directions
were marked on each individual tree using a handheld compass and the horizontal level was marked using a water level (see Figure 2.8). The transducers were
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Figure 2.7: Sketch of non-destructive measurements on standing trees, (A) longitudinal direction and (B) transverse directions.
then pressed against the bark at the marked points and penetrated the upper
layer of bark. The amount of pressure applied to transducers during the measurements was kept approximately the same each time to avoid coupling issues.
The distance between perpendicular measuring points was then measured using a
caliper. Each of the measurements in both longitudinal and transversal direction
was recorded three times and their values averaged.

(a) marking of cardinal directions

(b) cardinal directions marked on a sample tree, along with horizontal levels

Figure 2.8: The marking of cardinal directions on trees.
No corrections to a reference moisture content were applied to the measured values
of acoustic velocities, as the moisture content in standing tree was above fibre
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saturation point. The influence of varying moisture content above fibre saturation
point was considered negligible, as the trees were measured at the same time of
year, avoiding seasonal fluctuations of moisture within tree stems.

2.1.3

Felling of trees and log extraction

After field measurements, the selected stands were clear-felled in accordance with
standard Coillte practices. The first log length of 6.6 metres was cut from each
of the plot centre trees and extracted to the roadside, giving a total of 60 logs.
The logs were then delivered to the sawmill and crosscut into two 3-metre long
logs. One 6.6m-long log was damaged during extraction and only one 3-metre
long log was obtained from that log. One additional long log was extracted from
the unthinned Sitka spruce stand by mistake, it was also taken and sawn into
boards. The data from it was used where applicable, for example in Chapters
5 and 6. Before crosscutting, the fundamental frequency of the long logs was
measured using the MTG Timber grader (Brookhuis, Netherlands) (Figure 2.9a),
which was also used on 3 metre logs.

(a) measuring log fundamental frequency

(b) marked juvenile core in a log

Figure 2.9: Measuring the fundamental frequency of logs and marked juvenile
core of 15 rings.
Two disks, 10 centimetres wide, were also extracted per long log, one from the
bottom and one from the top (Figure 2.10b). Each log/disk combination was
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numbered and the juvenile core of 15 growth rings was marked and coloured
white on the bottom face of each of the 3-m log (Figure 2.9b). This was done to
assess the proportion of juvenile wood in each board after sawing.

(a) sawing of the logs

(b) extracted disks

Figure 2.10: Sawing of the logs and the extracted 10-centimeter-wide disks.

The extraction of disks was performed in order to gather more data on past events
in the stands and to confirm by checking for growth releases whether the thinned
stands were indeed thinned. To do this, a bark-to-bark strip was cut out of each
disk in the north-south direction, which was then sanded and scanned using an
optical scanner with a resolution of 1200 pixels per inch. The scanned images
were analyzed and the ring widths measured using the R package measuRing
(Lara et al., 2015).

2.2

Material testing

The process of testing the material obtained from the forest stands is illustrated
in Figure 2.11 and described step by step in the following section.
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Figure 2.11: Flowchart of the material testing process

2.2.1

Sawing and non-destructive testing of boards

The logs were then sawn into boards with a cross-section of 45 mm x 100 mm
with as little waste as possible (Figure 2.10a). Although utilizing two boards sizes
(bigger cross-sections in the middle part of the log and smaller closer to perimeter)
would yield a better utilization of timber with less waste, only one board size was
used to minimize the number of factors influencing the mechanical properties of
boards. The cutting patterns used can be seen in Figure 2.13. As each log had
a unique identifier, the boards from each log were tracked through the sawing
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process and numbered appropriately with log numbers as they were unloaded
from the conveyor belt immediately following the sawing process.

(a) GoldenEye 702 X-ray

(b) Viscan laser vibrometer

Figure 2.12: Non-destructive devices used on boards.
The boards were then dried in a commercial kiln at the Murray Timber Group
sawmill in County Galway, using the drying schedules for Sitka spruce as per
standard industry practice (to a moisture content of around 18%), after which
they were passed through a GoldenEye 702 X-ray grading machine (Microtec,
Brixen, Italy) (Figure 2.12a), to obtain an overall machine knottiness value for
each board. The GoldenEye device uses X-ray to assess absolute density throughout an individual board. Additionally, the fundamental frequency of each board
was measured using the Viscan laser vibrometer (Microtec, Brixen, Italy) (Figure 2.12b). The boards were excited manually using a hammer and the signals
recorded. The boards were then transported to the Timber Engineering laboratory at NUI Galway, where they were stored in a conditioning chamber at 20
degrees Celsius and a relative humidity of 65% until a constant mass was attained.
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Figure 2.13: Planned cutting patterns by log size.
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2.2.2

Destructive testing of boards

The testing standard EN 408 (CEN, 2012) specifies the test methods for determining several properties of structural-sized timber and glued laminated timber.
The three grade-determining properties for structural-sized timber as per EN384
(CEN, 2010) are elastic modulus in bending, bending strength and density of
clear-wood. The maximum load has to be reached within 300 ± 120 seconds and
the test pieces have to be oriented randomly, while the load is applied parallel to
the larger cross-section dimension of the test piece (see Figure 2.14). Depending
on the reference point of the displacement measurement, either global Em (midspan deflection in relation to the supports) or local Em (mid-span deflection in
relation to the neutral axis) can be calculated.

Figure 2.14: Testing setup for measuring the global elastic modulus as specified
by EN 408 (CEN, 2012).
The global Em is calculated from the following equation:
Em,global =

3al2 − 4a3
40% −w10%
2bh3 (2 wF40%
−
−F10%

6a
)
5Gbh

(2.1)

where a is the distance between the load head and the nearest support, l is
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the span in bending, b is the width and h the depth of the cross section of
the specimen, F40% − F10% is the increment of load from 10% to 40% of Fmax ,
w40% − w10% is the increment in displacement corresponding to the increment of
load F40% − F10% and G is the shear modulus. G was taken as infinite for the
purposes of this research study, as no shear deformation corrections were applied.
The bending strength fm is calculated using:
fm =

3Fmax a
bh2

(2.2)

where Fmax is the maximum load achieved.
The density of clear-wood is determined on a section taken from the test piece.
The section should be of full cross-section and free of knots or any other defects.
As the final number of boards (N >1300) exceeded the original estimate (N =
1000) by a significant margin, the testing of all boards in a four-point bending
setup according to the testing standard EN 408 (CEN, 2012) would not be possible
within the timespan of the project using the existing approaches to destructive
testing. In order to test the whole sample of boards in the time allocated, it
was necessary to speed up the process of destructive testing. The loading rate is
prescribed by the standard, so the testing process itself cannot be rushed. Time
savings can instead be gained in the rest of testing-associated procedures, as
follows:
In order to measure the global modulus of elasticity according to the testing
standard EN 408 (CEN, 2012), continuous measurement of mid-span deflection
relative to the supports of the test piece under loading is required. The displacement measurements are needed between 10% and 40% of the estimated maximum
load. This is commonly done by mounting linear variable differential transformer
(LVDT sensors) under the boards, which are removed when the estimated 40% of
maximum load is reached. String potentiometers (“string pots”) can also be used
in the neutral axis on both sides of the boards. While these methods work, they
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are inherently slow due to the stopping of the test midway, removing the sensors and then continuing to the breaking point of the board to estimate bending
strength. Using these approaches the removal of sensors is absolutely necessary,
as the sensors would be damaged during the breaking of the board, which usually
snaps downwards after failing. Alternative ways of measuring displacement were
explored, where the test could be performed in one continuous process, without
stopping mid-way and removing the measurement equipment.
Firstly, possible changes to the location of measuring equipment during the test
were examined. The most promising method was using two string potentiometers
located at the bottom of the test rig, where string would be attached to the
neutral axis of the board on both sides of the board. The testing standard allows
for displacement measurements on top or bottom of the specimen, as well as in
the neutral axis on both sides of the specimens to account for twisting of board
while under load. During initial testing, this approach was dismissed for two
reasons. The absolute accuracy of displacement measurements using string-pots
is closely linked to the length of the string used. As the potentiometers would
be at the bottom of the rig, the lengths of strings required to reach the board
would have an absolute accuracy below that prescribed by EN 408 (CEN, 2012).
Additionally, while the case of the stringpot sensor is impact-resistant to some
degree, the trailing strings between the case and the attachment points in the
neutral axis are exposed to board breakage, which would damage the sensor for
further use.
Computer vision-based methods were investigated next, as their use would result
in no-contact measurement of displacement and enough accuracy to match what
the standard requires. However, the use of such methods was prohibitive due to
very high initial cost and the required camera position, which was impossible to
incorporate in the existing hydraulic test machine.
The solution to the problems above was the use of a single laser triangulation
displacement sensor, measuring the displacement on the bottom of the board.
The measuring process does not require any physical contact, only a clear line of
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(a) laser sensor ILD1420-200

(b) steel plate protection

Figure 2.15: Laser sensor and sensor protection in the testing machine.

sight between the sensor and the board. The sensor (Figure 2.15a) was protected
with a steel plate on top (Figure 2.15b), providing protection against any impact
from the breaking boards.
The sensor uses a laser diode, which projects a light spot on the subject whose distance is being measured. The reflected light is gathered onto a position-sensitive
element and the distance is then calculated using the principle of triangulation.
The resolution and accuracy offered by such systems is well beyond the requirements of the testing standards, making them useful in a four-point bending tests
of timber. The sensor used was an ILD1420-200 made by Micro-Epsilon (UK)
with a measuring range of 200 mm and a laser wave length of 670 nm. As stated
by the manufacturer, the linearity of the sensor ranges from 160 µm to 200 µm,
while the repeatability accuracy is 8 µm. The EN 408 testing standard requires
the displacement to be measured with “an accuracy of 1 % or, for deformations
less than 2 mm, with an accuracy of 0,02 mm”. The accuracy of the sensor is
beyond the requirements and so the sensor can be used for measuring displacement.
While dust falling from the boards during loading and covering the sensor was a
potential issue, initial tests showed no such issues. As a preventive measure, the
lens of the sensor was cleaned after each test using a hand air compressor/pump
generating air flow over the lens to clear any potential dust.
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The four-point bending tests of structural-sized boards were conducted in accordance with EN 408 (CEN, 2012) using a Dartec 500kN hydraulic testing machine
and a span-to-depth ratio of 18. The boards were oriented randomly and the failure was achieved in the prescribed time frame. The measurements were recorded
using data acquisition and control hardware and the LabVIEW software, both
made by National Instruments (Austin, Texas, United States), which sampled
displacements and load five times per second and saved them in plain text.
After testing, the global modulus of elasticity and bending strength were calculated using recorded data and equations from the testing standard, as described
above. Density was measured on a defect-free section of timber cut as close as
possible to the fracture location, the samples of which were then used to determine the moisture content at the time of testing using the oven dry method as
per EN 13183-1 (CEN, 2002). After determining the moisture content, all tested
properties were adjusted to 12% moisture content using the equations provided
by EN 384 (CEN, 2010).

2.2.3

Testing of small clear specimens

In addition to the small-defect free prism used for density determination, a longer
section (300 mm in length) was cut from each board as close as possible to the
fracture location. This section was then further processed using a band saw and a
small clear specimen with dimensions of 20 mm x 20 mm x 300 mm was cut from
each board. The small clear samples were then further conditioned in the conditioning chamber at standardised conditions until a constant mass was reached,
after which they were measured non-destructively. The acoustic velocity was
measured in the longitudinal direction using a PL-200 ultrasound device (Proceq, Schwarzenbach, CH) using exponential transducers operating at a frequency
of 54 kHz. The signal was generated with a voltage of 400V and the receiving
transducer used an amplification gain of 20. All other device parameters were
constant and a special clamping device (Figure 2.16a) was constructed to keep the
contact force of the transducers on the specimen constant throughout the mea-
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surements. The time of flight of the pulse in each specimen was measured three
times, after which the specimen dimensions were measured using an electronic
caliper.

(a) non-destructive measurements

(b) three-point bending test

Figure 2.16: Non-destructive and destructive testing of small clear specimens.

The specimens were then destructively tested in a three-point bending test (Figure 2.16b) as specified by the testing standard BS 373 (British Standards Institution, 1957). The span-to-depth ratio was 14 (giving a test span of 28 cm) and
the specimens were oriented with the annual rings parallel to the direction of
the loading. The displacement of the loading head, load and time were recorded
using data acquisition and control hardware and the LabVIEW software, both
made by National Instruments (Austin, Texas, United States), which sampled
displacements and load eight times per second and saved in plain text.
The elastic modulus was calculated using the following equation:
Em =

Flp l3
4dbh3

(2.3)

where Flp is the load at the limit of proportionality (defined as the point in the
stress-strain diagram at which the curve deviates from a straight line), l is the
test span, d is the deflection at the load at the limit of proportionality, b is the
breadth of the test specimen and h is the depth of the test specimen.

56

Chapter 2. Materials & methods
The bending strength was calculated using the following equation:
fm =

3Fmax l
2bh2

(2.4)

where Fmax was the maximum load.
The density of small clear specimens was determined using the dimensions and
the mass of the specimens prior to destructive testing.

2.2.4

Overview of testing procedures

Table 2.4 displays an overview of the various non-destructive approaches and
destructive tests utilized as part of the research conducted in this research project.
The test methods and relevant standards used at different stages of the wood
processing chain from standing tree to sawn timber levels are summarized.
Table 2.4: Overview of different testing procedures by stages of the wood processing stage.
Stage

Non-destructive measurements

standing trees
log

Destructive measurements

1. tree characteristics
2. longitudinal acoustic velocity (stress-wave TOF)
3. transversal acoustic velocity (ultrasound TOF)

/

longitudinal acoustic velocity (resonance-based)

/

structural-sized boards

1. longitudinal acoustic velocity (resonance-based)
2. knot distribution and frequency (X-ray)

four-point bending (EN 408)

small clear specimens

longitudinal acoustic velocity (ultrasound TOF)

three-point bending (BS 373)

2.3

Data analysis

Analysis of the test data was carried in the open source statistical environment
R (R Core Team, 2018) using either linear regression analysis or Bayesian multilevel models (also known as hierarchical or mixed effects models). The Bayesian
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approach was preferred over a frequentist one, as it warrants a more informative
inference by incorporating uncertainty into the model itself (Kruschke, 2014).
Modelling was carried out in Stan (Carpenter et al., 2017) with the help of the
R package brms (Bürkner, 2017). Stan uses Markov chain Monte Carlo sampling
to draw a sample from the posterior distribution, which is then used for inference. All models were manually checked for convergence and effective numbers
of samples with multiple short chains followed with one longer chain used for
inference (McElreath, 2016). Bayes factors (BF) were used to quantify the uncertainty of the multilevel models, as using them conveys a relative measure of
evidence strength without relying on tests of significance (Gelman et al., 2004;
Kruschke, 2014). They were computed as ratios of posterior probability under
the hypothesis against the probability of the alternative. For example, an 80 %
probability that thinning reduces some characteristic (probability of alternative
= 20%) gives a Bayes factor of 4 (ratio of 80/20). This enables the evaluation
of conclusions with regard to the strength of evidence in a more objective way
than tests of significance. More detail about the exact model formation and the
selected prior distributions is presented in Chapters 3 and 4, where this type of
analysis is described. Linear regression analysis was performed in Chapters 5 and
6, as similar research in the past has successfully used this approach for prediction
of mechanical properties in both timber and standing trees.

2.4

Conclusions

This Chapter presented the process of selecting and testing the material. Sampling design along with testing procedures for both structural-sized boards and
small clear specimens were described. As much detail as possible is provided
here in order to ensure that the experiments can be repeated in the future. The
next Chapter presents the results with regard to the first objective of the current
study, which was to assess the effect thinning has on timber quality.
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The effect of thinning on
mechanical properties of Douglas
fir, Norway spruce, and Sitka
spruce

3.1

Paper overview

This chapter deals with the effect of thinning on timber quality at the end of
the rotation period in Douglas fir, Norway spruce and Sitka spruce. The effect
has been evaluated on three different levels; on standing trees, on structural-sized
boards and on small clear specimens. The results indicate that thinning reduces
timber quality overall, which was confirmed on all three levels examined. The
loss of quality is relatively low and appears dependent on the species.
The content of this chapter has been published in the journal Annals of Forest
Science: Krajnc, L., Farrelly, N., & Harte, A. M., The effect of thinning on
mechanical properties of Douglas fir, Norway spruce, and Sitka spruce, Annals of
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Forest Science, 2019, 76(3). In this joint publication, Luka Krajnc, supervised by
Dr. Annette Harte and Dr. Niall Farrelly, designed the experiment, conducted
the measurements in the field, performed the laboratory testing, analysed the
test results and wrote the paper. This chapter addresses the first objective of
this study.

3.2

Abstract

Key message: Thinning affects negatively the quality of sawn timber of Douglas
fir, Norway spruce and Sitka spruce. The effect was confirmed in structural-sized
boards and small clear samples, and on standing trees using longitudinal velocity.
The loss of quality across the three species due to thinning rarely exceeds 20 %
and is in most cases smaller than 5%.

Abstract:
Context: The relationship between silvicultural management and the quality of
timber produced is not entirely clear.
Aims: The effects of thinning on structural grade-determining properties of
wood (elastic modulus, bending strength and density) were studied on Douglas
fir (Pseudotsuga menziesii (Mirb.) Franco), Norway spruce (Picea abies (L.) H.
Karst) and Sitka spruce (Picea sitchensis (Bong.) Carr)).
Methods: Acoustic velocity was measured in a total of 487 trees and their crown
social status was recorded. 60 trees were selected and cut into structural-sized
boards (N = 1342). The amount of knots in each board was quantified using the
grading machine GoldenEye-702. All boards were destructively tested in fourpoint bending, after which a small clear specimen was cut from each board and
again tested in bending (N = 1303). Specific stiffness and specific strength were
used to estimate the size of the effect accounting for differing influence of thinning
across the before-mentioned properties.
Results: Thinning reduces all three properties with the likelihood and magni-

60

Chapter 3. The effect of thinning on mechanical properties...
tude of the effect varying between species. The loss of quality due to thinning
rarely exceeds 20 % and in most cases is smaller than 5%. The effect of thinning
and its size were also confirmed on the full sample of trees by using longitudinal
velocity.
Conclusion: The results give a clearer idea of what the trade-offs are between
timber quality and silvicultural management.

Keywords: thinning, wood quality, softwoods, Bayesian analysis

3.3

Introduction

Silvicultural practice can be defined as the sum of all human interventions during
the life of a forest, from initial forming of the stand to the felling of individuals or groups of trees. While several authors have looked at individual species
and how thinning affects individual wood properties, there is a shortage of comprehensive studies examining the effect of thinning on overall timber quality, as
defined through the strength grade determining parameters used in the European
strength classification system for structural timber EN 338 (CEN, 2016) - namely
modulus of elasticity (MOE), bending strength (previously known as modulus of
rupture, MOR) and density of clear wood.
The effect of thinning on the grade-determining properties of softwoods is in general negative. In Norway spruce, thinning was shown to decrease wood density
(Pape, 1999a; Jaakkola et al., 2005a, 2006; Grammel, 1990; Herman et al., 1998),
while similar trends were also found in Douglas fir (Hapla, 1985), radiata pine
(Bues, 1985; Cown, 1973; Cown & McConchie, 1982; Kimberley et al., 2015),
loblolly pine (Aslezaeim, 2016), Sitka spruce (Evertsen & O’Brien, 1985; Macdonald, 2002) and Scots pine (Peltola et al., 2007). Most authors seem to agree
that those changes are a consequence of wider tree rings from accelerated growth
after the thinning. A small number of studies reported no change in density after
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early respacing or thinning - in Sitka spruce (Moore et al., 2009), Douglas fir
(Kimberley et al., 2017) or black spruce (Picea mariana (Mill.) BSP) (Vincent
et al., 2011). Wood density of Norway spruce was also reported to be affected by
whether the trees come from even-aged or uneven-aged stands (Piispanen et al.,
2014), while variation of density is greater within annual rings than along tree
height (Jyske et al., 2008). A recent study by Zeller et al. (2017) also found
that trees from a mixed-species stand have a lower wood density than trees from
monocultures of Scots pine and European beech.
A significantly lower number of studies have dealt with the impact of thinning
on MOE or MOR. Moore et al. (2009) found that early respacing significantly
reduced MOE and MOR in Sitka spruce, while an slight increase in MOE was
reported in black spruce for thinned stands with no increase in MOE variation
(Vincent et al., 2011). No changes in MOE or MOR were reported with varying
silvicultural intensity in young Loblolly pine (Aslezaeim, 2016). The extent of how
MOE is affected by silvicultural intensity seems to be at least partly governed
by genetics, as seen in young loblolly pine (Roth et al., 2007). The impact of
thinning is also dependent on final stand density (Moore et al., 2015). MOE and
bending strength were found to be positively related with crown length in black
spruce (Liu et al., 2007), and also affected by the stand structure (Torquato et al.,
2014). No decrease in MOE of Douglas fir trees was found due to thinning by
Lowell et al. (2014).
Other indirect evidence is available on how thinning affects timber quality. For
example, thinning affects crowns in a variety of ways (see review by Pretzsch &
Rais, 2016). Amarasekara & Denne (2002) studied the implications of crown size
on a variety of wood characteristics. Although suppressed trees had higher wood
density than co-dominant or dominant trees, the difference was not statistically
significant. Bending strength was shown to decrease with dominance (statistically
significant), as did modulus of elasticity (not statistically significant). An analogous study carried out in Southern China on Pinus massoniana also confirmed
that suppressed trees have higher wood density (Deng et al., 2014). This was also
confirmed in Norway spruce (Johansson, 1993). Another study from China (Chen
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et al., 2017) compared suppressed trees to dominant trees of seven subtropical
species and the former were found to have a higher wood density in shade-tolerant
species; the opposite was true for shade-intolerant species. Connections between
crown development and wood density were also discovered in multiple studies
(Lindström, 1996; Simpson & Denne, 1997). Pretzsch & Rais (2016) also found
that in the majority of thinning trials conducted in pure stands, a reduction in
stand density led to a decrease in slenderness (tree height/diameter at breast
height ratio), while crown ratio (crown length/tree height ratio) and number of
primary living branches both increased with declining stand density. Several studies found that tree-to-tree competition releases are associated with an increase in
both mean and maximum branch length as well as branch diameter. All of the
relevant studies reviewed by Pretzsch & Rais (2016) showed that thinning is also
related with lower stem form factors (the ratio of stem volume to the volume of
a cylinder of a reference diameter).
With regard to the effects of other silvicultural interventions several aspects are
already well documented (Zobel & van Buijtenen, 1989). For example, genetics
(Dungey et al., 2006; Roth et al., 2007; Lasserre et al., 2009), fertilizers (Jaakkola
et al., 2006), initial spacing (Rais et al., 2014a; Aslezaeim, 2016; Johansson, 1993;
Lasserre et al., 2005; Šimić et al., 2017), pruning (Makinen et al., 2014) and
respacing and thinning all affect wood properties to a varying degree (Brazier,
1977; Macdonald, 2002; Cameron, 2002; Eriksson et al., 2006; Savill & Sandels,
1983; Cameron et al., 2015; Pape, 1999b). The size of the effect varies between
the species and throughout the lifetime of an individual tree.
Various other factors can also impact the properties of wood in trees, including
site, soil or climate (Zobel & van Buijtenen, 1989). A review paper focused on
Sitka spruce by Macdonald (2002) found that wood density decreases with increasing site productivity; this was recently confirmed in radiata pine (Kimberley
et al., 2015) and Douglas fir (Kimberley et al., 2017) as well. The effect of site
on dynamic MOE in young radiata pine was also found to be substantial (Watt
et al., 2006; Lasserre et al., 2008). Interaction of site and silviculture was also
shown to affect both wood density and stress-wave velocity in mid-rotation radi-
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ata pine (Carson et al., 2014). Similar results were confirmed in Norway spruce
in static bending tests on timber from mature trees (Høibø et al., 2014). Liu
et al. (2007) found the opposite in structural sized timber of black spruce, but
credited the non-significance to a relatively narrow range of site quality of the
studied sites. In a recent study of Picea glauca, the stiffness of individual trees
as assessed using acoustic velocity was found to increase with tree diameter at
breast height and decrease with growth rate, site productivity and competition
pressure (Bérubé-Deschênes et al., 2016).
The current study was designed to address some of the lack of knowledge with
regard to the effects of thinning on the grade determining properties of sawn
timber at the end of the rotation period of the forest. The primary objective of
the study was to quantify the effect of thinning on the mechanical properties of
structural-sized boards and small clear specimens. The secondary objective was to
examine whether the identified trends can also be found using acoustic velocities
of standing trees on a larger sample. The results of the different approaches were
compared and their differences evaluated. The impacts of site, genetics, climate or
planting density on any of the properties were accounted for in the experimental
design where applicable. The study also accounts for the potential differences
arising from different proportions of crown social classes as a consequence of
thinning/non-thinning and was replicated across multiple softwood species.

