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ABSTRACT

As the forest industry in British Columbia becomes increasingly dependent on second-growth
timber for its raw material supply, the question of wood quality becomes more relevant. Accelerated
growth in forest plantations, coupled with an earlier harvest, will lead to changes in the quality of the
timber harvested. The influence of cambial ageing, initial spacing, stem taper and growth rate was
non-destructively evaluated on the wood quality characteristics of Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco var. menziesii ), western hemlock (Tsuga heterophylla (Raf) Sarg.) and western
redcedar (Thuja plicata Donn ex D. Don). The wood properties analysed included ring width,
earlywood width, latewood width, latewood proportion, earlywood relative density, latewood relative
density, whole-ring relative density, whole-ring tracheid length and microfibril angle. Juvenile wood
development was determined based on whole-ring relative density trends from pith to bark. A highly
significant cambial age effect was noted for practically each wood property considered. An identical
pattern of development, regardless of spacing or taper class, was identified for Douglas-ﬁr via
latewood proportion and whole-ring relative density, and for western hemlock via latewood width,
earlywood relative density, latewood relative density, whole-ring tracheid length and microfibril angle.
No identical results were identified for western redcedar. An increasingly non-significant relationship
evolved over time for Douglas-fir between growth rate and whole-ring relative density. A slight, but
increasingly negative relationship unfolded for western hemlock, An increasingly stronger negative
relationship developed for western redcedar. The Kajaani FS-200 Optical Fibre Analyser was found
inadequate for measuring tracheid length variability on the basis of 12 mm increment cores. A
gradual decrease in juvenile wood ring count was commonly identified with increasing height.
Generally speaking for both Douglas-fir and western hemlock, the larger the volume of crown foliage
relative to length of brénch—free stem, the lower the péssage from juvenile wood to mature wood
below the base of the live crown. In the case of western redcedar, the larger the volume of crown

foliage relative to length of branch-free stem, the higher the passage. The use of a variable exponent

taper equation was explored for predicting juvenile core development.
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1. GENERAL INTRODUCTION

Coastal Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco) is commonly found
west of the Coast mountain range in British Columbia. Its distribution extends south along the Pacific
coast for about 2200 km, from the upper limits of Vancouver Island to the western slopes of the
Sierra Nevada in northern California (Burns and Honkala 1990). Mature standing timber volume
within coastal British Columbia was estimated in 1995 at about 134 million cubic metres. Sawlog
production that year totalled 4.25 million cubic metres, comprising 16.4 % ofthe region’s total timber
harvest (COFI 1996). Although a relatively minor commercial species, coastal Douglas-fir remains
in high demand due to its high growth potential, as well as to its excellent strength qualities. It is

widely used for the production of structural lumber, plywood, poles and pulp and paper products.

Western hemlock (Tsuga heterophylla (Raf.) Sarg.) is the most important commercial tree
species in coastal British Columbia. Its range along the Pacific coast extends approximately 3200 km,
from central California to the Kenai Peninsula in Alaska (Burns and Honkala 1990). Mature standing
timber volume within coastal British Columbia was estimated in 1995 at about 1 184 million cubic
metres. Harvest levels that year totalled 9.09 million cubic metres, accounting for 35.0 % of the
region’s total sawlog production (COFI 1996). Western hemlock is highly valued for its excellent
strength, pulping and treating characteristics. Its wood is light and uniform in colour, is even-grained,

lacks pitch and is excellent for machining.

The range of western redcedar (Thuja plicata Donn ex D. Don), along the Pacific coast,
extends from northern California to southeastern Alaska (Burns and Honkala 1990). The species
remains a commercially important element within British Columbia’s coastal forest region even
though volumes harvested in recent years have decreased substantially. Remaining standing timber

reserves were estimated in 1995 at approximately 302 million cubic metres. Sawlog production that

year totalled 5.87 million cubic metres, accounting for 22.6 % of the region’s total timber harvest




(COFI 1996). Western redcedar is considered a valuable speciality wood due to its natural durability,
low density, straight grain and high dimensional stability. Traditional uses include shingles and

shakes, poles, pilings and house siding and interior panelling.