3.4

Material and methods

The work was carried out in two parts. In the first part, acoustic velocity was
measured on a substantial number of standing trees, spanning across multiple
crown social classes, species and thinning history. In the second part, approximately ten percent of sample trees out of the original sample were felled, sawn
into structural-sized boards and tested destructively in full. After the bending
tests a small clear specimen was extracted from each board and its mechanical
properties evaluated again. By doing so the impact of thinning was evaluated at
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three different levels. Firstly, the mechanical properties of structural-sized boards
were examined, followed by small clear specimens. This distinction enables to the
effect of knots to be quantified, as the small clear samples by definition contain no
knots. The trends discovered were then evaluated on the full sample of standing
trees to see whether the relationships found on boards and clear samples can be
applicable to standing trees.

3.4.1

Experimental sites

Suitable stands for the study were identified using inventory data from Coillte,
the company managing the state-owned forest lands in the Republic of Ireland.
Potential sites were screened for stand age, number of thinnings carried out, initial planting density, years of fellings, site productivity (yield class) and dominant
species. All of the stands considered were mature species-pure stands located in
western Ireland to exclude the effects of climate on the results. The accuracy of
the preliminary data and the current state of the stands were assessed with an in
situ inventory. Three softwood species were considered in this study; Sitka spruce
(Picea sitchensis (Bong.) Carr), Norway spruce (Picea abies (L.) H. Karst) and
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco). Two suitable stands per
species were selected with one being thinned at least twice in the last fifty years
and the other being an unthinned stand. All chosen stands were located on shallow brown earths (cambisols) underlaid by limestone with frequent outcropping
rock, within a 30 kilometre radius of Galway city.
All stands were planted in 1963 with the exception of the unthinned Norway
spruce stand in 1967. The stands were felled for the study in the first half of
2017. According to the records, the thinned Sitka spruce stand was thinned four
times, in 1982, 2001, 2005 and 2011, and the thinned stand of Norway spruce
was thinned three times, in 1990, 2005 and 2011. The thinned stand of Douglas
fir was thinned less frequently - first in 1986 and then once at the turn of the
century. The thinning approach in these stands was a combination of thinning
from below and a systematic thinning of trees in rows. None of the trees were
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pruned. The initial planting spacing was 2 m x 2 m. More stand level information
can be found in Table 3.1.
Table 3.1: Stand-level characteristics of the six selected stands
Dominant
species
Douglas fir
Norway spruce
Sitka spruce

3.4.2

Thinning
regime

Yield class
(m3 ha−1 year−1 )

Stand density
(trees/ha)

Basal area
(m2 ha−1 )

Median diameter
at breast height (cm)

Mean ring
width (mm)

unthinned

8

1491

59.9

20.6

2.53

thinned

10

1124

55.4

29.4

3.41

unthinned

18

1552

70.1

23.4

3.95

thinned

20

593

54.7

40.0

5.16

unthinned

22

928

89.7

33.6

4.96

thinned

22

487

54.0

41.2

5.29

Tree-level measurements

Prior to the field visit, a set of random coordinates was generated within each
study stand to choose the sample of trees for each crown social class as first
proposed by Kraft in 1888: predominant, dominant, co-dominant, dominated and
overtopped trees (Assmann, 1970). The procedure was replicated once for each
social class giving a total of 10 sets per stand. In the field, a handheld GPS device
was used to find each set of coordinates for each individual tree. The closest tree
to those coordinates matching the species and the assigned crown social class was
marked to be the centre of the plot, with the proviso that the first six metres of
the tree were of minimum sawlog quality. An experimental plot was established
around each selected centre tree. The nine closest living trees to the centre tree
with diameter at breast height over seven centimeters were marked using plastic
tags, and a plot was formed around them. The plots were circular with a varying
radius, the radius being determined by the distance to the ninth tree (the tree
farthest away from the centre tree). This gave a total of 10 sample trees per
plot and 100 sample trees per stand. The following parameters were recorded
for the sample trees: diameter at breast height, crown social class, species and
coordinates of each tree in the plot. The presence of stumps, standing dead and
fallen dead trees was also recorded to check whether the recorded history of each
stand matched with the actual state.
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Stress wave velocity was measured using the TreeSonic device (Fakopp Bt, Sopron, Hungary) in the longitudinal direction on the SE side of the sample trees
(perpendicular to prevailing wind direction) at the breast height (see Chapter 2,
Section 2.1.2). Sitka spruce, Norway spruce and Douglas fir totalled to 487 trees
measured. Of the 600 trees in the experimental plots, 110 were broadleaved trees
from the lower stand layer, and their longitudinal velocity was not measured. The
sample trees were then felled and a 6.6-metre long first length log was extracted
from each of the plot centre trees. The logs were delivered to a sawmill and crosscut into two 3-metre long logs, with the exception of one log which was broken
during extraction. Two 10-cm thick disks per tree were extracted, one from the
bottom and another from the top of the long log. Each log/disk combination
was numbered and the outer border of the juvenile core of 15 growth rings was
marked and coloured white on the bottom face of each log. The white-coloured
area was later used to assess the proportion of juvenile wood in each board to
determine its radial position. Three levels were used (no juvenile wood, less than
50%, more than 50%), as used by previous similar studies (Rais et al., 2014a).
A bark-to-bark strip in north-south direction was cut out of each disk. Each strip
was sanded and scanned using an optical scanner with a resolution of 1200 pixels
per inch. The resulting images were analyzed and the ring widths measured using
the R package measuRing (Lara et al., 2015). To determine whether the sample
trees were representative of the thinning status of the stand, growth releases
were identified for each of them using growth increase events on an individual
tree-level with the R package pointRes (van der Maaten-Theunissen et al., 2015),
specifically by using a moving window normalization with the Neuwirth method
(Neuwirth et al., 2007). A growth release event is defined by a remarkable growth
increase in the analysed year compared to the radial growth in previous years at
an individual-tree level (Schweingruber et al., 1990). On average, the sample trees
from thinned stands exhibited more growth releases than those from unthinned
stands across all three species. Mean tree ring widths determined on the bottom
disks are displayed in Table 3.1.
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3.4.3

Board-level measurements

A total of 119 logs were sawn into structural timber with cross-sectional dimensions of 45 mm x 100 mm, yielding 1342 pieces. Timber was then kiln dried
and scanned using the GoldenEye 702 (Microtec, Brixen, Italy) giving an overall
knottiness value for each board using X−ray technology. The obtained knottiness value is dependent on the size and position of knots relative to the width of
each board. As such it is a good approximation of the knot area ratio (KAR).
This was confirmed when comparing the values to the results of visual inspection
(Rais et al., 2014a). Rais et al. (2014a) found that both values showed similar trends between different planting densities, indicating the usefulness of the
knottiness values obtained with the X-ray technology. The relationship between
board knottiness and bending strength was previously also confirmed by Nocetti
et al. (2010), where an increase in board knottiness led to decrease in bending
strength. Following the assessment of knottiness using the GoldenEye 702, the
timber was transported to the NUI Galway laboratories where it was stored in
a conditioning chamber at 20 degrees Celsius and 65% relative humidity until
constant mass was attained.
All boards were tested in four-point bending in accordance with EN 408 (CEN,
2012) and the global modulus of elasticity and bending strength were calculated
using recorded data and equations from the standard. Density was determined
on a defect-free section of timber cut as close as possible to the fracture location
and measured immediately after testing. Moisture content was determined using
the oven dry method as per EN 13183-1 (CEN, 2002). All tested properties
were adjusted to 12% moisture content using the equations provided by EN 384
(CEN, 2010). A 300 mm long section was cut as close as possible to the fracture
location, from which a small clear specimen with the dimensions of 20 mm x 20
mm x 300 mm was cut using a band saw. A total of 1303 small clear specimens
were destructively tested in a three-point bending test as per BS 373 (British
Standards Institution, 1957) and the modulus of elasticity, bending strength and
density were determined using the equations provided by the standard.
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3.4.4

Data analysis

The data were analyzed using the open source statistical environment R (R Core
Team, 2018). A Bayesian data analysis was performed using a multilevel model
(also known as a hierarchical or mixed effects model) to compare the measured
properties of the boards from thinned stands to those from unthinned stands,
as it allows the incorporation of uncertainty in the model (Gelman et al., 2004;
Kruschke, 2014). The model was implemented in Stan (Carpenter et al., 2017;
Stan Development Team, 2018) using the R package brms (Bürkner, 2017) to
assess the effect of thinning on the mechanical properties. Stan uses Markov
chain Monte Carlo sampling to draw a sample from the posterior distribution,
which is then used for inference.
The following explanatory variables were used in the analysis: thinning (levels-no
thinning, thinned), radial position within a log (three levels-no juvenile wood, less
than 50%, more than 50%), pith presence (levels-no pith, pith present), longitudinal position within a tree (levels-first log, second log). They were dummy coded
using as reference a Sitka spruce board from the bottom log with no juvenile wood
or pith coming from a co-dominant tree from an unthinned stand. An interaction
between the species and thinning was included in the model. Species and crown
social class were added as group-level effects (random effects), as were the nested
effects of stand, plot-in-stand, tree-in-plot-in-stand on the model intercept in accordance with the experiment design. Model priors are weakly informative and
are based on previously reported values (Table 3.2). All models were manually
checked for convergence and effective numbers of samples with multiple short
chains followed with one longer chain used for inference (McElreath, 2016).
To quantify the evidence strength of the effect of thinning, Bayes factors were
used (Gelman et al., 2004; Kruschke, 2014). They were computed as ratios of
posterior probability under the hypothesis that thinning negatively impacts the
examined properties against the alternative that thinning leads to an increase in
them. For example, an 80 % probability that thinning reduces some characteristic (probability of alternative = 20%) gives a Bayes factor of 4. This enables
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Table 3.2: Multilevel models prior distributions
Population-level effects

Standard deviations
of group-level effects

Structural sized timber
Em,global
N ormal(10000, 2500)
fm
N ormal(50, 10)
ρ
N ormal(450, 50)

N ormal(0, 2500)
N ormal(0, 10)
N ormal(0, 50)

Student − t(3, 0, 2163)
Student − t(3, 0, 14)
Student − t(3, 0, 69)

Small clear specimens
Em
N ormal(9000, 2000)
fm
N ormal(75, 10)
ρ
N ormal(450, 50)

N ormal(0, 2000)
N ormal(0, 10)
N ormal(0, 50)

Student − t(3, 0, 2110)
Student − t(3, 0, 18)
Student − t(3, 0, 79)

Specific properties of boards
Em /ρ
N ormal(20, 5)
fm /ρ
N ormal(100, 25)

N ormal(0, 5)
N ormal(0, 25)

Student − t(3, 0, 10)
Student − t(3, 0, 26)

Specific properties of clear specimens
Em /ρ
N ormal(20, 5)
N ormal(0, 5)
fm /ρ
N ormal(160, 15)
N ormal(0, 10)

Student − t(3, 0, 10)
Student − t(3, 0, 20)

Acoustic velocity
velocity
N ormal(4000, 250)

Student − t(3, 0, 357)

Model parameter

Intercept

N ormal(0, 250)

the evaluation of conclusions with regard to the strength of evidence in a more
objective way than tests of significance.

3.5
3.5.1

Results
Data overview

Table 3.3 shows the mechanical properties and density for each species from the
tests on structural-sized timber and small clear specimens. Timber quality varied
between species and thinning regime in both structural-sized timber and small
clear specimens. Boards of Douglas fir and Norway spruce showed an overall
decrease in both the modulus of elasticity and bending strength with thinning,
while they increase for Sitka spruce. Density appears to decrease with thinning
in Norway spruce, increase in Sitka spruce and remains the same in Douglas
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fir. Although modulus of elasticity measured on small clear specimens was in
all cases lower than when measured on structural sized timber, the differences
between unthinned stands and thinned stands were similar. The populations of
boards as such were not directly representative for each stand due to the skewed
proportions of crown social classes and the different numbers of boards per log.
As such, the differences presented in Table 3.3 are not to be interpreted on their
own, without using a multilevel model.
The strength classes of timber determined by the characteristic values calculated
using EN 338 (CEN, 2016) differed between unthinned and thinned stands. They
varied from unthinned to thinned stands as follows: Douglas fir C30 to C27,
Norway spruce C22 to C18, Sitka spruce C16 to C18.
Table 3.3: Timber and wood properties by species and thinning regime - mean
values, standard deviation in brackets
Structural sized timber
N

Small clear specimens

Em,0

fm

ρ

N

Em,0

fm

ρ

Douglas fir
unthinned 108
thinned
163

12985 (1944)
11961 (1907)

59 (15)
55 (17)

562 (47)
562 (50)

107
161

11200 (1474)
10799 (1718)

99 (13)
99 (16)

565 (46)
565 (50)

Norway spruce
unthinned 118
thinned
250

10465 (1509)
9023 (1796)

49 (10)
41 (13)

470 (51)
420 (46)

118
249

9402 (1967)
7672 (1549)

79 (14)
65 (13)

485 (54)
420 (56)

Sitka spruce
unthinned 335 9570 (1892) 47 (13) 421 (35) 302 7880 (1519) 66 (11) 423 (45)
thinned
368 10192 (1822) 50 (12) 451 (56) 366 8341 (1734) 69 (15) 453 (63)
Note: modulus of elasticity (Em,0 ) and bending strength (fm ) in M P a, density (ρ) in kgm−3 .

One possible explanation for the differences between timber from the different
thinning regimes suggested by the past studies, is the influence of the proportion
and size of knots on the mechanical properties (Auty et al., 2012). Thinning leads
to more growing space, which should result in an increase in the size of crowns
and consequently the branch sizes to support bigger crowns, as shown in a review
by Pretzsch & Rais (2016). However, opposite trends were found in this study
across the three species (Figure 3.1) (see Chapter 3.6).
To allow for a better understanding of the relationship between the knottiness
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Douglas fir

Norway spruce

Sitka spruce

7000

Knottiness

6000
5000
4000
3000
2000
unthinned

thinned

unthinned

thinned

unthinned

thinned

Figure 3.1: Board knottiness value according to X-ray measurement by species
and thinning regime. Outlying values are not shown for clarity.
and bending strength, the relationship was further examined (Figure 3.2) and
a linear regression was fitted to the points. A relatively low value of R2 was
observed (R2 = 0.22), implying that knottiness by itself is not an ideal predictor
of bending strength in boards.

3.5.2

Multilevel modelling

Table 3.4 shows the results of the multilevel modeling on each of the studied properties across the two specimen sizes. All three properties in general decreased with
thinning in structural sized boards and small clear specimens, the effect being,
however, species dependent. For both specimen sizes, the studied properties decreased with increasing proportion of juvenile wood. Pith presence appeared to
have a negligible effect, while the effect of longitudinal position varied among the
properties and specimen sizes. Increasing board knottiness reduced modulus of
elasticity at a similar rate to bending strength.
Bayes factors for the hypothesis that thinning negatively affects the mechanical
properties and density are given for each species in Table 3.5. In the current
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Douglas fir

Norway spruce

Sitka spruce

Bending strength of boards (Nmm−2)

100

y = 59.2 − 0.00274 x, R 2 = 0.22
75

50

25

0

0

5000

10000

15000

20000

Knottiness

Figure 3.2: Bending strength and board knottiness value according to X-ray
measurement.
dataset, thinning was more likely to reduce the examined properties than to have
no effect or to increase them. Though the likelihood varied across the properties
and the specimen sizes, a stronger evidence was shown for the negative effect.
Sitka spruce was the least likely to be negatively affected by thinning, as the
evidence with regard to grade determining properties was relatively inconclusive.

3.5.3

The magnitude of the effect of thinning

Even though the mechanical properties and density are correlated, the size of
the thinning effect will likely differ between the individual properties, as they are
not necessarily influenced by the same factors in the same way. Therefore, the
effects of thinning and their magnitude were examined accounting for underlying
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Table 3.4: The effect of thinning, radial and longitudinal position, pith presence
and knots on grade-determining properties, model standard errors in Table 3.8
Structural sized timber

Small clear specimens

Em,0

ρ

Em,0

fm

ρ

11780 62
1242 10

489
32

8900
1415

81
11

484
42

Proportion of juvenile wood
< 50%
-391
-4
> 50%
-780
-5

-34
-54

-362
-727

-5
-8

-20
-47

Pith presence
present

1

-11

n/a

n/a

n/a

Longitudinal position
second log
468

-2

-3

490

0.4

2

Knottiness
knotiness

-0.3

-0.002

n/a

n/a

n/a

n/a

Thinning regime
thinned, SS
unthinned, DF
thinned, DF
unthinned, NS
thinned, NS

-150
1754
903
250
-562

-1
6
2
0.1
-4

5
34
22
11
-24

98
1381
862
502
-720

-0.8
5
4
3
-5

4
32
22
16
-26

Group-level effects
ρcrownclass
ρspecies
ρstand
ρplotinstand
ρtreeinplotinstand

294
1261
927
287
1064

2
6
4
2
6

10
56
32
11
32

294 2
1199 14
866 7
258 3
892 8

General
intercept*
ρresidual

-186

fm

9
56
34
12
34

Note:
modulus of elasticity (Em,0 ) and bending strength (fm ) in
M P a, density (ρ) in kgm−3 . * Reference level: unthinned Sitka spruce,
no juvenile wood or pith, first log.
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Table 3.5: Bayes factors for the effects of thinning across the three species, wood
properties and specimen sizes

Douglas fir
Norway spruce
Sitka spruce

Structural sized timber

Small clear specimens

Em,0

fm

ρ

Em,0

fm

ρ

2.8
2.7
1.2

2.3
2.8
1.6

1.8
3.9
0.7

2.1
4.7
0.7

1.3
4.0
1.2

1.6
4.6
0.7

differences in wood density using two derived material properties, the specific
stiffness and specific strength. They are commonly used to describe materials
where weight is the limiting factor and are also known as stiffness-to-weight and
strength-to-weight ratios, calculated as ratios of individual properties divided by
density of individual specimens (Zhang et al., 2011a). By doing so, the differences
in density and elastic modulus or bending strength are accounted for at the same
time. This enables an improved estimation of the magnitude of the effect.
Table 3.6: Specific stiffness and specific strength by species and thinning regime
- mean values, standard deviation in brackets
Structural sized timber

Small clear specimens

Em /ρ

fm /ρ

Em /ρ

fm /ρ

Douglas fir
unthinned 23 (3)
thinned
21 (3)

104 (22)
96 (27)

20 (2)
19 (2)

176 (18)
174 (21)

Norway spruce
unthinned 22 (2)
thinned
21 (3)

103 (18)
94 (25)

19 (3)
18 (2)

163 (20)
154 (20)

Sitka spruce
unthinned 22 (4)
thinned
22 (4)

107 (27)
109 (22)

19 (2)
18 (3)

156 (17)
152 (21)

Note:
Specific stiffness (Em /ρ) in 106 m2 s−2 , specific strength (fm /ρ)
in 103 m2 s−2 .
When considering the specific mechanical properties of small clear specimens (Ta-
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ble 3.6), the effects of thinning were the same across different species. Thinning
led to a decrease in both specific stiffness and specific strength. The results
showed that while thinning impacts both specific stiffness and specific strength,
the impact is different across the three properties (Em , fm , ρ). The effects were
again different between specimen sizes, suggesting that the relationships between
properties change when looking at timber quality of defect-free samples instead
of sawn timber. The impact of thinning was estimated using multilevel models,
where the dependent variables were both specific properties across both specimen sizes, while independent variables remained the same as in the previous
models. To better illustrate the size effects, the differences were shown in terms
of percentage based on posterior distributions for each species across the four
models.

Douglas fir

E(m, boards) ρ
f(m, boards) ρ
E(m, clears) ρ

Sitka spruce

Norway spruce

f(m, clears) ρ
E(m, boards) ρ
f(m, boards) ρ
E(m, clears) ρ
f(m, clears) ρ
E(m, boards) ρ
f(m, boards) ρ
E(m, clears) ρ
f(m, clears) ρ
−40

−20

0

20

The effect of thinning [%]

Figure 3.3: The effect of thinning on specific mechanical properties across the
species and two specimen sizes. Outlying values are not shown for clarity.

Compared to unthinned stands, thinning is likely to reduce both the specific
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stiffness and strength (Figure 3.3), in line with the previous findings. The size
of effect is relatively small, the mean being less than 5% and rarely exceeding
20%. Of the three species, Sitka spruce seems to be the least affected by thinning
with a negligible drop in specific stiffness and strength, while Norway spruce and
Douglas fir exhibit a greater drop in the quality.

3.5.4

Stand-level validation

To test whether the effect of thinning on sawn timber matches the effect found on
standing trees, the relationship between thinning status and longitudinal acoustic
velocity of individual trees was examined on the full sample of trees (N=487).
Acoustic velocity was reported to be a relatively good indicator of overall tree
stiffness and has been used to approximate the dynamic modulus of elasticity
of individual trees. The overall means and standard deviations of longitudinal
acoustic velocity can be seen in Table 3.7.
Table 3.7: Longitudinal velocity by species and thinning regime
Douglas fir
N

Mean

SD

unthinned 85 4167 299
thinned
60 3727 300
Note: Velocity in ms−2 .

Norway spruce

Sitka spruce

N

Mean

SD

N

Mean

SD

125
88

3989
3905

357 45
327 84

3847
4007

366
304

To examine how thinning affects longitudinal acoustic velocity, another multilevel
model was applied for the 487 sample trees. The population level effects included
species and thinning along with their interaction, and group-level effects of crown
class, site and plot-in-site in the model. The model priors were weakly informative, which means that the developed multilevel model was mostly influenced by
the data inputed in the model and not prior coefficient distributions (Table 3.2).
The results matched with what was found on sawn timber: thinning very likely
reduces the longitudinal velocity in Douglas fir and Sitka spruce (Bayes factors
of 4.5 and 3.3, respectively), showing a decrease in overall stiffness of trees. The
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evidence of the effect of thinning in Norway spruce was more inconclusive (Bayes
factors of 1.2), showing that the relationships are again species dependent. The
size of the effect was similar to that found in the specific mechanical properties:
on average thinning reduced dynamic stiffness by less than 5%, with losses rarely
exceeding 15%.

3.6

Discussion

Compared with the findings of previous studies (Roblot et al., 2008; Henin et al.,
2018; Moore et al., 2009; Šimić et al., 2019; Gardiner et al., 2011; Larsson et al.,
1998; Wilhelmsson & Arlinger, 2002) on the same species, all of the measured
physical and mechanical properties were relatively high. All sample trees in this
study from thinned stands represented final crop trees, therefore the best material available at the end of the rotation of the stands due to the type of thinning
implemented, thinning from below with systematic row thinning. Thinning from
below usually removes trees of a lesser quality and this is reflected in the final
stand composition. Elastic moduli obtained from the small clear specimens were
lower than those from boards, which is most likely due to the difference in the test
setup between the two specimen sizes (Brancheriau et al., 2002), and relatively
high heterogeneity of timber within a single board. Bending strengths were considerably higher in small clear specimens, likely due to the absence of knots and
other unmeasured properties (slope of grain, microfibril angle,...). Densities were
almost identical for the different sizes of specimens, as they were both determined
on defect-free sections close to the fracture position.
Figure 3.1 appears to imply that thinning is likely to lead to a decrease in overall
knottiness in sawn timber. However, this observation does not suggest a causeeffect relationship. The difference in knottiness between the boards from each
thinning regime was most likely a consequence of two interacting factors: a)
bigger diameter logs from the thinned stands compared with unthinned stands,
leading to different proportions of boards with knots; b) the type of thinning
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Table 3.8: Multilevel models for the different grade determining properties in
structural sized timber and small clear specimens - parameter standard errors
Structural sized timber

Small clear specimens

Em,global

fm

ρ

Em

fm

ρ

1240
25

5.6
0.2

36
0.63

1126
28

7.9
0.23

37
0.83

Proportion of juvenile wood
< 50%
96
> 50%
110

0.76
0.88

2.3
2.4

104
100

0.83 3.1
0.81 3

Pith presence
present

1.1

3.4

n/a

n/a

n/a

Longitudinal position
second log
69

0.57

1.8

79

0.64

2.3

Knottiness
knottiness

0.02

0.00016

n/a

n/a

n/a

n/a

Thinning regime
thinned, SS
unthinned, DF
thinned, DF
unthinned, NS
thinned, NS

1105
1656
1608
1506
1484

4.9
6.8
6.7
6.4
6.5

30
43
43
39
39

1000
1430
1428
1327
1297

6.2
8.6
8.6
8.1
8

31
42
42
40
39

Group-level effects
ρcrownclass
ρspecies
ρstand
ρplotinstand
ρtreeinplotinstand

272
1158
807
241
120

1.7
5.6
3.9
1.3
0.73

9.3
39
26
8.8
3.5

274
1022
740
215
109

1.9
9.2
5.9
2.1
0.92

9.5
40
28
9.2
3.8

Intercept
intercept*
ρresidual

135

Note:
Modulus of elasticity (Em,0 ) and bending strength (fm ) in M P a,
density (ρ) in kgm−3 . * Reference level: unthinned Sitka spruce, no juvenile wood or pith, first log
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carried out (from below with added systematic thinning of rows).
When comparing the timber from the three studied species, the following observations could be made. Douglas fir timber had substantially better mechanical
properties than the timber from both spruce species in both thinned and unthinned stands. Timber from unthinned Norway spruce stands had better mechanical properties than timber from unthinned Sitka spruce stands, while an
opposite trend could be found in thinned stands, in both specimen sizes.
The presence of juvenile wood lowers all grade determining properties, in line with
previous studies on softwoods (Brüchert et al., 2000; Henin et al., 2018; Cameron
et al., 2015). Although the longitudinal position of the sample had effects on
wood properties, the direction of the effects in this study was not as uniform
as in previous studies (Brüchert et al., 2000; Lindström et al., 2009; Rais et al.,
2014a; Šimić et al., 2019). This was likely due to the fact that in the current study
only two logs per tree were taken and the effect would be more pronounced with
increasing number of logs per tree. Knottiness reduced both the elastic modulus
and the bending strength of structural-sized boards similarly (Table 3.4).
Thinning reduced all three grade determining properties with likelihood varying
between species. While there appeared a relatively strong evidence of this relationship in Douglas fir and Norway spruce, the evidence in Sitka spruce was more
inconclusive. The relationships were similar for specific mechanical properties.
The specific properties were lower in thinned stands, which implies that density
is affected by thinning at a different rate than the elastic modulus or bending
strength. One possible explanation for this could be related to the microstructure of wood. It has been shown that thinning affects tracheid lengths (e.g.
Jaakkola et al. (2005b)), which could explain the different rates of changes across
properties. As the impact of thinning was confirmed on both structural-sized
boards (with knots) and in small clear samples (without knots), the differences
in mechanical properties due to thinning cannot be attributed solely to the different crown development as a result of or lack of thinning. Although there is
little doubt that thinning can influence the branchiness of the logs and as a re-
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sult the knottiness of the sawn timber (see Pretzsch & Rais, 2016), the results
of the current study indicated that significant differences are also present in the
microstructure of wood. This was partly confirmed in the current study, as the
mean ring width was found to be lower in trees from unthinned stands than in
trees from thinned stands.
The observation that thinning reduces timber quality was also supported by the
analysis carried out on standing trees on an almost 10 times bigger sample using
longitudinal velocity as a proxy to estimate tree stiffness. Although in standing
trees there appeared a significant evidence of this trend in Douglas fir and Sitka
spruce, no such conclusion was supported for Norway spruce. The size of the effect
was also relatively small and depended on the species, in most cases reducing the
measured properties by less than 5%.
The difference in evidence strength of the effect of thinning between standing
trees and sawn timber could be attributed to the relatively large heterogeneity
found in boards from the same tree or between trees of the same species in the
same stand. Irrespective of the source of this difference in significance, the trends
found were the same across the studied species both when comparing the acoustic
velocities of individual trees or when examining the sawn timber from those trees.

3.7

Conclusions

All three approaches implemented (mechanical testing of sawn timber, mechanical testing of small clear specimens and acoustic velocity in standing trees) have
shown a similar response to thinning with a varying size of the effect. This shows
that while the direction of the effect can be more or less accurately described by
any of the approaches, the estimations of size of the effect can vary due to the different approach. However, if future studies confirm and quantify the differences
between approaches, any of them could potentially be used for quantification of
the effect that a certain factor (such as thinning) can have on mechanical prop-
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erties. The ratios of both stiffness and strength to density were more stable than
the three grade determining properties across various factors, therefore their use
can be recommended in future studies of structural timber quality. Additionally,
the results of the current study indicate that further research is required on the
effect thinning has on the microstructure of wood.
With regard to optimizing silviculture for timber quality, there are no uniform
conclusions. Overall, Sitka spruce is the least affected by thinning out of the
three studied species. With this in mind, thinning of Sitka spruce stands could
be recommended, as it maximizes the volume production with a minimum tradeoff in the loss of quality of the end product. Douglas fir in the current study
came from a site with a relatively low productivity and exhibited similar trends
to the other two species. It is unclear whether the differences in the magnitude
of the effect can solely be attributed to the difference among species, as they
could also be affected by differences in site productivity of the selected stands.
Setting this potential interaction aside, the effect of thinning still appears to be
more likely negative for timber quality, with a varying magnitude. Due to time
and cost constraints, other potential factors from genetics to other silvicultural
interventions were intentionally excluded from the current study. Even though
the current study included the effect of crown social classes by treating them as
a random effect, more targeted research is needed on the relationships between
various crown properties along with other changes in trees caused by different
thinning regimes, and mechanical properties of the timber produced.
The results of the current study confirmed that there is a trade-off between tree
growth and timber quality in softwoods caused by thinning. The exact nature
of this trade-off depends on various factors while remaining obviously relatively
small in general regarding the studied species. As the strength grade of structuralsized timber is usually limited by one of the three grade-determining properties
(i.e. density, stiffness and strength), a relatively small change in the limiting
property can influence the strength grade of the produced timber. On account
of this asymmetrical relationship, the changes in mechanical properties due to
thinnings are not negligible by default, as they can lead to a lower strength grade
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of the timber produced. Whether it becomes important depends on the aims and
limitations of managing individual stands, using applied silviculture to balance
out the different demands with what is achievable in the forest environment.
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Chapter 4
The influence of crown and stem
characteristics on timber quality
in softwoods

4.1

Paper overview

In this chapter the relationships between several crown and tree properties and
timber quality in Douglas fir, Norway spruce and Sitka spruce were examined.
Crown and stem properties were recorded on trees in the field. The relationships
were evaluated on three different levels; on standing trees, on structural-sized
boards and on small clear specimens. Trees from different crown social classes
were found to differ in acoustic velocity measured in standing trees, and in their
mechanical properties of both structural-sized boards and small clear specimens.
Slenderness was also found to have an effect on mechanical properties. Larger
crown projection areas were in general associated with higher timber quality,
while crown ratio, crown eccentricity and crown roundness had no discernible
effect on mechanical properties or acoustic velocity. The relationships appeared
species dependent.
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The content of this chapter has been published in the journal Forest Ecology
and Management: Krajnc, L., Farrelly, N., & Harte, A. M., The influence of
crown and stem characteristics on timber quality in softwoods, Forest Ecology and
Management, 2019, 435:8-17. In this joint publication, Luka Krajnc, supervised
by Dr. Annette Harte and Dr. Niall Farrelly, designed the experiment, conducted
the measurements in the field, performed the laboratory testing, analysed the test
results and wrote the paper. This chapter addressed the second objective of this
study.

4.2

Abstract

The relationships between several crown and tree properties and timber quality were examined on three softwood species: Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco), Norway spruce (Picea abies (L.) H. Karst) and Sitka spruce
(Picea sitchensis (Bong.) Carr). Crown and stem characteristics were collected
on 487 standing trees, and their acoustic velocity measured using a stress-wave
device. Of the trees measured, 60 were chosen for further testing, stratified by
crown social class and cut into structural sized boards (N = 1342). Each board
was assessed with regard to knots using a grading X-ray machine, after which all
boards were destructively tested in four-point bending and their mechanical properties (elastic modulus, bending strength and density) evaluated. To exclude the
effect of branchiness across the crown social classes, mechanical properties were
also examined on small clear samples cut from the undamaged section of the
tested boards, a total of 1303 specimens were tested destructively in bending.
Multi-level models based on Bayesian data analysis were used to evaluate the
relationships between recorded characteristics, acoustic velocities and mechanical properties. Considerable differences in acoustic velocities were found between
crown social classes, with suppressed trees having the highest velocities. This
trend was also confirmed in mechanical properties of structural-sized boards and
small clear specimens, suggesting that branchiness is not the primary cause of
differences. Results indicate that slenderness affects both tree stiffness and the
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properties of sawn timber differently across the crown social classes. The relationship is negative in suppressed trees (increasing slenderness leads to a decrease
in velocity or mechanical properties) and positive in dominant and co-dominant
trees. The effect of crown projection area on either tree acoustic velocity or mechanical properties differs between social classes. In general, it was found to be
positive, therefore an increase in crown projection area leads to an increase in
either tree acoustic velocity or wood properties of timber. This trend is more evident in sawn timber than in acoustic velocities. The effects appear to be species
dependent. No evidence was found of the effect of crown ratio, crown eccentricity
or crown roundness on either the examined wood properties or acoustic velocities.
Results confirm that there is a link between crown/stem development and timber
quality. They indicate that in order to increase the overall quality of timber produced, the proportions of crown social classes in final stand composition should
be adjusted with thinning.

4.3

Introduction

Wood quality can be defined as the suitability of a certain wood product for a
specific purpose and is as such a very flexible term. In structural-sized sawn
timber, the definition reflects the previous statement, as the three strength grade
determining properties limit the appropriate end use by sorting the timber into
strength classes by modulus of elasticity (MOE), bending strength (also known as
modulus of rupture, MOR) and clear wood density as per the European strength
classification system defined in EN 338 (CEN, 2016). As the three properties are
affected by a variety of environmental factors, studying each factor individually
can lead to premature conclusions due to the many interactions found in ecosystems. Only by considering them collectively can one examine the size and the
direction of the effect for possible inferences. In forest ecosystems, a tree crown
is responsible for photosynthesis and as such impacts growth of all other parts
of the organism. It represents the sum of all past and present environmental
influences and is as such a good proxy for assessing an individual tree.
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Crowns can be described with a variety of metrics, usually aimed at describing
an individual crown in relation to others or as a standalone subject. When describing the social status of the tree, the crown of the subject tree is evaluated
in relation to crowns of neighbouring trees. One of the first crown class classifications was proposed by Kraft in 1884; separating trees into predominant,
dominant, co-dominant, dominated and overtopped (also referred to as inferior)
categories (Assmann, 1970). A simplified version using only three classes is also in
use, distinguishing dominant, co-dominant and suppressed trees. It is also worth
noting that the terminology with regard to social class or status is somewhat
vague, as researchers sometimes separate the tree into social classes according to
their relative diameter at breast height. Both classification systems are not interchangeable, as stem diameter does not necessarily correlate with crown social
position relative to neighbouring crowns. Separation of trees into social classes
by diameter is usually done post hoc on completed measurements. Crown classification has to be done in situ and is probably more subjective particularly with
borderline subjects, where the assigned social class is determined partly by the
limits of the human eye.
The exact nature of the relationship between crown development and wood properties is not yet fully understood. The vascular system was shown to be intimately related to the development and function of the foliar organs (Larson,
1969). Several possible mechanisms were provided by Larson (1969), where he
partly explained the changes in wood properties in relation to the tree crown with
changing auxin gradients along the stem. Tracheid radial diameter appears to be
proportionally related to auxin changes in the stem. Another factor influencing
wood formation is mechanical loading of the crown, which in turn causes a redistribution of growth favouring the region of higher stress, including changes to
tracheid characteristics.
Several studies have considered how the different properties of the crown influence the mechanical and physical properties of wood. Suppressed trees usually
have higher wood density, however the differences are relatively small (Johansson, 1993; Amarasekara & Denne, 2002; Deng et al., 2014). It would appear that
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this relationship is somewhat dependent on the shade tolerance of the species
studied, being reversed in more shade-intolerant species as shown in a study of
seven subtropical species (Chen et al., 2017). In a study by Tsoumis & Panagiotidis (1980), the relationship between social status and wood density was found
to be dependent on site quality, as was the interaction between social status and
tracheid length. Co-dominant trees appeared to have the highest wood density
across the studied site qualities; most differences were not statistically significant.
Fajardo (2016) found significant differences in wood densities between suppressed
and dominant trees in timber of two species of the Nothofagus genus. Differences
were found in both heartwood and corewood wood densities. However, no differences were found when comparing standardised wood density (weighted mean
of heartwood and sapwood densities by area proportions of each in stem crosssection) among dominant and suppressed trees. A Scandinavian study examined
clear wood properties of Scots pine (Pinus sylvestris L.) in relation to silviculture
and concluded that silviculture can have a clear effect on material properties, as
it affects both crown properties and growth rate, which in turn directly affect
the vascular cambium (Eriksson et al., 2006). The link between the crown development and wood density was also confirmed by Lindström (1996) and Simpson
& Denne (1997). Branch development in Sitka spruce (Picea sitchensis (Bong.)
Carr) was shown to be influenced by early re-spacing by Auty et al. (2012), indicating that wide re-spacing will have a negative effect on sawn timber quality.
Similar results were found in Scots pine by (Fahlvik et al., 2005), where precommercial thinning affected both growth rate and the rate of naturally occurring
pruning.
An increase in dominance has been shown to negatively impact the bending
strength and the modulus of elasticity (Amarasekara & Denne, 2002). In black
spruce (Picea mariana (Mill.) Britton, Sterns & Poggenburg), bending strength
and the elastic modulus increased with crown length (Liu et al., 2007). Stem
shape was also confirmed as a good predictor of the overall wood quality. Both
slenderness (the ratio of tree height to diameter at breast height) and taper were
shown to have potential as predictors (Lasserre et al., 2009; Lindström et al.,
2009). Slenderness was found to have a positive relationship to stiffness in young

89

Chapter 4. The influence of crown and stem characteristics...
loblolly pine (Pinus taeda L.) (Roth et al., 2007) and was found to have a sizable
effect over the whole rotation period on board bending strength in Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) (Poschenrieder et al., 2016). One of the
frequently studied variables in relation to timber quality has been growth rate.
While faster growth is commonly associated with decreasing wood density, the
relation is species dependant and not necessarily negative. Studies reviewed by
Zobel & van Buijtenen (1989) found no changes in density with increasing growth
rate. A recent study carried out in Belgium on Douglas-fir discovered that while
growth rate does not impact the characteristic values of grade-determining properties, and therefore the strength class of outerwood timber (mature wood), it
does have an impact on corewood timber (juvenile wood) (Henin et al., 2018).
Dunham & Cameron (2000) found that Sitka spruce trees with smaller crowns
were more likely to snap and overturn due to wind or storm damage, whereas
slenderness was not found to have an effect. Crowns of Scots pine and Norway
spruce (Picea abies (L.) H. Karst) were shown to become more asymetrical with
age with a different rate of change across species (Rautiainen et al., 2008). Diameter at breast height was shown to have a larger effect on crown projection area
and live crown length than competition index or tree-species diversity (Forrester
et al., 2017).
Several other factors can also have an effect on the mechanical properties, both
directly and indirectly. Stand formation, initial planting density (Rais et al.,
2014a; Šimić et al., 2017; Aslezaeim, 2016; Johansson, 1993; Lasserre et al., 2005)
and the genetic makeup (Dungey et al., 2006; Lasserre et al., 2009) can all have
a profound effect on timber quality. The influence of both early respacing and
thinning was confirmed across various species (Cameron, 2002; Eriksson et al.,
2006; Savill & Sandels, 1983; Cameron et al., 2015; Pape, 1999b; Moore et al.,
2009), as was the effect of site (Macdonald, 2002; Kimberley et al., 2015, 2017;
Lasserre et al., 2008) . However, the impact of these factors is neither unidirectional nor unconditional, as the relationships change with interactions and time
(Zobel & van Buijtenen, 1989). Stem quality was also reported not to be affected
with increasing species diversity. Individual tree and stand properties were found
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to have a larger impact on stem quality, such as stand structure, tree and crown
properties (Benneter et al., 2018).
This study aims to examine how the shape and social position of the crown
together with stem shape influence the mechanical properties of wood, which
is still relatively unknown. The main objective was to evaluate the relationships between certain aspects of a tree’s phenotype and the grade-determining
mechanical properties of the end product (sawn structural-sized timber). The
secondary objectives were to examine whether similar relationships can be observed in mechanical properties of small clear specimens of wood without any
knots and in acoustic velocity of standing trees. The current study implements
a novel approach examining the relationships across multiple levels by evaluating the acoustic velocity of standing trees alongside the mechanical properties of
harvested and processed timber.

4.4
4.4.1

Material and methods
Stand selection

Three softwood species grown in Ireland were chosen for this study: Douglas-fir,
Norway spruce and Sitka spruce. Two pure even-aged stands per species were
selected. The selection criteria were as follows: climatic region, planting density,
stand age and yield class. One stand of the pair was thinned using a combination
of thinning from below and systematic thinning, while the other was not thinned.
Using trees from both thinned and unthinned stands also expanded the range of
growing space of the crowns represented in the current study, i.e. as trees from
unthinned stands generally tend to have smaller crowns due to higher competition
while the opposite applied for trees from thinned stands. The chosen pairs of
stands were similar in initial planting spacing (2 m x 2 m), age (five planted in
1963, one in 1967), site productivity, climate and yield class. They were located
in County Galway (Ireland) on shallow brown earths, underlain by limestone
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bedrock. The thinned Sitka spruce stand was thinned four times (most recently
in 2011), thinned Norway spruce stand three times (most recently in 2011) and
thinned Douglas-fir twice (most recently in 2000). More information about the
stands is available in a parallel study (Krajnc et al., 2019a), which examined the
effect of thinning on mechanical properties. The stands were chosen using the
inventory data of Coillte, which manages the state-owned forests in the Republic
of Ireland. The stands were felled for the study in the first half of 2017 and none
of the trees were pruned.