Wood quality is defined by Jozsa and Middleton (1994) as the attributes that make logs and
lumber valuable for a particular end use. As the forest industry within coastal forest region of British
Columbia becomes increasingly dependent on second-growth timber for its raw material supply, the
question of wood quality will become more important. Recent trends in forest management have
favoured relatively wide initial spacings, over a short rotation, to accelerate second-growth
operability, and to achieve maximum stand value in the form of large diameter sawlogs. The main
reason for advocating wider spacings is to increase the rate of diameter growth, which will increase
proportionally with growing space until a maximum is reached by an open-grown tree (Smith etal.
1997). Such accelerated diameter growth, coupled with an earlier harvest, will lead to changes in the
quality of the timber produced. Each tree will subsequently contain a greater proportion of juvenile
wood at time of harvest. Whether this will have a major influence on the quality of future

manufactured wood products remains uncertain.

Douglas-fir, western hemlock and western redcedar currently account for nearly three quarters
of coastal British Columbia's annual timber harvest, the majority of which is old-growth. Past wood
quality research in British Columbia has primarily focussed on the physical and mechanical aspects
of this old-growth resource. More recent studies involving the above species have generally served
to characterise the naturally regenerated, second-growth resource presently available for harvest
(Jozsa and Kellogg 1986, Jozsa et al. 1989, Jozsa et al. 1998). Much of this information remains
inadequate for evaluating the effects of current stand management practices on future second-growth
wood quality. Sampling in past studies was most often conducted within irregularly-spaced, often
mixed-species stands that had largely developed from unknown initial stocking densities. The effects
of increased diameter growth on wood quality within uniformly-spaced, even-aged, single species
stands are subsequently difficult to evaluate from this work. Such knowledge will ultimately be
required from forest managers if future timber quality objectives within second-growth forest
plantations are to be met. A better understanding of the effects of cambial ageing, initial spacing,

stem taper and growth rate on second-growth wood formation is therefore required.
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Data for this research were collected from a spacing trial established at the UBC Malcolm
Knapp Research Forest near Haney, BC (Walters and Smith 1973). Douglas-fir, western hemlock
and western redcedar were selected for study based on their commercial importance, and relatively
wide distribution, within the coastal forest region of British Columbia. The site at Haney was chosen
for its easy access, and also due to the fact that it represents one of the oldest spacing trials available
for study in the province. These trials were originally established to assess the effects of initial
spacing ontree and stand development. A non-destructive approach for wood property sampling was
therefore employed to maintain the pattern of spatial distribution between trees, and to respect

ongoing growth and yield studies.

The following research sought to provide information necessary for allowing rational decision
making during the crop planning process of second-growth stands of Douglas-fir, western hemlock

and western redcedar to meet product objectives. Two main objectives were addressed:

(1) to analyse the effects of cambial ageing, initial spacing, stem taper and growth rate on the

development of specific wood properties important to wood quality

(2)  to examine juvenile wood development within second-growth stands established over a range

of initial spacing intervals

A literature review discussing the physiological aspects of wood formation, along with the
effects of stand density management on tree development, is provided in Chapter 2. Additional
information relating to wood quality is included under the headings Relative Density, Longitudinal
Tracheid Length, Microfibril Angle and Juvenile and Mature Wood. A description of the data set,
and the sampling techniques employed, is included under the Materials and Methods heading in
Chapter 3. The two main objectives considered in this study are central to Chapters 4 and 5. Both
chapters are organised in a similar manner, incorporating an introduction section, a data analysis
section, a results and discussion section and a general summary. A final summary of the principal
results obtained, and recommendations for future research, are presented in Chapter 6 under the

heading General Conclusions. All literature cited is listed in Chapter 7. Supplementary Tables

pertaining to Chapters 4 and 5 are included in Appendices I and II, respectively.




2. LITERATURE REVIEW

2.1 Mechanism of Wood Formation

A description of the physiology of wood formation can be divided into two developmental
stages. The primary stage regulates height growth and overall tree form. Elongation of the main
stem, branches and roots occurs as a result of active cell division in distally located apical meristems.
The secondary stage involves the expansion in circumference of all root and stem axes accomplished

through meristematic activity in the vascular cambium.