4.4.2

Sampling and material

Within each of the six stands, five sets of random coordinates were generated and
randomly assigned to one of the five crown social classes using the Kraft classification system (Assmann, 1970). This process was repeated once. The coordinates
were then found in the field and the closest tree matching the assigned social
class was identified by two persons observing the same tree from different angles.
Other criteria used were that diameter at breast height should exceed 15 centimeters and that the first six metres of the stem were of sawlog quality. The selected
tree together with the nine closest trees formed each plot, giving circular plots of
varying diameters with ten trees each (20 plots per 3 species for a total of 600
trees). Diameter at breast height (d ), crown social class, species and the location
of each tree in the plot were measured on all trees on the plot. In addition, all
tree heights (h) were measured as well as the heights of the crown base using the
Vertex IV hypsometer (Haglöf, Sweden). Crown ratio (lcrown /h) was calculated
by dividing the live crown length (lcrown ) by the tree height. Slenderness (h/d)
was determined as the ratio of tree height to diameter at breast height. The crown
of each tree was recorded using a Densitometer (Geographic Resource Solutions,
California, USA), a vertical sighting device with a mirror inside (periscope). The
instrument was mounted on a wooden board and positioned under the eight main
extremities of each crown. At each point, the distance from the instrument to
the stem was measured together with a reverse azimuth of each point. Half of
the corresponding d was added to those distances to reference them to a common
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point in the stem, and using the azimuths, the crown data was converted into
coordinate pairs. Crown projection areas (cpa) were calculated by applying the
shoelace algorithm (also known as Gauss’s area formula) to crown coordinates for
each tree (Pretzsch, 2009). Crown eccentricity (exc) was calculated as the distance between the stem centre and crown centre of gravity divided by diameter
at breast height. The crown roundness (rmin /rmax ) was derived from the ratio of
minimum crown radius to the maximum one (Pretzsch, 2014).
The stress wave velocity of Douglas-fir, Sitka or Norway spruce tree was determined using the TreeSonic device (Fakopp Bt, Sopron, Hungary) in the longitudinal direction at breast height, perpendicular to prevailing wind direction (SE
side). This method was found to be suitable for comparing timber quality on
standing trees by several studies (Ross, 2015; Legg & Bradley, 2016; Šimić et al.,
2019). The longitudinal velocity was not recorded in broadleaf trees (110 of 600
total trees). An additional three trees of Douglas-fir were not measured due to
poor accessibility in the field. The longitudinal velocities were measured on a total of 487 trees, of which 145 were Douglas-fir, 213 Norway spruce and 129 Sitka
spruce. The broadleaf trees in the stands studied occurred as a result of natural
regeneration in combination with increased light availability due to thinning or
natural mortality. As those trees were in the bottom layer of the stands (i.e. dominated or suppressed), their influence on the growth of the middle and top layer of
the stand were disregarded for the purpose of this study. This was also supported
by their heights and diameters at breast height, as they were mostly under 10
metres in height and of diameters at breast height of around 10 centimetres.
The first two 3 metre logs from the plot centre trees (total of 60 trees, 119 logs
as one broke in transport) were extracted and cut into structural timber with
cross-sectional dimensions of 45 mm x 100 mm, producing 1342 pieces of timber.
Before cutting the logs, the outer border of the juvenile core of 15 growth rings
was marked to assess the proportion of juvenile wood in each board to determine
its radial position (three categories: no juvenile wood, <50%, >50%). The cut
boards were kiln dried and then passed through a GoldenEye 702 X-ray grading
machine (Microtec, Brixen, Italy), obtaining an overall machine knottiness value
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for each board. Before further testing, the boards were transported to the testing
laboratory in Galway and stored in a conditioning chamber at 20 degrees Celsius and 65% relative humidity. After attaining constant mass, all boards were
destructively tested in a four-point bending test, as per EN 408 (CEN, 2012). Immediately after testing, the moisture content was determined in accordance with
EN 13183-1 (CEN, 2002) and all grade-determining parameters were adjusted to
a 12% moisture content values as specified in EN 384 (CEN, 2010). From each
of the tested boards, a small clear specimen with dimensions 20 mm x 20 mm x
300 mm was cut as close as possible to the fracture location, yielding 1303 small
clear samples. Following further conditioning, and upon attaining constant mass,
they were tested in three-point bending in accordance with the BS 373 (British
Standards Institution, 1957).

4.4.3

Data analysis

The analysis was carried in an open source statistical environment R (R Core
Team, 2018) using Bayesian multilevel models (also known as hierarchical or
mixed effects models). The Bayesian approach was preferred over a frequentist
one, as it warrants a more informative inference by incorporating uncertainty into
the model itself (Kruschke, 2014). Modelling was carried out in Stan (Carpenter
et al., 2017) with the help of the R package brms. The priors used were weakly informative and based on values from previous studies (Table 4.6). Using collected
data and prior distributions, Stan performs a Markov chain Monte Carlo sampling
to converge on the posterior distributions. The three mechanical properties, knottiness and acoustic velocity were modelled (yijk ) and a sensitivity analysis was
performed post hoc using a best-fit model to test any other interactions between
variables. The model to be fitted was formulated as follows:

yijk = a0 +a1 Ca +a2 Cra +a3 Ce +a4 Cro +a5 Csc +a6 S+bs +bt +bi +bij +bijk +a7 Pr +a8 P l
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The crown-derived explanatory variables were crown area (Ca ), crown ratio Cra ,
crown eccentricity (Ce ), crown roundness (Cro ) and crown social class (Csc ). Slenderness was also included (S), as were the group-level effects (random effects) of
species (bs ), stand thinning regime (bt , thinned or unthinned) as well as the nested
effects of stand (bi ), plot-in-stand (bij ) and tree-in-plot-in-stand (bijk ). Additionally, the radial (Pr ) and longitudinal position (Pl , first or second log) of individual
boards within a tree were included as an explanatory variable to account for the
with-in tree variation of structural-sized boards and small clear samples. The
low number of groups (less than five groups) in some group-level effects (three
species, two stand thinning regimes) was not considered problematic, as multilevel modelling should perform similarly to no-pooling regression in such cases
(Gelman & Hill, 2006). The models were inspected for convergence before using
the posterior distributions for inference (McElreath, 2016). Bayes factors (BF)
were used to quantify the uncertainty of the multilevel models, as using them
conveys a relative measure of evidence strength without relying on tests of significance (Gelman et al., 2004; Kruschke, 2014). They were computed as ratios
of posterior probability under the hypothesis against the probability of the alternative. Depending on values of the computed Bayes factor, evidence for the first
hypothesis was considered anecdotal (1 < BF < 2), moderate (2 < BF < 4)
or strong (BF > 4). The inverse of those values were used on describing the
evidence favouring the alternative hypothesis (BF < 0).

4.5
4.5.1

Results
Tree-level analysis

The distribution of the trees included in this study by crown social classes and
predominant species can be seen in Table 4.1. As expected, diameter at breast
height decreases with the declining dominance, as do crown ratio and crown
projection area. Suppressed trees appear to have more eccentric crowns, which
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are also less round compared to trees from the upper layer. The size of the
differences appears to be species dependent.
Table 4.1: Mean values of tree and crown properties by species (standard deviation in brackets), broadleaf species not included.
Crown properties
Crown social class

N

d

h/d

lcrown /h

cpa

exc

Douglas-fir
predominant
dominant
co-dominant
dominated
overtopped

21
18
51
21
37

40
35
25
20
17

(5) 61 (5)
(7) 66 (6)
(6) 80 (11)
(5) 89 (14)
(5) 94 (19)

44
39
33
30
28

Norway spruce
predominant
dominant
co-dominant
dominated
overtopped

11
36
79
17
34

42
36
33
23
16

Sitka spruce
predominant
dominant
co-dominant
dominated
overtopped

rmin /rmax

v

(8)
(8)
(8)
(9)
(9)

18 (8)
15 (6)
8 (5)
6 (4)
6 (5)

1.6 (1)
2.3 (1.7)
2.1 (3.5)
2.6 (1.5)
3.4 (2)

41
46
41
35
26

(14)
(14)
(14)
(18)
(13)

3820
3927
3948
4047
4113

(327)
(352)
(356)
(425)
(352)

(9) 62 (8)
(9) 71 (10)
(9) 76 (13)
(7) 91 (15)
(5) 96 (18)

41 (9)
38 (9)
36 (9)
33 (13)
25 (11)

13 (6)
8 (6)
7 (6)
4 (4)
4 (5)

0.7
0.9
1.2
1.7
2.4

(0.4)
(0.6)
(0.6)
(0.7)
(1.9)

55
48
39
33
34

(16)
(13)
(16)
(13)
(16)

3778
3788
4002
4120
4107

(313)
(338)
(289)
(216)
(276)

16 54 (8) 58 (10)
31 47 (6) 66 (7)
66 39 (6) 74 (10)
24 30 (6) 80 (11)
28 25 (7) 82 (18)

50 (9)
44 (5)
37 (7)
28 (6)
30 (14)

23 (13)
20 (10)
10 (6)
6 (5)
7 (7)

1.6
1.3
1.6
1.7
2.3

(1.2)
(0.7)
(0.9)
(1.2)
(1.6)

41
42
36
34
28

(15)
(13)
(15)
(14)
(18)

3707
3876
3946
4152
3880

(264)
(403)
(309)
(467)
(322)

Note:
d - diameter at breast height in cm, h/d - slenderness, lcrown /h - ratio of crown length
to tree height in per cent, cpa - crown projection area in m2 , exc - crown eccentricity, rmin /rmax
- crown roundness in per cent, v - acoustic velocity in m/s

The median longitudinal velocity appears to increase with the declining social
status of trees (Table 4.1). While the absolute values of the velocity differ between
the species, the trend across the social classes is the same across the three studied
species.
The relationship between the longitudinal velocity and stem or crown characteristics was examined in more detail using a multilevel model, with longitudinal
velocity being the dependent variable. The effect of crown social class can be
seen in Figure 4.1. Compared to co-dominant trees, dominated trees have higher
longitudinal velocities, followed by overtopped trees. Pre-dominant and dominant trees have slightly lower speeds, the differences to co-dominant trees are not
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as distinct. A decline in social class of trees is related with higher longitudinal
velocities than co-dominant trees, while an increase in dominance leads to lower
velocities, indicating a negative change in stiffness.

Change in longitudinal velocity (m s)

●

Douglas−fir

Norway spruce

Sitka spruce

500

●
●
●
●

0

●
●
●
●

●
●

−500

predominant

dominant

co−dominant

dominated

overtopped

Crown social class

Figure 4.1: The effect of crown social class on longitudinal velocity of trees relative
to co-dominant trees of Sitka spruce, showing posterior distribution of values
(points showing median, lines representing a probability mass of 95%).
To better quantify the uncertainty of the model, Bayes factors were calculated
using a hypothesis of a negative relationship between crown properties and longitudinal velocity. The results can be seen in Table 4.2.
There is strong evidence in favour of dominant and predominant trees having
lower longitudinal velocities compared to co-dominant trees of each species. When
comparing dominated trees to the latter, the opposite can be found. The likelihood of the relationships illustrated in Figure 4.1 varies with species, however, the
trends are similar among the species. The effect of crown area and slenderness is
dependent on the social class of the tree. Slenderness is positively connected with
the longitudinal velocity in co-dominant, dominant and predominant trees while
reducing velocity in dominated and overtopped trees. Crown area is positively
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Table 4.2: Bayes factors of the effect of crown classes on longitudinal velocity
relative to the co-dominant class of each species and of the effect of crown area
and tree slenderness across the crown social classes.
Crown social class
predominant

dominant

co-dominant

dominated

overtopped

Species
Douglas-fir
Norway spruce
Sitka spruce

1.4
3.1
3.2

1.3
8.1
4

*
*
*

0.2
0.1
0.1

0.3
0.6
0.5

Other
crown area
stem slenderness

3.4
0.3

1.3
0.3

0.6
0

0.1
11.6

0.9
5.3

Note:
moderate evidence of lower properties/negative influence in bold (Bayes factor of 2 or more), moderate evidence of higher properties/positive influence underlined
(Bayes factor of 0.5 or less). The effect of crown social class relative to co-dominant
trees *, the effect of crown area and tree slenderness as positive or negative across social
classes

connected with the longitudinal velocity in predominant trees and negatively in
dominated trees. In all other social classes no conclusive evidence was found with
regard to the effect of crown area on longitudinal velocity. Crown eccentricity
increases the longitudinal velocity (Bayes factor of 0.1), while there is no evidence that crown ratio and roundness (Bayes factors of 0.9 and 0.7, respectively)
influence the longitudinal velocity.
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4.5.2

Timber-level analysis

Table 4.3 shows the mean values of the mechanical properties for each species and
crown social class on both specimen sizes. Standard deviations are given in Table
4.7. Aside from the differences between species, no clear trends are identifiable
among timber from different social classes. This is expected due to a relatively
high variation with-in tree, which can mask differences between social classes.
In order to examine the relationships between timber quality (as measured by
the elastic modulus, bending strength, density and knottiness) and tree or crown
characteristics, each of the properties was examined using a multilevel model with
the same explanatory variables as before.
This was performed on two separate datasets, structural-sized timber and small
clear specimens. In the latter there is no direct effect of knots on the studied mechanical properties, as there were no knots in small clear samples. The knottiness
parameter, as measured by the GoldenEye-702 was also modelled to examine how
crown development influences the knot content of boards. Model summaries can
found in Table 4.8. The effect of crown social class on the modelled properties
across the two specimen sizes can be seen in Figures 4.2 and 4.3, which show the
mean posterior values of the effect of crown class for each species. Only density
from structural-sized timber is displayed in Figure 4.3, as densities of both specimen sizes were determined on defect-free samples coming from the same radial
and longitudinal position.
The trends of the elastic modulus and bending strength in both specimen sizes
and the three studied species appear to be the same, approximately following
the shape of an asymmetrical letter W. The timber from overtopped trees has
the highest elastic modulus and bending strength relative to other crown social
classes, which is especially evident in Norway spruce. There is a noticeable drop
in both characteristics in dominant and dominated trees when compared to codominant trees, while predominant trees seem less affected.
With regard to density, the trends across the crown social classes seem more
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Table 4.3: Sawn timber and small clear samples properties by species and crown
social class - mean values.
Structural sized timber
N

Small clear specimens

Em,0

fm

ρ

knot.

N

Em,0

Douglas-fir
predominant 92
dominant
72
co-dominant 57
dominated
29
overtopped
21

12174
12252
12959
12702
11560

57
53
63
56
53

554 3996
575 3897
583 3669
540 3795
528 4134

91
71
56
29
21

11184 100 562
11110 99 574
11207 103 581
10422 95 540
9560 88 533

Norway spruce
predominant 133
dominant
93
co-dominant 69
dominated
43
overtopped
30

9632
9153
9700
8871
10251

43
43
45
42
45

438
436
439
412
451

133
92
69
43
30

8342
8185
8184
7687
8740

69
67
71
68
78

442
435
448
422
467

Sitka spruce
predominant 233
dominant
195
co-dominant 131
dominated
77
overtopped
67

9455
10525
10338
9992
8622

46
50
52
49
45

428 3621
449 3365
442 3281
451 4487
406 4389

224 7705
185 8546
118 8342
76 8770
65 7304

65
70
69
73
65

427
451
449
460
409

3228
4664
4296
4806
4800

fm

ρ

Note:
elastic modulus and bending strength in M P a, density in
−3
kgm , knottiness unitless.

species dependent. Overtopped trees have absolutely the highest clear-wood density. With the exception of Douglas-fir, the trend still follows a shape of an
asymmetrical letter W. Comparing the differences between social classes relative
to the mean values of the mechanical properties, the differences in density between social classes are less evident than differences in the elastic modulus or
bending strength, but are still present. It is worth pointing out that the effect
of knots seems the most dependent on species out of the properties studied (Figure 4.3). In line with previous expectations, more dominant trees have a greater
proportion of knots. The differences between dominant, co-dominant and dominated trees appear smaller. To examine the likelihood of the trends shown in
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Figure 4.2: The effect of crown social class on elastic modulus and bending
strength relative to co-dominant trees of Sitka spruce, showing medians of posterior distributions only for clarity. Elastic modulus and bending strength in
M P a.

Figures 4.2 and 4.3, Bayes factors were calculated as ratios of probability of each
crown or tree property negatively affecting the examined wood properties to its
alternative. The calculated values can be seen in Tables 4.4 and 4.5.
Relative to the co-dominant trees of each species, timber from dominated trees
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Figure 4.3: The effect of crown social class on clear-wood density and structuralsized board knottiness, showing only medians of posterior distributions for clarity.
Density in kgm−3 , knottiness unitless.
will very likely have lower mechanical properties (Table 4.4), as confirmed in
almost all examined mechanical properties in both structural-sized timber and
small clear specimens. It is also more likely that timber from overtopped trees
will have higher mechanical properties. With regard to the effect of other social
classes, it can be concluded that while the evidence is inconclusive, dominant
trees are more likely to have lower mechanical properties while timber from predominant trees will more likely have higher mechanical properties when compared
to co-dominant trees. The strength of the effect of social classes on timber quality
is the least evident in Sitka spruce.
The knottiness of the sawn timber in the current study is positively correlated
with slenderness in co-dominant trees and negatively in overtopped trees. All
other crown variables seem to impact the knottiness positively, although the
evidence of these relationships is inconclusive: increasing crown ratio, roundness,
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Table 4.4: Evidence strength of the effect of crown classes quantified with Bayes
factors, relative to co-dominant crown social class of each species.
Structural sized timber

Small clear specimens

Em,0

fm

ρ

knot.

Em,0

fm

Douglas-fir
predominant
dominant
co-dominant
dominated
overtopped

2.2
2.3
*
6.6
0.9

1.1
1.8
*
4.1
0.8

0.8
1.1
*
1.1
1.2

1
1.5
*
2
0.8

0.6
2.7
*
3.6
0.7

1.2 0.9
3.1 2.2
*
*
2.9 3.4
0.9 1.7

Norway spruce
predominant
dominant
co-dominant
dominated
overtopped

0.7
2.1
*
2.9
0.1

0.7
2.8
*
2.7
0.2

1.9
0.6
*
0.9
1.7

0.5
1.8
*
2.3
0.1

0.4
3.6
*
2
0.1

0.7
2
*
1.7
0.2

0.8
3.1
*
1.8
0.1

Sitka spruce
predominant
dominant
co-dominant
dominated
overtopped

0.9
2.2
*
1.4
0.3

0.7
2.3
*
1.1
0.4

1.1
0.9
*
0.8
1.1

0.7
1.2
*
1.9
0.5

0.7
2.9
*
1.4
0.3

0.9
1.7
*
1.6
0.3

0.8
2.2
*
1
0.4

ρ

Note:
moderate evidence of lower properties relative to co-dominant
trees in bold (Bayes factor greater or equal to 2), moderate evidence of
higher properties underlined (Bayes factor of 0.33 or less).
*
Reference level of co-dominant class of each species.
eccentricity or projection area leads to an increase in the amount and size of
knots in sawn timber. Comparing the overall size and the amount of knots among
timber from different social classes, dominated trees have higher knottiness than
co-dominant trees in Douglas-fir and Norway spruce. Opposite trends can be seen
in other social classes, however, with inconclusive evidence.
The current study found no evidence that crown ratio, eccentricity or roundness
affect the examined wood properties in either structural-sized timber or in small
clear specimens (Table 4.5). The effect of crown projection area varies between the
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Table 4.5: Evidence strength of the effect of crown and tree properties quantified
with Bayes factors.
Structural sized timber
Em,0

Small clear specimens

fm

ρ

knot.

Em,0

fm

ρ

Crown projection area
predominant
0.5
dominant
0.1
co-dominant
4.9
dominated
0.1
overtopped
0.5

0.8
0.1
5.2
0.1
0.6

0.1
0.2
9
3.2
1.3

1.9
0.3
1.6
0.2
0.5

1
0.1
4.9
0
0.6

7.3
1.6
0.3
1
1.7

1
0.1
5.7
0.1
0.5

Slenderness
predominant
dominant
co-dominant
dominated
overtopped

1
1.5
0
2.3
19

1.1
1.7
0
3.2
13.3

4.6
3
7.3
0.3
0.4

1
1.2
0
1.6
9

1
0.4 0.8
0.5
0.6 1.7
0
0
0
3.2
1
5.2
15.7 6.1 9

Crown
ratio
roundness
eccentricity

1.1
4.6
0.8

0.7
1.9
0.6

1.5
0.7
0.9

0.5
0.6
0.4

1.1
1.6
1.5

0.5
0.8
0.5

0.5
1.6
1.6

Note:
strong evidence of negative influence in bold (Bayes factor greater
or equal to 4), strong evidence of positive influence underlined (Bayes factor of 0.2 or less).
studied crown classes, but is more often of a positive nature. The positive effect is
especially evident in dominant and dominated trees and was confirmed in multiple
wood properties. In co-dominant trees, wood density is very likely negatively
affected as the crown area increases. The evidence also shows that the effect of
slenderness on the studied mechanical properties is dependent on the social class
of the tree. In overtopped trees increasing slenderness leads to lowering of the
mechanical properties. There is also strong indication that increasing slenderness
leads to a corresponding increase in the elastic modulus, bending strength and
density of timber in co-dominant trees. The effect of slenderness varies in other
social classes, it is positive with increasing dominance and negative in suppressed
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trees.

4.6

Discussion

Various crown and tree characteristics can have a considerable effect on both
acoustic velocity of individual trees and on mechanical properties of the sawn
timber and small clear specimens, as found by the current study. There are substantial differences in acoustic velocity and mechanical properties between different crown social classes. Higher acoustic velocities were found in co-dominant
trees than dominant trees, which was also confirmed in a study done on radiata
pine (Merlo et al., 2013). Suppressed trees have the highest acoustic velocities
across the social classes. Comparing the mechanical properties studied across
social classes, the findings of the current study are in line with previous studies. Higher wood densities of suppressed trees were reported by multiple studies
across several species (Johansson, 1993; Amarasekara & Denne, 2002; Deng et al.,
2014). As there is a relatively high degree of association between density, elastic
modulus and bending strength in timber, similar trends across social classes were
expected and identified in both structural-sized boards and small clear specimens.
Tree slenderness affects both tree stiffness and the properties of sawn timber to
a varying extent depending on the crown social class. Both direction and the
size of the effect vary. It is negative in suppressed trees (increasing slenderness
leads to a decrease in velocity or mechanical properties) and positive in dominant
and co-dominant trees. While several past studies have shown that slenderness
can be used to predict the timber stiffness (Roth et al., 2007; Lasserre et al.,
2009; Searles, 2012) or timber strength (Lindström et al., 2009; Pretzsch & Rais,
2016), the findings of the current study suggest that these relationships are likely
to be dependent on social classes, as suggested by Pretzsch & Rais (2016). The
results of the current study also indicate that the difference in timber quality
between social classes may not be explained by branchiness alone, as differences
were confirmed in both structural-sized timber and small clear samples without
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any knots.
Similarly, the effect of crown projection area on tree acoustic velocity and/or timber mechanical properties differs between social classes. In general, it is positive,
so an increase in crown projection area leads to an increase in acoustic velocity
and/or timber mechanical properties. The effect is more evident in wood properties than on an individual tree level. Other crown properties, such as crown
eccentricity, ratio or roundness appear to have a negligible effect on mechanical
properties or acoustic velocity. Although timber quality models designed in the
past frequently treat crown shape as a predictor of overall timber quality (Houllier
et al., 1995; Mäkelä et al., 2011), the current study suggests that more detailed
research is needed on the relationships between tree crown, stem and timber properties. By providing a better understanding of the associations between them,
silviculture could be used to improve the overall quality of the timber produced.
Past studies of the relationships between crowns and wood properties (Amarasekara & Denne, 2002; Merlo et al., 2013; Deng et al., 2014) have normally
used a narrower classification system with three social classes, whereas the current study classified trees’ crowns into five social classes. If the results of the
current study are grouped from five classes into three, the results are in line with
previous findings. As such it was confirmed that timber from suppressed trees
has higher wood density, elastic modulus and bending strength with dominance
also having an effect. Results indicate that division of trees into five crown social
classes is sensible, due to the differences found in mechanical properties among
the classes. For example, dominated and overtopped trees affect the timber to
different degrees, even though they would both be grouped into a suppressed category. Similarly predominant and dominant trees would also be grouped into one
category dominant. In both cases the direction of the effect is the same for both
social classes when grouped into one grouped category.
The likelihood of the effect of various crown properties on timber properties varies
among the three species studied. While the relationships are similar among the
three species, they are more distinct in Douglas-fir and Norway spruce than in
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Sitka spruce. This could be related to differences in growth rate or in shade tolerance of individual species, as proposed by Chen et al. (2017), who found similar
differences in subtropical species. The differences could also be a consequence of
species distinctions on a cellular level (different latewood-earlywood proportions,
microfibril angle, ...). The distinctions between species indicate that the effect
of species should not be disregarded when studying the relationships between
crowns, stems and timber quality. Further research is needed to provide possible
explanations for those differences, including a wider range of species.
The results of the current study confirm that there is a relationship between crown
and wood properties, both in structural-sized timber and small clear specimens.
A combination of causal mechanisms as suggested by Larson (1969), acting in
harmony, could explain the differences in wood properties by crown size and
crown social status identified in the current study. The main cause of differences
is most likely a combination of two factors, differences in light availability and
in the mechanical loading of the crowns. The former will affect the growth and
development of the crown as a whole, directly affecting the production of growth
regulators and the amount of photosynthates. The varying shapes and centres
of gravities of crowns will lead to different mechanical stresses to different parts
of the stem, likely increasing the variation in mechanical properties of the stem.
The current study found that more suppressed trees have smaller, more eccentric
crowns, which are also less round than those of more dominant trees. While
an increase in variation with increasing suppression can be seen in some of the
mechanical properties of the species considered in this study, the effect is not
uniform across species or mechanical properties. More research is needed to
provide a better understanding of the interations between causal mechanisms
and relationships between crown and wood properties.
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4.7

Conclusions

Several conclusions can be made with regard to silvicultural practice in pure evenaged stands, based on the results of the current study. As grading of structural
timber into strength classes is normally based on the three grade-determining
properties on a population level, a small shift in one characteristic value of the
grade-limiting property can potentially have a substantial effect on the end grade
of the timber from an individual stand. Considering the quality of the end product (i.e. structural-sized timber), little is gained by removing suppressed trees
early or by even removing them at all, assuming they show potential for saw log
quality. If their competition is holding back growth of trees with better potential,
they should be removed to facilitate yield transfer to more promising trees. On
the contrary, the opposite statements apply to predominant and dominant trees,
although the magnitude of their effect is smaller than for suppressed trees. With
this in mind, the results of the current study indicate, that in order to maximize
the quality of the timber produced on a stand level, predominant and dominant
trees are less desirable in the final stand composition, and should be removed
during thinning, when feasible. Co-dominant trees, on the other hand, should be
kept, as they produce timber of relatively high quality. These findings indicate
that both thinning from below or thinning from above can be detrimental to the
overall quality of the timber produced. Combining different thinning systems
appears to be the best approach to increasing timber quality when thinning.
The results of the current study suggest that silvicultural systems, which increase
the variability of the vertical stand structure in the upper stand layer are less
favourable when considering the quality of softwoods timber produced on a stand
level. Thinning systems which favour the removal of high dominance trees and do
not remove suppressed trees should be taken into consideration, when optimizing
the quality of the timber produced. Such systems may also be combined with
high-density regeneration (natural or artificial), as increased levels of competition
in the early years of a stand also increase slenderness and decrease the juvenile
core. Both can lead to an increase in overall mechanical properties of timber.
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Other factors should be considered alongside these recommendations, as leaving
suppressed trees where possible has other advantages as well. Non-removal of
suppressed trees is cost-effective and improves the overall strength grade of the
timber harvested. They also provide a natural backup in case of a catastrophic
event affecting upper and middle stand layers. However, it is worth noting that
adjusting the proportions of social classes in favour of suppressed trees can result
in more stand damage due to wind. The findings indicate that it is possible to
influence timber quality in the forests by removing trees of defined characteristics
and by retaining the best of co-dominant and suppressed trees to increase the
overall timber quality on a stand level. As the quality of the timber produced is
only one aspect of forest management, the findings of the current study do not
represent a prescription for growing higher quality timber. Instead they represent
the summary of what should be taken into account when aiming to improve the
quality of the timber produced by adjusting proportions of social classes with
thinning.
The current study shows that further improvement of silviculture is still possible,
especially when considering optimization of forest management for quality. More
targeted research into the effect of silvicultural systems on timber quality in conjunction with stand social composition is needed, focused on different climates,
sites and species. New technology, such as terrestrial laser scanning could provide a valuable addition in evaluating the current state of competition, including
rapid assessment of crown social positions. Future studies of how to manipulate
mechanical properties of timber with silviculture are therefore recommended in
order to better clarify the relationship between quantity and quality of the timber
produced.
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4.8

Supplementary information

Table 4.6: Multilevel models prior distributions
Model parameter

Intercept

Population-level effects

Standard deviations
of group-level effects

Structural sized
Em,global
fm
ρ
knotiness

timber
N ormal(10000, 2500)
N ormal(50, 10)
N ormal(450, 50)
N ormal(2500, 250)

N ormal(0, 2500)
N ormal(0, 10)
N ormal(0, 50)
N ormal(0, 250)

Student − t(3, 0, 2171)
Student − t(3, 0, 14)
Student − t(3, 0, 69)
Student − t(3, 0, 1933)

Small clear specimens
Em
N ormal(9000, 2000)
fm
N ormal(75, 10)
ρ
N ormal(450, 50)

N ormal(0, 2000)
N ormal(0, 10)
N ormal(0, 50)

Student − t(3, 0, 2110)
Student − t(3, 0, 18)
Student − t(3, 0, 79)

Longitudinal velocity
velocity
N ormal(4000, 250)

N ormal(0, 250)

Student − t(3, 0, 357)
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Table 4.7: Sawn timber and small clear samples properties by species and crown
social class - standard deviation
Structural sized timber

Small clear specimens

N

Em,0

fm

ρ

knot.

N

Em,0

fm

ρ

Douglas-fir
predominant 92
dominant
72
co-dominant 57
dominated
29
overtopped
21

1835
1895
1940
2509
1895

15
15
18
17
13

41 2893
48 2315
47 1949
48 1465
49 1417

91
71
56
29
21

1248
1714
1932
1668
1112

12
18
16
13
10

37
54
54
42
39

Norway spruce
predominant 133 1816
dominant
93 1566
co-dominant 69 1675
dominated
43 2151
overtopped
30 2199

13
12
11
14
15

50 1847
48 2238
65 2053
47 2314
52 1705

133
92
69
43
30

1806
1959
1922
1799
1840

15
15
16
14
15

59
59
73
65
58

Sitka spruce
predominant 233
dominant
195
co-dominant 131
dominated
77
overtopped
67

12
13
12
11
9

43
55
45
52
43

224 1492 12
185 1646 14
118 1602 13
76 1732 13
65 1549 13

50
62
54
57
52

1939
1862
1630
1570
1490

2532
2720
2122
2638
2229

Note:
elastic modulus and bending strength in M P a, density in
−3
kgm , knottiness unitless.
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Table 4.8: The effect of crown social status, area, ratio, eccentricity, roundness
and slenderness on mechanical properties and knottiness of boards.
Structural sized timber

Small clear specimens

Em,0

fm

ρ

knots

Em,0

fm

ρ

5386
1365

23
11

408
32

3724
1765

6763
1415

64
11

385
42

Crown social class, Sitka spruce
predominant
413
0.6
dominant
-267 -3.2
dominated
-944 -2.8
overtopped
993
7.2

4
-23
-8.8
35

-20
6.6
31
-19

419
-1133
-390
1360

1.4
-4.8
-0.012
5.9

8.2
-24
-3.3
28

Crown social class, Douglas-fir
predominant
803
4.3
dominant
797
1.8
co-dominant
1161 6
dominated
1022 1.5
overtopped
573
-0.22

6.2
31
35
-18
4.4

95
-27
9.4
-59
-28

1219
989
1021
-75
170

5.2
5.4
5.8
-2.6
-4.2

14
30
25
-19
3.2

Crown social class, Norway spruce
predominant
-24
-0.76
dominant
-1196 -4.2
co-dominant
-576 -2.6
dominated
-811 -3.8
overtopped
1409 3

2.9
-8.3
-6.5
-32
28

-118
147
28
38
-80

196
-728
-339
-728
726

-0.82
-4.2
-0.62
-4.5
7.3

1.4
-14
-2.9
-32
30

Crown area
predominant
dominant
co-dominant
dominated

0.71
3.4
-1.8
4.2

64
60
-70
-65

-1.6
69
-54
201

-0.0032
0.73
-0.5
1.3

0.34
3.6
-2.1
4.3

Intercept
intercept*
ρresidual

-31
57
-22
124

-0.52
-0.13
0.29
-0.0074
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Table 4.8: The effect of crown social status, area, ratio, eccentricity, roundness
and slenderness (continued)
Em,0

fm

ρ

knots

Em,0

fm

ρ

overtopped

41

-0.18

1.2

-12

26

0.31

0.86

Slenderness
predominant
dominant
co-dominant
dominated
overtopped

1.1
-3.8
83
-8.9
-40

0.077
0.051
0.45
0.0026
-0.16

-0.023
-0.21
1.7
-0.39
-1.2

-11
-7.6
-25
8.1
6.3

-0.34
12
46
-17
-37

0.02
-0.058
0.34
-0.15
-0.2

-0.037
-0.27
1.9
-0.51
-1.1

Crown
ratio
eccentricity
roundness

586
96
471

3.5
0.47
1

-2.4
0.72
-34

-60
5.2
53

-30
-38
-340

3.7
-0.32
-2.2

8.1
1.8
-15

Proportion of juvenile wood
< 50%
-945 -7.7
> 50%
-1894 -11

-35
-57

1131
2512

-366
-727

-5
-8.5

-20
-47

Longitudinal position
second log
343

-2.8

-2.8

421

490

0.37

1.9

Group-level effects
ρthinned
ρspecies
ρstand
ρplotinstand
ρtreeinplotinstand

6.7
6.2
3.1
2.1
5.8

31
66
21
16
26

1363
731
527
195
817

1027
1322
583
455
683

8.3
15
5.5
4.4
6.4

35
65
25
19
29

1167
1336
613
519
946

Note:
Elastic modulus and bending strength in M P a, density in kgm−3 , knot*
tiness unitless.
Reference level: co-dominant Sitka spruce, no juvenile wood,
first log.
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Chapter 5
Evaluating timber quality in
larger diameter standing trees:
rethinking the use of acoustic
velocity

5.1

Paper overview

This chapter details a critical examination and evaluation of the use of acoustic
velocity measured in mature standing trees for prediction of mechanical properties of timber. The relationships between acoustic velocities measured in both
transverse and longitudinal directions and mechanical properties were relatively
poor, most likely due to the relatively high diameter of the trees considered in the
current study. The results indicate that the existing methodology used for nondestructive evaluation of trees is likely not appropriate for use on larger-diameter
trees (diameter at breast height above 25 cm).
The content of this chapter has been published in the journal Holzforschung:
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Krajnc, L., Farrelly, N., & Harte, A. M., Evaluating timber quality in largerdiameter standing trees: rethinking the use of acoustic velocity, Holzforschung,
2019, 73(9): 797-806. In this joint publication, Luka Krajnc, supervised by Dr.
Annette Harte and Dr. Niall Farrelly, designed the experiment, conducted the
measurements in the field, performed the laboratory testing, analysed the test
results and wrote the paper. This chapter addresses the third objective of this
research study.

5.2

Abstract

The use of acoustic velocity for different purposes is becoming widespread in the
forestry industry. However, there are conflicting reports on how well this technology reflects the mechanical properties of trees. In this study, the prediction
of timber quality using acoustic technology was evaluated on mature standing
trees of three softwood species. The velocity in 490 standing trees was measured in several directions (longitudinal, radial, tangential). A subsample of
trees was felled and acoustic velocity was measured in 120 logs which were then
sawn into structural-sized timber. A total of 1383 boards were tested in bending, as were small clear specimens extracted from the structural-sized boards.
The mean tree values of the timber grade-determining properties (elastic modulus, bending strength and density) of both specimen sizes were related to the
acoustic velocities and tree slenderness. The correlations between mean tree mechanical properties and acoustic velocities were relatively low, most likely due
to a high ratio of diameter to measurement distance. The transverse directions
showed similar correlations with mechanical properties in larger diameter trees
to longitudinal direction, as did tree slenderness. The results suggest that while
the acoustic velocity in longitudinal direction can reflect mean tree mechanical
properties in small diameter trees, alternatives are needed to achieve the same in
larger diameter trees.
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5.3

Introduction

Non-destructive evaluation of wood as a material is widely used at different stages
along the forestry and wood processing chain. By doing so, the potential quality
of the timber can be evaluated without inflicting significant damage to the object
evaluated (Legg & Bradley, 2016). These techniques are widely used for grading
structural-sized timber into strength classes, enabling the stratification of boards
into quality classes defining or limiting their end use (Ridley-Ellis et al., 2016).
One of the most commonly used non-destructive evaluation methods of wood
is the use of acoustic velocity. Acoustic-based methods of wood evaluation can
in general be divided into two groups, those based on acoustic resonance (AR)
or on acoustic time of flight (TOF). The former is based on determining the
fundamental frequency of the specimen tested, while the latter measures the time
it takes a sound wave to propagate across the material between two points. Both
methods have been used for evaluating wooden products, sawn timber or logs,
as reported in multiple studies (Wang, 2013; Ross, 2015; Legg & Bradley, 2016;
Rudnicki et al., 2017). However, resonance-based methods are not applicable to
standing trees, as they require two cut faces. On the other hand, TOF techniques
can be and are frequently used on standing trees (Legg & Bradley, 2016). They
can be further divided, according to the method used to generate the initial
impulse, into acoustic stress wave and ultrasonic techniques. Stress waves are used
more frequently, as the impulses generated with an external tool (e.g. hammer)
have greater energy and can propagate further due to their lower frequencies and
therefore lower attenuation. Due to the advances in ultrasonic technology over
the last few decades, generating impulses with the use of piezoelectric transducers
is becoming more widely used (Ross, 2015).
On standing trees, TOF measurements are usually carried out in the longitudinal
direction, i.e. parallel to the grain. Several studies have related the mechanical properties of standing trees and their velocity in the longitudinal direction.
The mechanical properties of interest are usually the strength grade-determining
properties of sawn timber, i.e. modulus of elasticity (MOE), bending strength
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(also known as modulus of rupture, MOR) and clear wood density as per the
European strength classification system defined in EN 338 (CEN, 2016). For example, Auty & Achim (2008) report relatively good correlations between acoustic
velocity of trees and weighted modulus of elasticity (R2 = 0.53) or modulus of
rupture (R2 = 0.59). These results were based on eleven 66-year-old Scots pine
trees (selected from a sample of 100 trees with a mean diameter of 25 cm). Four
small clear specimens per log were cut from the bottom log of each tree for a total
of 40 specimens. Similar relationships were also found by Wang et al. (2001) in
Western hemlock and Sitka spruce, who evaluated a total of 168 trees aged 38
to 70 years, one log from each of 56 trees (DBH ranging from 9 to 53 cm) and 8
small clear samples from each log.
Very few studies have evaluated how tree acoustic velocity relates to the mechanical properties of sawn boards. A study by Amateis & Burkhart (2015) reported
no correlation between tree acoustic velocity and mean mechanical properties of
structural-sized timber in loblolly pine, suggesting that this was due to the small
number of boards taken from each tree. They evaluated 48 trees using acoustic
velocity with a diameter at breast height of at least 21.8 centimetres, aged 27
years. A total of 87 structural-sized boards (two per tree) with dimensions of
5 x 10 x 203 centimetres were cut from the first log and tested in bending. No
relationships were found between mean MOE and MOR values of boards from
each tree and its acoustic velocity.
Rais et al. (2014b) considered how acoustic velocities measured in Douglas fir
standing trees in both long logs and short logs could be used for pre-grading of
the material at different stages. Dynamic modulus of elasticity of boards was
used for pre-grading, but no destructive tests were carried out. While relatively
high correlations were found between dynamic modulus of elasticity of logs and
mean dynamic modulus of elasticity in boards, the relationships found between
tree mean dynamic elastic modulus and the tree acoustic velocity was reported as
relatively low (R2 = 0.30). The correlations were better at the log level. Similar
levels of correlations were reported by Šimić et al. (2019) in young Sitka spruce.
In the latter study, full destructive testing was undertaken and better relation-
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ships were found between mean tree mechanical properties and acoustic velocities
measured on standing trees (R2 = 0.41 for modulus of elasticity and R2 = 0.27
for bending strength). A study by Matheson et al. (2002) reported an R value of
0.33 when comparing the acoustic velocity and average tree board stiffness in one
sub-sample of radiata pine. In a second sub-sample, no correlation was found.
Grabianowski et al. (2006) studied the use of TOF measurements for prediction
of mechanical properties of lumber in young radiata pine. A relatively high correlation was found between acoustic velocity and the mechanical properties of
lumber sawn from those trees. Higher values were found for timber sawn from
outerwood (R2 = 0.89) than from corewood (R2 = 0.74).
Acoustic velocity can also be measured perpendicular to grain in standing trees.
This is usually done for defect detection as part of stem tomography (Ross, 2015).
High rates of defect detection were reported in multiple studies and hence the
methodology is commonly used by arborists to assess the stability of individual
trees. In general, measurements perpendicular to the grain and along the grain
are to a degree correlated. Acoustic velocity is the highest in longitudinal direction, followed by radial and tangential directions (Bucur, 2006). In addition
to measurement orientation, other factors affect the acoustic velocity in a standing tree. For example, temperature (Xu & Wang, 2014) and moisture content
(Llana et al., 2018) both have an impact on the acoustic velocity measured in
timber, which was confirmed in logs by Denzler & Weidenhiller (2016) as well as
in standing trees by Searles (2012) and Newton (2018).
Correlations between acoustic velocities of standing trees and logs appear to be
relatively good, as reported in several previous studies (Wang, 2013; Moore et al.,
2013). At the log level, the log acoustic velocity was used in multiple studies for
segregating logs by quality (Rais et al., 2014b; Fischer et al., 2015; Šimić et al.,
2019). However, the relationships between tree acoustic velocity in standing trees
and the mechanical properties of the sawn timber from these trees are not yet
fully understood, especially when considering larger diameter trees, i.e. mature
trees. Outside of using acoustics, individual tree properties can also be used
for assessing timber quality of standing trees. Tree slenderness, defined as the
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ratio of tree height to diameter at breast height, is a relatively good predictor of
both mean tree stiffness (Lindström et al., 2009; Searles, 2012) and mean timber
strength (Lindström et al., 2009; Pretzsch & Rais, 2016). Pretzsch & Rais (2016)
reported an R2 value of 0.52 in Douglas fir when relating slenderness to predicted
mean strength. This indicates that slenderness can also be used to evaluate
timber quality in standing trees. The link between diameter, taper and MOE
was also confirmed by Lowell et al. (2014).
The current study aims to investigate the relationships between acoustic measurements in larger diameter trees and mechanical properties of both structuralsized timber and small clear specimens. Full samples of boards and small clear
specimens from individual trees were tested in bending, enabling a better understanding of the relationships between acoustic velocities in standing trees and
mechanical properties of sawn timber. Acoustic velocities were measured in the
longitudinal, radial and tangential directions on standing trees and their usefulness for predicting mechanical properties of either sawn boards or small clear
specimens was assessed.

5.4

Methods and material

The material for this study was part of a larger research project considering how
silvicultural practice affects the mechanical properties (Krajnc et al, 2019). A
total of 490 trees of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), Norway
spruce (Picea abies (L.) H. Karst) and Sitka spruce (Picea sitchensis (Bong.)
Carr) were included in the study. All trees were part of mature stands before clear
felling (55 years of age). To examine the use of individual tree characteristics for
prediction of timber quality, several tree properties were recorded on all standing
trees in addition to the acoustic velocities. Diameter at breast height (d) and
species were recorded for all trees, as were tree heights (h), using the Vertex IV
hypsometer (Haglöf, Långsele, Sweden). Slenderness (h/d) was determined as
the ratio of tree height to diameter at breast height. Crown projection areas
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were established by applying the shoelace algorithm (also known as Gauss’s area
formula) to crown coordinates for each tree (Pretzsch, 2009), which were recorded
in the field using a Densitometer (Geographic Resource Solutions, Arcata, CA,
USA), a vertical sighting device with a mirror inside.
A

B

A
prevailing wind
direction

1m

D

1.3 m

B

transmitting
transducer

C

Figure 5.1: Sketch of longitudinal measurement (A) and cross section of a tree
stem at breast height for transverse measurements (B), displaying height of measurement and the orientation of transmitting transducers in relation to receiving
transducers and prevailing wind.
Two different devices were used for recording stress wave velocity in standing
trees, one generating the impulse with an external tool (hammer) and one using
a piezoelectric transducer. Acoustic velocity in standing trees is most commonly
evaluated over a fixed distance in the longitudinal direction using the former
approach. In this study, other measuring directions, specifically the radial and
tangential directions (transverse directions) were investigated. As the measuring
distance varied significantly in the transverse directions (depending on the tree
diameter), it was not possible to guarantee the same impulse strength using the
hammer over varying distances. The impulse strength affects the detection of
time of flight and should be controlled in order to obtain non-biased data. Measurements over a standardized distance are usually not affected, as it is relatively
easy to use the hammer with the same strength. Doing so objectively over varying distances is more problematic and could affect the measurements. This is,
however, possible using piezoelectric transducers, as the signal amplification is
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controlled electronically. Due to those differences and the difference in energy
needed to obtain a readable signal, the hammer was used over a longer distance
(in the longitudinal direction) and ultrasonic transducers over shorter distances
(transverse directions).
The moisture content in standing trees was above fibre saturation point and no
corrections to a reference moisture content were made to the stress wave velocity
values. The influence of the difference in moisture content between trees was
considered negligible above fibre saturation point, as the trees were measured in
the same season.
The stress wave velocity in trees was measured using the TreeSonic device (Fakopp
Bt, Sopron, Hungary) in the longitudinal direction at breast height (see Figure
5.1a), perpendicular to the prevailing wind direction (SE side). The distance between transducers was one metre. The four cardinal directions were marked on
each tree using a handheld compass and the horizontal levels were marked using
a water level. The radial distance between them was recorded using a caliper.
The ultrasonic velocities were recorded in six directions, two radial and four tangential (see Figure 5.1b). The device used was a Pundit PL-200 ultrasonic device
(Proceq, Schwerzenbach, Switzerland) with exponential transducers operating at
54 kHz. The amplification of the signal was manually adjusted to avoid signal
clipping to maximise the signal-to-noise ratio and measurements in each direction
were recorded three separate times. The signals were then exported and further
processed in the open source statistical environment R (R Core Team, 2018),
using the R package seewave (Sueur et al., 2008). The threshold used for TOF
detection was 5 % of the signal amplitude. All further statistical analysis was
carried out in R. The data used for linear regression models were checked for
observed linearity and linear regression model residual plots were inspected for
occurrences of non-randomness. None of the models was found to be problematic
in this respect. Second-order polynomial regressions were also tested; however,
their residual plots were non-random and therefore were not explored any further.
After non-destructive assessment, 60 trees (20 from each species) were selected,
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stratified by crown social class (predominant, dominant, co-dominant, dominated
and overtopped trees; see Krajnc et al. (2019b)) and felled. The acoustic velocity
of the first 6-metre log from each tree was determined in the longitudinal direction by measuring the log fundamental frequency with a handheld MTG device
(Brookhuis, Netherlands), using an external hammer to incite the signal. As
in standing trees, no moisture content adjustments were made to the velocities
recorded. Due to the size of the logs and orientation of the measurements in the
radial and tangential directions, the use of the Pundit device was not feasible
on logs due to manual handling constraints. The Treesonic device was not used
on logs as it was not feasible to use it on the same side of the trunk as when
the trees were measured standing. The log was then cut into two 3-metre logs
and processed into structural-sized timber with cross-sectional dimensions of 45
mm x 100 mm. The resulting 1383 boards were kiln dried and stored in a conditioning chamber at at 20 ◦ C and 65 % relative humidity until a constant mass
was attained. All boards were then tested in four-point bending according to EN
408 (CEN, 2012) to determine modulus of elasticity and bending strength. Two
approaches to measuring density were used, one measuring the overall board density (ρboards ) and one the density of clearwood (ρclears ). Additionally, mean board
density was determined for each board and the moisture content at the time of
testing was determined using EN 13183-1 (CEN, 2002) with values corrected to a
reference moisture content of 12 %. After testing a small clear specimen was extracted from the undamaged portion of each board, close to the fracture location.
The specimens had no knots present and were of dimensions 20 mm x 20 mm
x 300 mm. The mechanical properties of each of the 1347 small clear samples
were determined in three-point bending as per the BS 373 (British Standards
Institution, 1957) after further conditioning to a moisture content of 12 %.
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5.5
5.5.1

Results and discussion
Acoustic velocities

In total, 490 standing trees were measured and their distribution by species and
acoustic velocities summarised in Table 5.1. In absolute terms, longitudinal velocities are the highest, followed by radial and tangential velocities. While there
appears to be little difference in longitudinal velocities among species, the radial
and tangential velocities differ between species. Acoustic velocities measured on
standing trees in the current study are comparable to previously reported values.
It is worth pointing out that the actual velocity reported by the device depends
partly on the device’s method of TOF determination, e.g. the amplitude threshold values used for TOF detection, and various other factors (time of the year,
diameters at breast height,...).
Table 5.1: Measured velocities by different measurement directions and species,
displaying mean values and coefficients of variation (in brackets).
Douglas fir

Norway spruce

Sitka spruce

d
N
slenderness
vlongitudinal
vradial,AC

25 (38)
148
80 (22)
3985 (9)
1392 (32)

30 (36)
213
78 (21)
3954 (9)
1478 (26)

41 (25)
129
73 (19)
3951 (8)
1850 (24)

vradial,BD
vtangential,AB
vtangential,AD
vtangential,BC
vtangential,CD

1365 (33)
1037 (40)
1032 (39)
1006 (35)
970 (39)

1466
1257
1250
1255
1240

1816
1541
1458
1428
1471

(25)
(33)
(34)
(30)
(33)

(21)
(26)
(25)
(27)
(27)

Note:
Diameter at breast height d in cm, slenderness
unitless, velocities in ms−2 , coefficient of variation in percent.
In order to examine the correlation between the velocities in various directions
and selected tree properties, a correlation matrix was used (see Figure 5.2). The
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velocities measured in different directions correlate with one another to a varying
degree. There is a relatively high correlation both between tangential velocities
in the four directions and also between tangential and radial velocities. Although
lower, correlations were also found between longitudinal velocities and transverse
velocities. The results also show that while both longitudinal and transverse velocities are correlated with tree characteristics, the relationship is less pronounced
in longitudinal velocities. Although the use of different devices for measuring different directions could affect the relationships between the velocities measured in
different directions, the relatively high correlations would suggest this is not an
issue. The velocities perpendicular to grain (in transverse direction) correlate to
a lesser degree with the longitudinal velocity. Relatively good correlations were
also found between acoustic velocities of standing trees and their slenderness or
diameter at breast height, while weaker relationships were found with the crown
projection area. This shows, that when trying to predict the tree mechanical
values using acoustic velocities in conjunction with tree properties, additional
caution is required in interpretation of the relationships due to relatively high
multicollinearity.

5.5.2

Relationship between tree-level properties and log
acoustic velocity

A linear regression analysis was used to examine the relationship between standing tree acoustic velocity and log acoustic velocity. The obtained results are
displayed in Table 5.2. While a weak relationship was found in Douglas fir and
Norway spruce, no such correlations were found in Sitka spruce. Slenderness was
used as an additional variable to compare the correlations. Compared to acoustic
velocities, tree slenderness correlates more strongly with the acoustic velocity of
the log with the exception of Douglas fir. However, the degree of association is
still relatively low.
Relatively weak or non-existent relationships were found in Sitka and Norway
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Figure 5.2: Correlation matrix of acoustic velocities and selected tree characteristics (N = 490). Displaying Pearsons’s correlation coefficient, all values sigificant
at p < 0.001 level.
spruce between longitudinal velocities of long logs and those of standing trees.
Slightly higher values were found in Douglas fir. This is in contrast to previously
reported studies (Wang, 2013). The differences are likely due to bigger diameters
of trees in the current study, as the ratio of diameter at breast height to measuring distance was lower than in previous studies. Zhang et al. (2011b) investigated
the propagation of stress waves in logs in relation to diameter-to-distance ratio.

126

Chapter 5. Evaluating timber quality in larger diameter standing trees...
Table 5.2: Results of linear regression analysis: log velocity = ax + b (N = 120).
x

a (± StE)

b (± StE)

R2

Douglas fir
slenderness
vlongitudinal
vradial,AC
vradial,BD
vtangential,AB
vtangential,AD
vtangential,BC
vtangential,CD

10 (5)
0.4 (0.1)
-0.3 (0.09)
-0.2 (0.1)
-0.3 (0.1)
-0.3 (0.1)
-0.4 (0.1)
-0.2 (0.1)

3361
2666
4541
4422
4454
4435
4518
4316

(337)
(502)
(161)
(177)
(179)
(152)
(163)
(156)

0.20
0.31
0.37
0.22
0.25
0.30
0.35
0.16

Norway spruce
slenderness 11 (4)
vlongitudinal
0.3 (0.2)
vradial,AC
-0.2 (0.1)
vradial,BD
-0.3 (0.1)
vtangential,AB -0.1 (0.1)
vtangential,AD -0.07 (0.2)
vtangential,BC -0.1 (0.2)
vtangential,CD -0.2 (0.1)

2976
2743
4094
4211
3956
3855
3929
3997

(327)
(824)
(227)
(244)
(214)
(216)
(215)
(202)

0.24
0.08
0.11
0.17
0.05
0.01
0.04
0.08

Sitka spruce
slenderness
vlongitudinal
vradial,AC
vradial,BD
vtangential,AB
vtangential,AD
vtangential,BC
vtangential,CD

3368
3375
3826
3652
3844
3860
4022
3860

(304) 0.14
(570) 0.04
(202) 0.01
(228) 0.06
(215) 0.00
(174) 0.00
(172) 0.03
(225) 0.00

8 (4)
0.1 (0.1)
0.03 (0.1)
0.1 (0.1)
0.03 (0.1)
0.02 (0.1)
-0.09 (0.1)
0.02 (0.2)

In order for the wave to propagate as a quasi one-dimensional wave, they recommended a maximum ratio of 0.1. This recommendation was also confirmed in
logs by Searles (2012) and in standing trees by Gil-Moreno & Ridley-Ellis (2015),
where increasing the distance between transducers significantly improved the prediction accuracy. More research is required to further characterize the effect of
dimensions on relationships between log and tree acoustic velocity.

127

Chapter 5. Evaluating timber quality in larger diameter standing trees...

5.5.3

Relationship between tree-level properties and acoustic velocities

A linear regression analysis was used to examine the relationship between the
mean mechanical properties of boards from individual trees and their acoustic
velocities. Slenderness and acoustic velocities in three directions were used as
independent variables. Longitudinal, radial and tangential velocity perpendicular
to the prevailing wind direction were used, as they showed the best potential in
initial modelling. The results can be seen in Tables 5.3 to 5.5, presented separately
for the three studied species.
Of the three species modelled, the Douglas fir sample showed the highest correlations between the modelled variables. Slenderness was one of the best predictors
of mean tree mechanical properties. It is also worth noting that the acoustic
velocity in the longitudinal direction was better in reflecting the tree mechanical properties than in the transverse directions. A similar degree of correlation
between modelled variables was found in both structural-sized boards and small
clear specimens, contrary to Sitka and Norway spruce.
In Norway spruce (Table 5.4), tree slenderness was found to correlate the strongest
with mechanical properties. Of the three tested velocity directions, the radial velocity perpendicular to prevailing wind directions again shows the best correlation
with the properties included. However, it is unlikely that any of the directions
can be used for prediction of tree mechanical properties, as the R2 values are
very low. In contrast to Sitka spruce, acoustic velocities appear to correlate more
highly with the mechanical properties of small clear specimens than with the
structural-sized boards.
In Sitka spruce (Table 5.5), the radial velocity perpendicular to prevailing wind
directions shows the best correlation with the mechanical properties modelled.
Other directions show less potential to be used for prediction of tree mechanical properties. While relationships found are relatively weak, acoustic velocity
appears to correlate more highly with the mechanical properties of boards than
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Table 5.3: Results of linear regression analysis (y = ax + b) for sawn Douglas
fire (N = 20).
y

ρclear

ρboard

Em,0

fm

ρclear

Em,0

fm

x

a (± StE)

b (± StE)

R2

Structural-sized boards
slenderness -2 (0.6)
671 (45)

0.28

vlongitudinal

0.04 (0.02)

417 (76)

0.15

vradial,BD

0.03 (0.02)

511 (26)

0.15

vtangential,AB

0.04 (0.02)

501 (25)

0.20

slenderness

-1 (0.6)

653 (45)

0.19

vlongitudinal

0.03 (0.02)

433 (72)

0.15

vradial,BD

0.02 (0.01)

526 (24)

0.12

vtangential,AB

0.03 (0.02)

517 (24)

0.17

slenderness

-19 (30)

13750 (2121)

0.02

vlongitudinal

2 (0.6)

3095 (2528)

0.43

vradial,BD

-0.4 (0.7)

13016 (1108)

0.02

vtangential,AB

0.02 (0.8)

12360 (1155)

0.00

slenderness

-0.06 (0.2)

61 (11)

0.01

vlongitudinal

0.01 (0.004)

18 (14)

0.29

vradial,BD

-0.002 (0.003)

59 (6)

0.01

vtangential,AB

-4e-05 (0.004)

57 (6)

0.00

Small clear specimens
slenderness -1 (0.5)
659 (39)

0.28

vlongitudinal

0.03 (0.02)

441 (66)

0.15

vradial,BD

0.02 (0.01)

518 (22)

0.16

vtangential,AB

0.03 (0.02)

512 (22)

0.20

slenderness

-59 (18)

14889 (1256)

0.38

vlongitudinal

1 (0.6)

6113 (2251)

0.19

vradial,BD

0.5 (0.5)

9884 (810)

0.06

vtangential,AB

1 (0.6)

9398 (800)

0.14

slenderness

-0.4 (0.2)

126 (11)

0.29

vlongitudinal

0.008 (0.005)

65 (19)

0.14

vradial,BD

0.004 (0.004)

91 (7)

0.04

vtangential,AB

0.007 (0.005)

87 (6)

0.12

Note:
ρ - density, Em,0 - modulus of elasticity, fm - bending strength, v - acoustic velocity
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Table 5.4: Results of linear regression analysis (y = ax + b) for sawn Norway
spruce (N = 20).
y

ρclear

ρboard

Em,0

fm

ρclear

Em,0

fm

x

a (± StE)

b (± StE)

R2

Structural-sized boards
slenderness 2 (0.9)
323 (69)

0.15

vlongitudinal

-0.02 (0.04)

519 (169)

0.01

vradial,BD

-0.03 (0.03)

488 (52)

0.04

vtangential,AB

0.02 (0.03)

417 (43)

0.02

slenderness

2 (1)

327 (70)

0.15

vlongitudinal

-0.01 (0.04)

501 (172)

0.00

vradial,BD

-0.03 (0.03)

500 (53)

0.04

vtangential,AB

0.01 (0.03)

435 (44)

0.01

slenderness

60 (34)

5440 (2442)

0.15

vlongitudinal

1 (1)

3977 (5887)

0.05

vradial,BD

-1 (1)

11485 (1837)

0.05

vtangential,AB

0.7 (1)

8721 (1526)

0.03

slenderness

0.4 (0.2)

18 (14)

0.16

vlongitudinal

0.007 (0.009)

17 (35)

0.03

vradial,BD

-0.005 (0.007)

53 (11)

0.03

vtangential,AB

0.004 (0.006)

39 (9)

0.02

Small clear specimens
slenderness 2 (1)
281 (80)

0.21

vlongitudinal

-0.01 (0.05)

510 (205)

0.00

vradial,BD

-0.05 (0.04)

531 (61)

0.08

vtangential,AB

-0.003 (0.04)

458 (53)

0.00

slenderness

53 (31)

4643 (2224)

0.14

vlongitudinal

0.1 (1)

7870 (5479)

0.00

vradial,BD

-1 (1)

10681 (1623)

0.10

vtangential,AB

0.4 (0.9)

7933 (1397)

0.01

slenderness

0.5 (0.2)

35 (18)

0.20

vlongitudinal

0.005 (0.01)

54 (46)

0.01

vradial,BD

-0.01 (0.008)

96 (13)

0.16

vtangential,AB

-0.003 (0.008)

77 (12)

0.01

Note:
ρ - density, Em,0 - modulus of elasticity, fm - bending strength, v - acoustic velocity
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Table 5.5: Results of linear regression analysis (y = ax + b) for sawn Sitka spruce
(N = 20).
y

ρclear

ρboard

Em,0

fm

ρclear

Em,0

fm

x

a (± StE)

b (± StE)

R2

Structural-sized boards
slenderness 0.6 (0.7)
393 (52)

0.04

vlongitudinal

-0.006 (0.02)

462 (95)

0.00

vradial,BD

0.05 (0.02)

354 (32)

0.27

vtangential,AB

0.007 (0.02)

427 (33)

0.01

slenderness

0.7 (0.7)

399 (49)

0.05

vlongitudinal

-0.004 (0.02)

466 (91)

0.00

vradial,BD

0.04 (0.02)

377 (32)

0.22

vtangential,AB

-0.003 (0.02)

453 (31)

0.00

slenderness

14 (24)

8879 (1671)

0.02

vlongitudinal

0.5 (0.8)

7773 (3003)

0.02

vradial,BD

1 (0.6)

7636 (1085)

0.19

vtangential,AB

0.5 (0.6)

9111 (1021)

0.03

slenderness

0.1 (0.1)

42 (9)

0.03

vlongitudinal

0.004 (0.004)

34 (17)

0.04

vradial,BD

0.006 (0.003)

38 (6)

0.15

vtangential,AB

0.002 (0.004)

46 (6)

0.02

Small clear specimens
slenderness 0.8 (0.8)
386 (55)

0.05

vlongitudinal

-5e-04 (0.03)

443 (102)

0.00

vradial,BD

0.04 (0.02)

361 (36)

0.21

vtangential,AB

-5e-05 (0.02)

441 (35)

0.00

slenderness

25 (19)

6492 (1330)

0.08

vlongitudinal

0.6 (0.6)

5960 (2448)

0.04

vradial,BD

0.8 (0.5)

6681 (924)

0.13

vtangential,AB

-0.2 (0.5)

8477 (850)

0.01

slenderness

0.2 (0.2)

57 (12)

0.06

vlongitudinal

0.004 (0.005)

54 (21)

0.03

vradial,BD

0.007 (0.004)

57 (8)

0.11

vtangential,AB

-0.002 (0.005)

72 (7)

0.01

Note:
ρ - density, Em,0 - modulus of elasticity, fm bending strength, v - acoustic velocity
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with the properties of small clear samples.
The current study found weak relationships between acoustic velocities of standing trees and their mean mechanical properties, both on sawn boards and small
clear samples. The R2 values were lower than in some previous studies (Wang,
2013) and more in line with what was found by Amateis & Burkhart (2015). For
example, a study by Wang et al. (2001) examined trees of similar age and diameters to the current study and found substantially better relationships between
mean mechanical properties and tree acoustic velocity. The differences between
the current study’s low correlations and previously reported higher correlations
are likely to be due to the fact that in most previous studies, only a limited
number of small clear specimens was tested, artificially limiting the high variability of mechanical properties found in timber. With the exception of Amateis &
Burkhart (2015) and Šimić et al. (2019), very few studies have examined the mechanical properties at a board level or performed full destructive testing of all the
boards included. It is also worth noting that using linear regression is likely not
the best approach to modelling mechanical properties of standing trees despite
frequent use in the past, as seen by the standard errors of some of the coefficients
in the current study. The use of multilevel models could contribute to a better
understanding of the relationships between acoustic velocities in standing trees
and mechanical properties of timber, especially in larger diameter trees.
The relationships appear to be species dependent. However, it is likely that the
differences are not a consequence of species difference, but of different diameters
of species. Douglas fir from the current study had the smallest mean diameter
at breast height (25 cm) and the best relationships between acoustics and mean
mechanical properties. Norway spruce had a greater mean diameter (30 cm) with
an decrease in correlation. Sitka spruce showed similar tendencies with an even
greater mean diameter (41 cm) and lower correlations. This would suggest that
when using a measuring distance of one metre, the diameters of the trees should
not exceed 25 centimetres. This corresponds to a diameter-to-distance ratio of
0.25, which is slightly higher than the limit suggested by Zhang et al. (2011b).
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Figure 5.3: Predicted values of mean tree modulus of elasticity by species for
different diameters at breast height (shaded areas represent 95 % confidence intervals).

To further examine the effect of diameter at breast height, linear regression was
used to model the interaction between species, diameter at breast height, longitudinal velocity and mean tree modulus of elasticity of structural-sized boards. The
results can be seen in Figure 5.3, which shows the marginal effects plots for the
three species. The effect of diameter appears to differ between species. However,
the model coefficients were not significant at p < 0.05, while being relatively close
(the p values for most coefficients were < 0.15). Similar relationships to those
shown in Figure 5.3 were found when examining the influence of species on the
bending strength and density.
While the results do not confirm the effect of diameter at breast height on velocity
measurements in a definite way, they demonstrate that more research on this
topic is required to better understand the causal mechanisms of how the effect of
diameter changes with species.
The results of the current study indicate that the use of acoustic velocity for
assessing timber quality is of limited value when used on standing trees of larger
diameters. While the TOF acoustic measurements can reflect the mean tree me-
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chanical properties when looking at smaller diameter trees, there is very little
evidence of this in larger diameter trees, as found by the current study. The obvious solution is to increase the measuring distance between transducers to adjust
the diameter-to-distance ratio. However, increasing the measuring distance has
significant implications for the practical usability of the method on standing trees
in situ. While the previously mentioned recommendation of diameter-to-distance
ratio can easily be achieved in small diameter trees, this becomes increasingly
harder when trying to assess mature standing trees. From a cost-benefit perspective, conducting the measurements using a ladder is both very slow and potentially dangerous. Putting those concerns aside, there is another factor to consider,
namely the effect of specimen dimensions on acoustic velocities, as demonstrated
by multiple studies. Bucur (2006) has reported a considerable influence of specimen cross-section on acoustic velocities measured in spruce sawn timber. The
influence was confirmed in the longitudinal, tangential and radial directions. An
effect of specimen length on acoustic velocity was also discovered by Arriaga et al.
(2017), using four different instruments on four different pine species. The instruments used generated the initial impulse with ultrasonic transducers and with an
external hammer. No effect of length on longitudinal acoustic measurements in
standing trees was reported by Wang (2013). Methods using acoustic resonance
appear to be independent of measurement length, as shown by Llana et al. (2016).
More research is required to identify and quantify similar dependencies in standing trees. As reported by several past studies (most recently by Watt & Trincado
2017) and confirmed by the current study, tree slenderness shows more potential
than acoustic velocities with regard to correlation with mean tree mechanical
properties in mature trees. This characteristic is relatively easy to measure and
is comparably cost-effective. Combining acoustic velocities and other tree characteristics (such as taper) for prediction of mechanical properties could result
in improving the prediction accuracy, as shown by Todoroki & Lowell (2016).
However, because many of these variables are highly correlated as found in the
current study, caution is advised. The cutting patterns used for sawing of the
boards from the logs could also have an effect on the relationships between acoustic velocities and mean mechanical properties. Future research should take the
effect of cutting patterns into account, if possible.
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5.6

Conclusions

The results of this study indicate that the use of acoustic velocities for assessing
stem quality in larger diameter standing trees, as used in the current study, is
of limited value. Although increasing the measurement distance will improve the
prediction accuracy, this is likely to be too impractical to be carried out in situ.
The methodology can still be used successfully on small-diameter trees, as shown
by previous studies.
The results of the current study also indicate that acoustic measurements in
the transverse directions (perpendicular to grain) could potentially be used on
standing trees for assessing timber quality in trees of larger diameters in addition
to their common use for anomaly detection. Assuming the signal travels in a
relatively straight line, it should in theory avoid the juvenile part of the stem
and correlate better with the mechanical properties of mature timber. It is likely
that the most promising measuring directions are those measured perpendicular
to prevailing wind direction. The approach seems promising, but needs further
development in relation to the influence of dimensions on measurements. Acoustic
measurements on boards could also be investigated to further explore the link
between acoustic measurements on the tree, log and board levels. Slenderness
also shows potential for use in quality assessment of larger diameter standing
trees. More research is required to link the mechanical properties of mature trees
with their geno- and pheno-types, acoustic velocities and site factors, as well as
into the impact stem dimensions can have on acoustic measurements.
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Chapter 6
Relationships between wood
properties of small clear
specimens and structural-sized
boards in three softwood species

6.1

Paper overview

This chapter presents an examination of the relationships between mechanical
properties of structural-sized boards and small clear specimens. All specimens
of both specimen sizes were also evaluated using non-destructive approaches and
the relationships between the non-destructive estimations and mechanical properties were quantified. When examining the mean values of mechanical properties of individual trees, the mechanical properties can be evaluated using either
specimen size, as relatively good relationships were found. This would indicate
either specimen size could be used for evaluation of mechanical properties on
a tree-level, depending on which mechanical property was to be examined. The
non-destructive evaluation of specimens reflected mechanical properties relatively
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well, with the relationships changing between properties and species.
The content of this chapter has been published in the journal Holzforschung under the title: Krajnc, L., Farrelly, N., & Harte, A. M., Relationships between
wood properties of small clear specimens and structural-sized boards in three softwood species, Holzforschung, 2019, ahead-of-print. In this joint publication, Luka
Krajnc, supervised by Dr. Annette Harte and Dr. Niall Farrelly, designed the
experiment, conducted the measurements in the laboratory, analysed the test results and wrote the paper. This chapter addresses the fourth objective of this
study.

6.2

Abstract

Research on the mechanical and physical properties of wood is commonly carried
out on either small clear specimens or structural-sized boards. The first approach
was more frequently utilised in the past, while the latter is more commonly used
nowadays. However, there is very little information on how the two approaches
relate with one another. This study aims to quantify the relationships between
mechanical (modulus of elasticity, bending strength) and physical properties (density) of both specimen sizes. A total of 1376 structural-sized boards from three
different species (Douglas-fir, Norway spruce and Sitka spruce) were tested in
bending, after which a small clear specimen was extracted from the undamaged
portion of each board and re-tested in bending. Prior to destructive testing,
all boards and clear specimens were evaluated using non-destructive technology.
Poor-to-moderate relationships were found between all measured mechanical and
physical properties of structural-sized timber and small clear specimens. In both
specimen sizes the properties correlated with one another within the same specimen size, as well as across the two sizes. The strength of correlations appears
to be somewhat species dependent. Relatively good relationships were identified when comparing the mean tree values of the properties examined, suggesting
that either method can be used for a tree level comparison. The non-destructive
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evaluation of specimens was shown to reflect the measured properties moderately
well, with the relationships changing significantly depending on which measured
property was being predicted.

6.3

Introduction

Timber quality can be evaluated on many different levels, as the definition of
quality is dependent on the end purpose of a certain wood product. In sawn
timber used in construction in Europe, a strength classification system EN 338
(CEN, 2016) is used. According to this system, sawn-timber boards are sorted
into strength classes, determined by the elastic modulus (MOE), bending strength
(also known as modulus of rupture, MOR) and density of clear wood. However,
this system is only applicable to structural-sized timber.
Research on wood mechanical properties has been historically carried out on small
clear specimens. Due to their size they are straightforward to obtain, fast to condition and easy to test in bending, for example. A number of different standards
have been developed to standardise the testing procedures of small clear specimens (BS 373 (British Standards Institution, 1957), ASTM D143-14 (American
Society for Testing Materials, 2014), ISO 13061-4 (International Organization for
Standardization, 2014)). Testing of small clear specimens has one main distinction over testing of larger specimens, as it excludes the effect of various defects
(knots, slope of grain, resin pockets. . . ) on the properties. It is still a frequently
used approach among forestry and wood science researchers seeking to examine
the cause-effect relationship between various silvicultural treatments, genotypes,
site quality, etc. and wood properties.
However, wood as a material is seldom used in this form (as a small clear specimen), but more frequently as a structural-sized board with all the material heterogeneity found in wood. Testing structural-sized timber in bending requires
more resources and time than testing small clear specimens. The structural-sized
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boards are also harder to transport, take longer to condition and require more
expensive specialized equipment to perform the tests. Madsen (1992) suggested
that small clear specimens and structural-sized boards should be considered as
two different materials when looking at strength properties from an engineering
perspective due to the failure initiation location. While using small clear specimens for derivation of reliable strength properties was deemed unsuitable by
Madsen (1992), he also recognized the potential of linking properties of small
clear specimens to structural-sized timber with more accurate adjustment factors
or better analysis methods.
Very few studies have examined the relationship between material properties of
boards and properties of small clear specimens. They are to a degree correlated,
as shown by research carried out in the past. For example, a recent study by
Butler et al. (2016) examined the relationships between mechanical and physical
properties determined on clear specimens with dimensions of 25 x 25 x 410 mm
and structural-sized timber of four different sizes of loblolly pine (Pinus taeda
L.), using linear regression for quantifying the relationships. The study reports an
overall coefficient of determination R2 of 0.22 for relating MOE of clear specimens
to MOE of boards, reducing to 0.11 for bending strength and increasing to 0.50
when comparing densities. The strength of the relationship in MOE was also
reported to be affected by the sample orientation with regard to applied load
direction (tangential, radial or mixed). The test orientation appears to have had
no effect on bending strength.
A study by Gil-Moreno (2018) examined the relationships between properties
of structural timber and the corresponding clear specimens across four different
species, Noble fir (Abies procera Rehd.), Norway spruce (Picea abies (L.) H.
Karst.), Western red cedar (Thuja plicata Don ex D.Don) and Western hemlock
(Tsuga heterophylla (Raf.) Sarg.). A relatively good relationship (R2 = 0.63) was
reported overall between the moduli of elasticity of both sizes, with structuralsized boards showing on average 20% higher stiffness than small clear specimens.
Slightly stronger relationships were reported when comparing the mean stiffness
of individual trees (R2 = 0.68), while a lower correlation was found (R2 = 0.35)
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overall when comparing the mean bending strength of individual trees. The same
study also investigated the use of dynamic MOE for prediction of static MOE
and MOR in both specimen sizes. The dynamic elastic modulus is determined
acoustically by measuring the wave velocity as it travels through the board and is
commonly used to estimate mechanical/physical properties in a non-destructive
way. The values of dynamic MOE in both small clear specimens and structuralsized boards were higher than the static MOE. The correlation between static
and dynamic MOE was found to be relatively strong in both specimen sizes
(R2 = 0.88 in small clear specimens, R2 = 0.90 in boards). The relationships
between dynamic MOE and static MOR were weaker (R2 = 0.57 in small clear
specimens, R2 = 0.43 in boards). In addition, an overall correlation of R = 0.50
was reported between density of clear wood and static MOR in boards.
Teder et al. (2012) examined the use of ultrasound on boards of Norway spruce
before destructively testing the specimens. Ultrasound measurements were performed in the longitudinal, radial and tangential directions. Measurements in the
longitudinal direction proved best for predicting static modulus of elasticity and
bending strength - the correlation between MOE or MOR and acoustic velocity
was reported as R2 = 0.37 and R2 = 0.18, respectively. The inclusion of moisture content of the board was also found to significantly improve the prediction
of the elastic modulus. The analyses also showed that the larger the measuring
distance, the better the dependent variables can be predicted.
The relationships between dynamic and static MOE of structural-sized boards
were reported as relatively good by several studies across multiple species and
specimen sizes (Larsson et al., 1998; Divos & Tanaka, 2005; Vikram et al., 2011;
Yang, 2015; Šimić et al., 2019), coinciding with a rise in the use of machine
grading and non-destructive evaluation of timber over the last two decades. The
correlation between static and dynamic MOE was also reported to be relatively
good in small clear specimens across several species (Haines et al., 1996; Raymond
et al., 2007).
This study aims to further examine the relationships between mechanical and
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physical properties of both structural-sized timber and small clear specimens
within and between each of the two specimen sizes, determined in non-destructive
and destructive tests. Three softwood species were included in the current study
– Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), Norway spruce and Sitka
spruce (Picea sitchensis (Bong.) Carr). The relationships are also evaluated on an
individual tree level to determine which approach to evaluating wood properties
on a tree level shows better potential. The insights provided by quantifying those
relationships between the different approaches will help with design of future
experiments studying wood quality, as an additional aim of the study is to assess
the different ways of evaluating timber quality with regard to specimen size and
measurement approach (destructive vs. non-destructive). Information provided
by the current study may also provide a link between historical results obtained
by testing small clear specimens and newer approaches examining wood quality
at the board level, enabling the reutilization of historical data in future research.

6.4

Material and methods

The material for this study was part of a larger research project examining how
silvicultural practice affects wood properties (Krajnc et al., 2019a,b). Sixty individual mature trees (20 of each species) were felled and the first two 3-metre
long logs per tree were taken and sawn into boards. The stands were located in
the west of Ireland and were around 55 years old at the time of felling. Half of
the trees came from regularly thinned stands and half from unmanaged stands.
More stand-level information can be found in Krajnc et al. (2019a,b). Mean diameters at breast height of the sample trees were 30.2 cm for Douglas-fir (with a
standard deviation SD of 7.6 cm), 33.2 cm for Norway spruce (SD = 9.8 cm) and
42.1 cm for Sitka spruce (SD = 11.3 cm). Before sawing, the outer border of the
juvenile core of 15 growth rings was coloured white on the bottom face of each
log. This marked area was then used to assess the proportion of juvenile wood in
each board and categorize its radial position. Three different categories were used
(no juvenile wood, more than 0% and less than 50%, more than 50%). A total
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of 1376 structural-sized boards were included in the current study, of which 271
were Douglas-fir, 368 Norway spruce and 737 Sitka spruce. The cross-sectional
dimensions of the boards were 45 mm x 100 mm and they were 3 m long. The
boards were kiln dried and their fundamental frequency was measured using a
laser accelerometer Viscan (Microtec, Brixen, Italy). The moisture content was
measured at the time of test for all boards of Douglas-fir and for a sub-sample of
both spruce species. All dimensions were measured at the time of the vibration
test. The boards were stored in a conditioning chamber at 20 ◦ C and 65% relative humidity until a constant mass was attained. All boards were then tested in
four-point bending over a span of 18 times the depth according to EN 408 (CEN,
2012) to determine the global MOE and bending strength. The global MOE
is calculated using the relationship between applied force and measurements of
mid-span deflection relative to the supports of the test piece in a four-point bending test. The moisture content at the time of testing was determined using EN
13183-1 (CEN, 2002) and all tested properties were adjusted to 12% moisture
content using the equations provided by EN 384 (CEN, 2010). Immediately after
the testing, a small clear specimen was extracted from the undamaged part of
each board as close as possible to the fracture location. The specimens were of
dimensions 20 mm x 20 mm x 300 mm and were randomly cut from the board
cross section while ensuring that no knots or other defects were present. A total
of 1337 specimens were extracted, of which 268 were Douglas-fir, 367 Norway
spruce and 702 were Sitka spruce. Some structural-sized boards were too damaged by testing to provide a small clear specimen, leading to the smaller number
of specimens than structural-sized boards. The specimens were conditioned further in the conditioning chamber until constant mass was attained, after which
their acoustic velocity was measured in the longitudinal direction using a PL-200
ultrasound device (Proceq, Schwarzenbach, CH) using exponential transducers
operating at a frequency of 54 kHz. The signal was excited using a voltage of
400V and the amplification gain used was 20x. All device parameters were kept
the same for all tests and a special clamping device was constructed to keep the
pressure of the transducers the same throughout all tests. Each measurement
was recorded three times and the average time of flight was computed for each
specimen. After measuring the dimensions of the specimens, they were tested in
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three-point bending over a span of 14 times the depth in accordance with the BS
373 (British Standards Institution, 1957).
The dynamic modulus of elasticity of boards Edyn,boards (Equation 6.1) was derived
from the fundamental frequency (f ), board length (l) and whole board density
(ρboards ). The value was corrected to 12% moisture content using the corrections
provided by EN 384 (CEN, 2010), as moisture can have a considerable effect on
the dynamic modulus of elasticity (Unterwieser & Schickhofer, 2011; Chan et al.,
2011; Nocetti et al., 2015).
Edyn,boards = 4l2 f 2 ρboards

(6.1)

The dynamic modulus of elasticity of small clear specimens Edyn,clears (Equation
6.2) was derived from the time of flight (t), specimen length (l) and specimen density (ρclears ). Moisture content was measured on a subsample of the specimens
and the variations were negligible, which is why the corrections for moisture content were not applied. The specimens had been conditioned in the conditioning
chamber for several months before testing to achieve 12% moisture content.

Edyn,clears = (l/t)2 ρclears

(6.2)

All calculations and statistical analysis was carried out in the open-source environment R (R Core Team, 2018). Pearson’s correlation coefficient and linear
regression were used to analyse the relationships between the studied variables.
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6.5
6.5.1

Results and discussion
Mechanical and physical properties by specimen size

The mean mechanical and physical properties and their variation (quantified by
coefficient of variation) for both specimen sizes are displayed in Table 6.1. Modulus of elasticity was found to be higher in structural-sized boards than in small
clear specimens, while this trend was reversed for bending strength. Density of
clear wood appeared not to be influenced by the specimen size. There was less
variation in bending strength in small clear specimens than in structural boards.
The dynamic MOE was higher than the static MOE in both specimen sizes,
although they both exhibited a similar degree of variation.
Table 6.1: Mechanical properties of structural-sized boards and small clear specimens, displaying mean values and coeficients of variation (in brackets).

Nboards
Em,boards
fm,boards

Douglas-fir

Norway spruce

Sitka spruce

271
12369 (16)
57 (28)
562 (9)
14583 (16)
268
10959 (15)
99 (15)
565 (9)
15205 (18)

368
9485 (19)
43 (29)
436 (12)
11516 (20)
367
8229 (23)
70 (22)
441 (14)
11763 (23)

737
9924 (19)
49 (25)
437 (11)
11993 (19)
702
8151 (20)
68 (19)
440 (13)
12026 (21)

ρboards,clearwood
Edyn,boards
Nclears
Em,clears
fm,clears
ρclears
Edyn,clears
Note:
Elastic modulus and bending strength in M P a, density in kgm−3 .
While the mechanical and physical properties examined in the current study were
shown by previous studies to vary with various different factors (such as specimen
size, climate, silvicultural management. . . ), the values of mechanical and physical
properties reported in the current study were mostly in the range of previously
reported values for the same species (Lavers, 2002; Grottal et al., 2005; Verkasalo
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& Leban, 2002; Moore et al., 2009; Gardiner et al., 2011; Larsson et al., 1998).
The one exception were mechanical and physical properties of Douglas-fir boards,
which were slightly higher than previously reported (Henin et al., 2018).
Several past studies have reported similar trends in small clear specimens as found
by the current study (Haines et al., 1996; Raymond et al., 2007; Baar et al.,
2015). The differences between mechanical and physical properties of structuralsized boards and small clear specimens in the current study were most likely a
consequence of a relatively high degree of heterogeneity found within a board
or the different test setups (different span-to-depth ratios, loading characteristics
or specimen size) used in bending. As shown by Brancheriau et al. (2002) in
small clear specimens of six different species, the three-point bending test underestimated the value of the elastic modulus by 19% in comparison to four-point
bending tests. Although the differences between structural-sized boards and small
clear specimens in the current study are smaller than 19% and are closer to 10%,
the study by Brancheriau et al. (2002) only tested small clear specimens and the
results are therefore not directly comparable to the current study.
The differences found by the current study were likely partly due to the difference
in span-to-depth ratios, as the link between span-to-depth ratios during testing
and mechanical properties was confirmed by various past studies, including Sorn
et al. (2011). They have demonstrated the non-linearity of the relationship between maximum values of MOE or MOR and span-to-depth ratios, showing the
impact on MOR as less significant than on MOE. In general, higher values of
span-to-depth ratios correspond to higher values of MOE and MOR. This could
be the cause of differences in MOE between specimen sizes as found by the current
study, as boards were tested with a higher span-to-depth ratio and had higher
values of the elastic modulus. However, the differences in MOR were likely not a
consequence of the span-to-depth ratios, as the opposite trend would be expected
if this was true.
Hein & Brancheriau (2018) examined the differences in bending strength of small
clear specimens of Eucalyptus between three- and four-point bending tests. Higher
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bending strengths were found when specimens of the same size were tested in
three-point bending over the same span than when tested in four-point bending. In the current study, significantly higher differences were found in bending
strength when comparing structural-sized boards and small clear specimens than
what was reported by Hein & Brancheriau (2018). The higher differences were
most likely due to the presence of knots in structural-sized board and the larger
volume under test. This is in line with what was reported by Madsen (1992) on
the effects of size and knots or other natural characteristics on mechanical properties of wood. In small clear specimens, the failure commonly takes place in the
compression zone, progressing to a tension failure by lowering of the neutral axis
of the specimen. In structural-sized boards, however, the failure more commonly
occurs as a mixed-mode failure in the tension zone of the specimens due to the
presence of knots or other natural characteristics.
As no single straight-forward explanation could be found for the differences in
values of the examined properties in the current study, they were likely caused
by a combination of factors discussed above.

6.5.2

The correlations of mechanical and physical properties across and within specimen size

Pearson’s correlation coefficients of the examined properties for the three species
can be seen in Table 6.2. In all three examined species, the correlations among the
examined properties were in most cases stronger within the same specimen size
than across specimen sizes. The relationship between dynamic MOE and static
MOE was the strongest among the examined relationships in both specimen sizes
across the three species. The elastic modulus and bending strength showed a
stronger correlation in small clear specimens than in boards.
The mechanical and physical properties of both sizes correlated with each other
to a varying degree. Similar correlations among mechanical and physical properties of boards in Norway spruce were reported by Høibø et al. (2014), although
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Table 6.2: Correlation matrix of mechanical properties of structural-sized boards
and small clear specimens of Douglas-fir, Norway spruce and Sitka spruce. Displaying Pearson’s correlation coefficient above and p values below the diagonal.

Em,boards
***
***
***
***
***
***
***

0.69
fm,boards
***
**
***
***
***
*

0.62
0.55
ρboards
***
***
***
***
***

Douglas-fir
0.37
0.33
0.2
0.24
0.3
0.38
Em,clears
0.82
***
fm,clears
***
***
***
***
***
***

Em,boards
***
***
***
***
***
***
***

0.77

0.69
0.61
ρboards
***
***
***
***
***

Norway spruce
0.57
0.57
0.63
0.46
0.51
0.53
0.58
0.59
0.76
Em,clears
0.87
0.77
***
fm,clears 0.79
***
***
ρclears
***
***
***
***
***
***

fm,boards
***
***
***
***
***
***

Sitka spruce
Em,boards
0.69
0.54
0.57
0.51
***
fm,boards 0.52
0.37
0.46
***
***
ρboards
0.48
0.62
***
***
***
Em,clears
0.8
***
***
***
***
fm,clears
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
Note: ‘***’ p < .001, ‘**’ p < .01, ‘*’ p < .05

0.38
0.37
0.66
0.58
0.68
ρclears
***
***

0.48
0.41
0.8
0.63
0.77
ρclears
***
***

0.87
0.64
0.71
0.46
0.37
0.44
Edyn,boards
***
0.91
0.75
0.74
0.61
0.59
0.64
Edyn,boards
***
0.91
0.67
0.57
0.64
0.56
0.5
Edyn,boards
***

0.29
0.14
0.24
0.73
0.58
0.5
0.39
Edyn,clears
0.61
0.46
0.51
0.87
0.75
0.7
0.64
Edyn,clears
0.59
0.35
0.39
0.87
0.68
0.54
0.66
Edyn,clears

the correlation coefficients in the current study were slightly lower than in the
mentioned study and are closer to what was reported by Gil-Moreno (2018). The
correlations overall were lower in Sitka spruce than in Norway spruce. Douglasfir was found to have the lowest correlations between the examined properties
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of both specimen sizes. The correlations found between mechanical and physical
properties of boards were higher in the current study than those reported by
Moore et al. (2009) for Sitka spruce. This was most likely due to the significantly
higher number of boards tested in the current study.
In the case of the mechanical and physical properties of small clear specimens,
the highest correlations were found between the elastic modulus and bending
strength in all three examined species, followed by correlation between bending
strength and density. The lowest correlations were found between density and the
elastic modulus. Similar values of correlations among mechanical and physical
properties of small clear specimens were reported by Raymond et al. (2007) in
Pinus radiata and by Baar et al. (2015) in five tropical species.

6.5.3

Mean mechanical and physical properties of individual trees

To further study the connection between mechanical and physical properties of
both specimen sizes, mean values of the elastic modulus, bending strength and
density of clear wood were computed for each tree in both structural sized boards
and small clear samples. The relationship between the tree mean values of both
specimen sizes is shown in Figure 6.1. Comparing individual tree mean values,
relatively good relationships of the examined properties were found between both
specimen sizes across all three grade-determining properties.
As only looking at individual tree mean values can obscure the potential difference
in variability of mechanical or physical properties, the within tree variability was
examined using a coefficient of variation (Figure 6.2). Higher variability was
found in the bending strength of boards than in small clear specimens, while the
opposite trend was found in modulus of elasticity.
In relation to the tree mean mechanical and physical properties, the current study
found higher correlations between values measured on small clear samples and
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Douglas−fir

Norway spruce

Sitka spruce

Clearwood density − ρ (kg m3)
600
550

y = 10.2 + 0.991 x, R 2 = 0.97

500
450

Small clear specimens, individual tree mean

400
350
350

400

450

500

550

600

Elastic modulus − Em, 0 (N mm2)
11000

y = 525 + 0.806 x, R 2 = 0.84

9000
7000
5000
7500

10000

12500

Bending strength − fm (N mm2)
100

y = 9.82 + 1.39 x, R 2 = 0.61

80
60
40
30

40

50

60

70

Structural−sized boards, individual tree mean

Figure 6.1: Mean tree mechanical properties, determined on structural-sized
boards versus mechanical properties of small clears.

structural-sized timber compared to previous studies (Gil-Moreno, 2018). As
Gil-Moreno (2018) used the same test methods on both specimen sizes as the
current study, the difference is most likely to a difference in sampling of small
clear specimens in relation to structural-sized boards, as in the latter study the
small clear specimens were cut from a position higher up in the tree than the
structural boards.
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Douglas−fir

Norway spruce

Sitka spruce

Clearwood density − coefficient of variation (%)

20

Small clear specimens

10

Elastic modulus − coefficient of variation (%)

20
10

Bending strength − coefficient of variation (%)

20
10

10

20

30

40

Structural−sized boards

Figure 6.2: Within tree variability of mechanical properties by individual trees,
displaying coefficient of variation.

In general, the good relationships between the mean tree properties of both specimen sizes would indicate that in order to evaluate the mechanical or physical properties of an individual tree overall, either method could potentially be used. While
clearwood density and elastic modulus appeared less sensitive whether small clear
specimens or structural-sized boards are used for testing, bending strength of
structural-sized samples can only be accurately evaluated on structural-sized timber. Similar variation was observed in both specimen sizes in the elastic modulus
and clearwood density, while higher within tree variation was found in bending
strength of boards than in small clear samples. This was presumably due to the
effect of knots on the strength of individual boards.
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6.5.4

Prediction of mechanical and physical properties of
structural-sized boards from mechanical or physical
properties of small clear specimens

A series of linear regression models was used to examine the possibility of predicting mechanical and physical properties of structural-sized boards from mechanical
or physical properties of small clear specimens. The results of the analysis can be
seen in Table 6.3. The best relationships were found between densities of clear
wood in all three species (R2 from 0.43 to 0.64). Overall, the relationships were
higher in Norway spruce and Sitka spruce species than in Douglas-fir. Outside
of densities, the relationships were relatively weak. No differences were found in
the strength of any of the relationships for either radial or longitudinal (first or
second log) position of the samples.
While there appeared to be some degree of correlation between mechanical and
physical properties across specimen sizes, an accurate estimation of the properties
of structural-sized boards from the mechanical or physical properties of small clear
specimens appears unlikely, with the exception of density of clear wood. A similar
degree of within-tree variation was found by the current study in the elastic modulus and density in both specimen sizes (Figure 6.2), while more variability was
found in bending strength of boards than in small clear specimens. The correlations of the examined properties between the two specimen sizes do not appear to
be related to the within-tree variability of the properties, as the relationships between the examined properties of small clear samples and structural-sized boards
were relatively weak for the elastic modulus or bending strength and relatively
good for density. The relationships between mechanical and physical properties
of both sizes were stronger in the current study in Norway spruce and Sitka spruce
than was reported for loblolly pine by Butler et al. (2016). However, the strength
of those relationships was lower for Douglas-fir timber than reported for loblolly
pine. This indicates that the relationships were likely to be species dependent,
but more research is needed to establish the cause of differences between species.
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Table 6.3: Results of linear regression analysis (y = ax + b), using mechanical properties of small clear specimens for predicting mechanical properties of
structural-sized boards.
a (± StE)

b (± StE)

R2

Douglas-fir
ρboards
ρclears
ρboards
Em,clears
ρboards
fm,clears
Em,boards ρclears
Em,boards Em,clears
Em,boards fm,clears
fm,boards ρclears
fm,boards Em,clears
fm,boards fm,clears

0.7 (0.05)
0.009 (0.002)
1 (0.2)
16 (2)
0.5 (0.07)
43 (8)
0.1 (0.02)
0.002 (6e-04)
0.3 (0.06)

194 (26)
464 (19)
440 (18)
3559 (1316)
7366 (765)
8083 (768)
-13 (11)
35 (6)
31 (6)

0.43
0.09
0.15
0.15
0.14
0.11
0.14
0.04
0.06

Norway spruce
ρboards
ρclears
ρboards
Em,clears
ρboards
fm,clears
Em,boards ρclears
Em,boards Em,clears
Em,boards fm,clears
fm,boards ρclears
fm,boards Em,clears
fm,boards fm,clears

0.6 (0.03)
0.02 (0.001)
2 (0.1)
18 (1)
0.6 (0.04)
69 (5)
0.1 (0.009)
0.003 (3e-04)
0.4 (0.04)

155 (13)
300 (10)
293 (11)
1452 (529)
4840 (354)
4657 (368)
-3 (4)
17 (3)
14 (3)

0.57
0.34
0.35
0.39
0.33
0.33
0.28
0.22
0.27

Sitka spruce
ρboards
ρclears
ρboards
Em,clears
ρboards
fm,clears
Em,boards ρclears
Em,boards Em,clears
Em,boards fm,clears
fm,boards ρclears
fm,boards Em,clears
fm,boards fm,clears

0.7 (0.02)
0.01 (0.001)
2 (0.1)
16 (1)
0.7 (0.04)
73 (5)
0.09 (0.008)
0.003 (3e-04)
0.4 (0.03)

128 (9)
317 (8)
278 (8)
2857 (482)
4565 (294)
4963 (318)
9 (3)
25 (2)
19 (2)

0.64
0.24
0.39
0.24
0.33
0.26
0.17
0.14
0.21

y

x
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6.5.5

Prediction of mechanical and physical properties using the dynamic modulus of elasticity

The relationship between dynamic MOE and the examined wood properties was
evaluated using a linear regression. The results for small clear specimens across
the three species can be seen in Table 6.4. The highest R2 when using dynamic
modulus of elasticity for prediction was found in the modulus of elasticity (R2
values from 0.53 to 0.77), followed by bending strength (R2 values from 0.34 to
0.56) and density (R2 values from 0.25 to 0.48). The strength of the relationships
appeared to be species dependent. Douglas-fir exhibited relationships of lower
strength between the examined properties than Norway spruce or Sitka spruce.
The relationships were also examined with regard to radial and longitudinal position. When looking at the samples from either first or second log, no differences
were found in the strength of the relationships. However, small differences in
the strength of the relationships were found looking at different radial positions.
Several of the relationships appeared to have improved with increasing radial
position (increasing amount of juvenile wood). The improvements were not consistent with either species or any other recorded variables and appeared to be
randomly distributed, therefore presumably a coincidence.
The results of the linear regression analysis for structural-sized boards of the
three species can be found in Table 6.5. As in small clear specimens, the highest
R2 was found when predicting the elastic modulus. The correlation with bending
strength and density varied by species. Overall, the strength of the relationships appeared to be again species dependent. Similar to small clear specimens,
Douglas-fir exhibited lower strength relationships between the examined properties than Norway spruce or Sitka spruce.
The strength of relationships between dynamic and static MOE in small clear
specimens in the current study was slightly lower than previously reported values
by Gil-Moreno (2018) across four different species, by Raymond et al. (2007) in
radiata pine or in Sitka spruce (McLean et al., 2010). However, the relationships
were better than reported in five tropical species as reported by Baar et al. (2015).
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Table 6.4: Results of linear regression analysis (y = ax + b), using the dynamic
MOE of small clear specimens for prediction of mechanical properties of clear
specimens.
a (± StE)

b (± StE)

R2

Douglas-fir
ρclears
Edyn,clears
Em,clears Edyn,clears
fm,clears Edyn,clears

0.009 (0.001)
0.4 (0.03)
0.003 (3e-04)

428 (15)
4331 (394)
50 (4)

0.25
0.53
0.34

Norway spruce
ρclears
Edyn,clears
Em,clears Edyn,clears
fm,clears Edyn,clears

0.02 (9e-04)
0.6 (0.02)
0.004 (2e-04)

256 (10)
1366 (213)
21 (2)

0.48
0.75
0.56

Sitka spruce
ρclears
Edyn,clears
Em,clears Edyn,clears
fm,clears Edyn,clears

0.01 (7e-04)
0.6 (0.01)
0.004 (1e-04)

291 (9)
1375 (145)
25 (2)

0.31
0.77
0.47

y

x

The same observation applies to the correlation between dynamic MOE and static
MOR of small clear specimens. The differences were most likely due to the
different instruments or device settings used for determination of dynamic MOE
of small clear specimens. The relationships also appeared to be species dependent.
In structural-sized boards, the values of R2 overall were higher, implying that
dynamic MOE reflected mechanical and physical properties better in boards than
in clear specimens. This could also be a consequence of the two different methods
used for determining the acoustic velocity, as resonance was used in boards and
ultrasound velocity in clear specimens. The correlation of dynamic MOE and
mechanical or physical properties of structural-sized boards were in line with
previously reported values on the same species (Larsson et al., 1998; Moore et al.,
2009; Vikram et al., 2011). The differences among species were less pronounced
in structural-sized timber than in small clear samples, possibly implying that
species had a smaller effect on the strength of the relationships in boards than in
small clear specimens.
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Table 6.5: Results of linear regression analysis (y = ax + b), using the dynamic
MOE of boards for prediction of mechanical properties of boards.
a (± StE)

b (± StE)

R2

Douglas-fir
ρboards
Edyn,boards
Em,boards Edyn,boards
fm,boards Edyn,boards

0.01 (9e-04)
0.7 (0.03)
0.004 (3e-04)

350 (13)
1632 (379)
-8 (5)

0.49
0.75
0.42

Norway spruce
ρboards
Edyn,boards
Em,boards Edyn,boards
fm,boards Edyn,boards

0.02 (8e-04)
0.7 (0.02)
0.004 (2e-04)

240 (9)
1245 (197)
-3 (2)

0.56
0.83
0.56

Sitka spruce
ρboards
Edyn,boards
Em,boards Edyn,boards
fm,boards Edyn,boards

0.01 (6e-04)
0.7 (0.01)
0.004 (1e-04)

295 (8)
1078 (149)
6 (2)

0.32
0.84
0.45

y

6.6

x

Conclusions

The current study found poor-to-moderate relationships between the mechanical
or physical properties of structural-sized timber and small clear specimens. The
correlations between specimen sizes appeared to be species dependent. Although
the mechanical and physical properties correlated with one another overall, the
degree of correlation varied by specimen size, testing method and the measurement approach (destructive vs. non-destructive). However, the mechanical and
physical properties of both specimen sizes correlated quite well between themselves on the level of an individual tree. This implies that both specimen sizes
could be used to compare relative quality of timber on an individual tree level,
provided only one specimen size is used across the whole sample. In a similar
fashion, non-destructive evaluation of specimens could present a viable alternative to destructive tests, depending on which material property is of interest and
the level of estimation accuracy required. While the dynamic MOE reflected the
static MOE relatively well, the relationship between dynamic MOE and static
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MOR was weaker in both specimen sizes. It is likely that the relationships could
be generalized to other softwood species with similar ranges of density, elastic
modulus and bending strength. Additionally, the examined relationships could
be under the influence of either growing conditions or silvicultural practices, which
could be examined in future studies. More research on hardwoods and more softwood species is also needed to establish the cause and the nature of the differences
between species.
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Chapter 7
Conclusions and
recommendations
This study has investigated the relationships between tree characteristics, forest
management and timber quality in three Irish-grown softwood species. The effect
of thinning on mechanical properties has been quantified, as have the relationships
between crown shape, stem shape and mechanical properties. This new knowledge
will assist forest managers to produce higher-quality timber, as it provides new
insights into some of the limitations of and the possibilities for manipulation of
timber properties.
Non-destructive approaches to estimation of mechanical properties were evaluated on several levels, including on standing trees, structural-sized timber and
small clear specimens. The established relationships between mechanical properties and their non-destructive estimations could be of use in planning future
experiments on mechanical properties of timber, depending on the scope and
aims of the experiment. The current chapter describes the main conclusions with
regard to the set objectives and the work completed. The chapter concludes with
recommendations for future work.
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7.1

Conclusions

Four research objectives were set following an in-depth literature review at the
beginning of the research study. In order to achieve those objectives, the experiments were designed using a multi-level design approach, where the objectives
were studied using 600 trees, over a thousand structural-sized boards and over a
thousand small clear specimens of wood. All four objectives set in this study were
fully met and each objective was addressed by one journal paper. The conclusions
are addressed individually in the paragraphs below.
The first objective of the research was to evaluate the effect of thinning on timber quality at the end of the rotation period across multiple softwood species.
To achieve this objective, thinned and unthinned stands of Douglas fir, Norway
spruce and Sitka spruce were examined. Thinning was found to negatively affect the mechanical properties of sawn timber, in most cases causing a loss of no
more than 5 % and rarely exceeding 20 % in mechanical properties. This was
confirmed using mechanical properties of both structural-sized boards and small
clear specimens, and using acoustic velocity measurements in standing trees. The
effect of thinning on mechanical properties varied by species, indicating that the
relationships are potentially species dependent. The outcomes of this study indicted that forest stands of the examined species should be thinned, as the loss
in quality is relatively small and as thinning maximizes the volume production.
The magnitude of the negative effect of thinning on mechanical properties found
in the current study is slightly larger than what was reported for wood density
of Norway spruce (Pape, 1999a; Jaakkola et al., 2005a) and for wood density of
Douglas fir (Hapla, 1985). Compared to the effect of early re-spacing of Sitka
spruce (Moore et al., 2009) or with the effect of thinning on Sitka spruce as reported by Macdonald (2002), the effect of thinning on mechanical properties is
much less pronounced in the current study. The different magnitudes are likely
to be due to the difference in sampling methods between past studies and the
current one, as the current study tested all specimens mechanically from all trees
instead of testing a sub-sample or relying only on non-destructive measurements.

160

Chapter 7. Conclusions and recommendations
It is also likely that the differences are partly caused by either climate or site, as
they both varied across past studies.
The second objective of the research was to investigate the relationships between crown or stem characteristics and timber quality. To achieve this objective, crown and stem characteristics were sampled on 600 standing trees from six
forest stands. Trees from different crown social classes were found to differ in
acoustic velocity measured in standing trees, and in their mechanical properties
of both structural-sized boards and small clear specimens. This would suggest
that branchiness is not the primary cause of differences in timber from different
crown social classes. Larger crown projection areas were in general associated
with higher mechanical properties of both boards or small clear specimens. The
effects appeared to be somewhat species dependent. Crown ratio, crown eccentricity or crown roundness were found to have no effect on acoustic velocities or
mechanical properties. Tree slenderness was found to affect timber properties
differently across different social classes. The link between crown/stem development and timber quality was confirmed and evaluated, showing that timber
quality can be manipulated indirectly thorough influencing crown and stem development. Suppressed trees generally tend to have higher wood densities, as
shown by past studies on several different species (Johansson, 1993; Amarasekara
& Denne, 2002; Deng et al., 2014; Merlo et al., 2013). This trend was confirmed
in the three studied species by the current study. While Johansson (1993) was
one of the first studies confirming this in slow-growing Norway spruce, similar
trends were also found by the current study in a different climate and growing
conditions. These trends were also confirmed in Douglas fir and Sitka spruce in
the same climate and similar growing conditions, confirming that the effect of social class on mechanical properties is present across different species. The lack of
other similar studies with regard to the effect of other crown and stem properties
makes other direct comparisons to past studies impossible, as the current study
examined the effect of several crown and stem characteristics on timber quality
across different levels using a novel statistical approach.
The third objective of this study was to examine the connections between acous-
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tic measurements in standing trees and the mechanical properties of timber and
small clear specimens. To achieve this objective, the acoustic velocity was measured in standing trees in the longitudinal, radial and tangential directions. A
sub-sample of trees was then felled, processed and tested destructively. While
correlations were found between mean tree values of mechanical properties and
acoustic velocities measured in standing trees, the strength of these correlations
was relatively low, most likely due to a high ratio of tree diameter to the distance
between the measuring transducers. Similar levels of correlations were found in
all three measurement directions and mechanical properties. Tree slenderness was
also found to correlate with mean mechanical properties with a similar strength
of the relationships as in the case of acoustic velocities and mechanical properties.
While acoustic velocity in standing trees is widely accepted as a useful predictor
of overall timber quality in a standing tree (Wang et al., 2001; Wang, 2013; Legg
& Bradley, 2016; Ross, 2015), this study has found this not to be true in larger
diameter trees using the existing measuring methodology. Although Zhang et al.
(2011b) proposed an improved measuring approach with increasing measuring
distance between transducers as tree diameter increases, it is impractical to do so
in larger diameter trees in a forest stand. As the correlations seemed to improve
as tree diameter becomes smaller, the non-destructive evaluation of trees can reflect mean tree mechanical properties relatively well in small diameter trees. In
larger diameter trees new advancements in either methodology or technology are
needed to achieve similar levels of prediction accuracy.
The fourth objective of this work was to develop and critically assess models
linking non-destructive assessments of timber with its mechanical properties, determined in destructive bending tests. The link between mechanical properties of
structural-sized timber and small clear specimens was also examined. To achieve
this objective, structural-sized boards and small clear specimens were evaluated
non-destructively using acoustic velocity, after which they were tested in bending.
The non-destructive evaluation of specimens in both specimen sizes reflected the
measured mechanical properties moderately well, with the strength of the relationships between estimations and actual material properties varied significantly
between each measured property. This is in line with previous literature on the
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subject for both boards (Larsson et al., 1998; Divos & Tanaka, 2005; Yang, 2015;
Vikram et al., 2011; Šimić et al., 2019) and small clear specimens (Raymond et al.,
2007; Haines et al., 1996). The measured mechanical properties correlated poorlyto-moderately well between small clear specimens and structural-sized timber,
with the strength of correlations somewhat species dependent. As this comparison between specimen sizes is a new approach, no direct comparison using
the same species can be made. However, the relationships found were stronger
in Norway spruce and Sitka spruce than reported in loblolly pine Butler et al.
(2016). In Douglas fir, the relationships were weaker than reported in loblolly
pine, suggesting that the relationships are species dependent. The mechanical
properties also correlated among themselves. Relatively good relationships were
found when comparing the mean tree values of the properties examined, suggesting that either specimen size can be used for a tree level comparison. The
relationships between tree mean mechanical properties were stronger than what
was previously reported by Gil-Moreno (2018), most likely due to the different
approach to sampling of the specimens.
This research study confirmed the link between silviculture, tree characteristics
and mechanical properties of timber. The relationships discovered were somewhat
species dependent across all four objectives studied. Although the species examined in this study were Irish-grown softwood species grown in similar conditions,
the potential differences between them cannot be dismissed. The mechanical
properties of Sitka spruce appear to be the least sensitive to thinning among
the studied species, while Norway spruce and Douglas fir are more influenced by
thinning. Similar trends can also be seen when comparing mechanical properties among crown social classes or other measured tree characteristics, where the
differences in mechanical properties appear species dependent. However, more
research is needed across other influencing factors to determine the exact nature
of the species’ influence on the relationships examined in this study.
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7.2

Contributions to knowledge

The current study was undertaken to address several gaps of knowledge in the
connections between silviculture and mechanical properties of timber. This was
done to research the possibilities for manipulation of the quality of the timber
after the forming of a forest stand. In addition to examining some of those connections in three softwood species, the current study also looked at the potential
of non-destructive evaluations of standing trees in order to speed up future studies
of connections between silviculture and timber quality. As full-scale mechanical
testing of boards is very time and resource demanding, speeding up the testing
procedures would allow for more work to be carried out. The non-destructive
evaluation of structural-sized boards and small clear specimens was also investigated to check whether they could present a suitable alternative to destructive
testing when researching mechanical properties in relation to silviculture. The
key novel research contributions are as follows:
1. The current state of knowledge indicates that thinning affects properties.
This study has confirmed that and found that this effect appears to be
species dependent. While thinning was found to negatively affect mechanical properties in the species examined in this study, the degradation in
mechanical properties is relatively small. This would indicate that although
thinning in general can be used for manipulation of timber quality, the extent to which it can make a difference is likely to vary by species and other
environmental factors. Mechanical properties of Sitka spruce were found to
be least sensitive to thinning, suggesting that Sitka spruce stands can be
thinned without a significant loss in quality of the timber. As Sitka spruce
is the most commonly grown species in Ireland, this new knowledge can
be used to optimize the relationships between growing large quantities of
timber and growing timber of higher quality.
2. The current study has successfully demonstrated and evaluated the link
between crown/stem properties and mechanical properties of timber. The
results have several important implications for silvicultural management.
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Suppressed trees should be retained in stands and predominant or dominant
trees should be removed, where feasible. The development and vitality of
co-dominant trees should be of the utmost importance, as they produce relatively high-quality timber. Thinning either from below or above therefore
appears detrimental to overall timber quality, while a combination of both
appears to work best for optimizing the quality of the timber produced. The
results show that further optimization of silviculture is possible, especially
with regard to growing high-quality timber.
3. Acoustic velocity is widely adopted for evaluation of mechanical properties in standing trees, where the relationship was confirmed by several past
studies in small-diameter trees. To the best of our knowledge, this study
was the first to examine the use of acoustic velocity in larger-diameter trees
and to undertake full-scale testing of the material obtained from the tested
trees. The results indicate that an evaluation of mechanical properties in
larger-diameter trees is probably not possible using this approach. This was
confirmed in both longitudinal and transverse directions. Tree slenderness
was confirmed as a possible predictor of timber quality, as it presents an
inexpensive and easy-to-measure alternative to measuring acoustic velocities for evaluation of mechanical properties. The results indicate that while
non-destructive evaluation of quality in standing trees of smaller-diameter
trees is possible using acoustic velocities, evaluation of larger-diameter trees
appears unlikely. In practical terms, this would indicate that point-to-point
measurements of acoustic velocities in standing trees cannot be used as a
proxy for separating high-quality trees from those of low quality during
thinning. Slenderness has shown potential and could be used for such separation, provided the approach is further developed.
4. While the relationships between mechanical properties determined on small
clear specimens and on structural-sized boards were poor-to-moderate, either of the specimens sizes can be used on a tree level to compare mechanical properties between trees. This is a significant finding in relation to
researching the link between trees in a forest and their mechanical properties. Future experiments could use this approach to test more trees faster,
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expanding the sample size and the number of factors examined with regard
to mechanical properties. The dynamic elastic modulus was shown to be a
relatively good predictor of the static elastic modulus in both small clear
specimens and structural-sized boards. This could speed up future timberquality experiments, depending on the desired accuracy of the estimations.
5. This study examined mechanical properties of three different species grown
in Ireland. This was carried out on timber from mature forest stands, using
both structural-sized boards and small clear specimens. Due to the scale
of the study undertaken, a large database of material properties has been
developed, which will provide a valuable resource for future researchers.
6. This study demonstrated the development and use of Bayesian data analysis in studies of mechanical properties in relation to silviculture. As the
nature of such experiments includes measurements of different variables at
different levels, the Bayesian multilevel models represent a natural approach
to the analysis of such data. It also allows for the incorporation of uncertainty in the model and it forces the researcher to think about the model’s
assumptions by explicitly defining the prior distributions used in the modelling. This approach was preferred over a frequentist one, as it focuses on
the current evidence strength instead of statistical significance. The models
and the approach to developing of said models could easily be replicated in
future studies, looking at other species or other influencing factors.

7.3

Recommendations and future work

This study examined the link between silvicultural management and the mechanical properties of timber. While the study found several interesting findings, not
all influencing factors were considered due to the limitations in time and funding
of the experiment. The limitations of this study are described below, followed by
a list of recommendations for future research.
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This study was only conducted on three softwood species and in one climatic region. It is likely that the analysed relationships would change, had this research
been conducted in drier climatic region with higher fluctuations in air temperature within a single year. Furthermore, the effect of site productivity on the
discovered relationships was disregarded, as was the provenance of the trees used
in the study. Site productivity is likely to play a role in the formation of wood
cells and therefore mechanical properties of wood products. However, while the
relationship between timber quality and site productivity has been researched in
the past, this would need to be examined again using more modern approaches
to both evaluation of mechanical properties and to the analysis of gathered data.
While tree provenance is also likely to influence the wood properties to an extent,
the effect of the provenance has to be examined along with the influence of climate, as they are dependent on one another. The assessment of non-destructive
approaches conducted in the current study used two devices, one for the measurements in the longitudinal direction and one in the transverse directions. While
this separation by direction was dictated by the capabilities of the devices, there
are several other devices for measuring acoustic velocity in standing trees that
could be used. The use of several different devices could paint a more accurate
picture of the limitations and the potential of such devices in assessing standing
trees with regard to mechanical properties.
Based on the limitations of this study, several possible continuations of the research conducted in this study were identified. The following recommendations
for future research can be made:

1. Using the methodology and approaches developed in the current work, more
tree species could be studied across several climatic regions and on sites of
different quality. While the results are un-likely to change for other softwood
species, hardwood species would need to be examined as well.
2. The effect of different silvicultural management practices should also be
examined in more detail, as this would enable a more precise manipulation
of timber quality in the forest stands. Such studies would benefit from the
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use of emerging technology, such as terrestrial laser scanning.
3. Slenderness should be examined further as a predictor of timber quality and
the links between the two should be studied across species and silvicultural
management.
4. The effect of provenance on timber properties could be included as well
along with climate. Existing provenance trials could be of interest in such
studies, provided they are of suitable age and replicated across different
sites or climatic conditions.
5. The use of acoustic velocity should be examined on larger-diameter trees by
using several different devices to provide a better understanding of the limitations and the potential of such devices in assessing mechanical properties
of standing trees.
6. Other semi-destructive or non-destructive approaches to assessing mechanical properties of standing trees should be explored further to provide a
viable alternative to the use of acoustic velocities in larger-diameter trees.
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Brüchert, F., Becker, G., & Speck, T. (2000).

The mechanics of Norway spruce

[Picea abies (L.) Karst]: Mechanical properties of standing trees from different
thinning regimes. Forest Ecology and Management, 135 , 45–62. doi:10.1016/S03781127(00)00297-8.

170

References
Bucur, V. (2006). Acoustics in Wood . (2nd ed.). Springer-Verlag Berlin Heidelberg.
doi:10.1007/978-3-662-04931-0.
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