Primary growth is triggered in temperate zone conifers by an increase in temperature and
photoperiod in early spring. The process is initiated once the rehydration and swelling of vegetative
buds has occurred, prompting hormonal and enzymatic activity within the apical meristems. As cell
division proceeds, older tissues formed behind the apical initials gradually undergo changes in size,
shape and function (Reeve 1948). Further differentiation leads to the formation of three distinct
primary tissues, namely the protoderm, the ground meristem and the procambium. The protoderm
gives rise to the epidermis, a protective layer that is one-cell thick and which serves primarily to
prevent the dessication of underlying tissues. The ground meristem develops into the cortex and pith
and gives rise to the rays that originate from the pith. The inner and outer cells of the procambium
differentiate radially into bundles of vascular tissue known as the primary xylem and primary phloem
respectively. Groups of cells located in the centre of the procambium remain meristematic. These
give rise to strands of cambium that eventually interconnect through the addition of meristematic cells
originating from the surrounding parenchyma. Thus, a complete circumferential sheath of

meristematic cells known as the vascular cambium is formed (Zimmermann and Brown 1971).

The same physiological processes that trigger the initiation of bud growth in early spring also

reactivate the vascular cambium formed in previous years. Secondary growth begins immediately
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beneath the newly activated buds and proceeds downward toward the stem base with the rehydration
and swelling of dormant fusiform and ray initials (Wilcox 1962, Zimmermann and Brown 1971). The
production of xylem and phloem cells is initiated shortly after, through the periclinal cell division of
the cambial initials, and through the division of the xylem and phloem mother elements along the
tangential-longitudinal plane (Bannan 1955,1962). The anticlinal division of the cambial initials in
the radial plane also takes place, allowing the vascular cambium to increase in circumference (Bailey
1923, Bannan 1957, 1962). Differentiation follows whereby the newly formed xylem and phloem
cells increase in both length and diameter. The deposition of a secondary wall and the formation of
pits begin toward the end of this stage. Once the secondary wall has been formed, no further
enlargement of the cell occurs. Cells are considered mature once completely lignified and void of

protoplasm (Wardrop 1964).

Annual xylem development within temperate softwoods is reflected through the formation of
a concentric growth ring. Its thickness following deposition is highly variable at various positions
about the stem. Such variability can be related to the rate of cell production observed during cambial
activity, and to the length of time that the vascular cambium is active over the course of a season.
However, the overlying cause of such variation is seemingly the relationship between crown size and

length of stem that is devoid of branches (Farrar 1961, Larson 1963).

Cambial activity within a stem typically increases downward from the apex in a tapered
fashion. The larger the volume of crown foliage, the greater the taper observed. Maximum ring
width is normally attained in the vicinity of the base of the live crown where the cumulative
contribution of all branches to cambial growth is greatest. Below the base of the live crown, ring
width typically decreases in a continual fashion. A certain increase in thickness is sometimes observed
as ground level is approached. Greater anchoring support and wind-firmness is thus provided (Duff

and Nolan 1953, Farrar 1961, Larson 1963).

The width of all growth increments combined ultimately determines the form adopted by a
tree stem. At one extreme is the form adopted by a young, open-grown tree that supports a long,

vigorous crown over the length of its stem. A continual increase in ring width can be observed with

decreasing height in such a tree, with the point of maximum ring development occurring toward




ground level. Additional ring swelling at ground level, to aid in maintaining tree stability, may also

be observed, resulting in a highly tapered stem shape with buttressing (Farrar 1961, Larson 1963).

The other extreme of form is exemplified by a suppressed, stand-grown tree. The typical
growth ring produced by such a tree is not only thinner throughout, but also begins to narrow
immediately below the base of the live crown. Little or no basal thickening is generally observed at
ground level. In severe cases, the annual sheath may fail to completely extend to the stem base,
resulting in the formation of a missing or discontinuous growth ring. Over time, this concentration
of growth in the general vicinity of the base of the live crown will result in the formation of a more-

or-less cylindrically-shaped bole (Farrar 1961, Larson 1963).

Mature growth rings in all conifers are characterised by zones of earlywood tracheids, which
function as conducting cells, and latewood tracheids, which mainly serve for mechanical support.
Earlywood tracheids are most often slightly shorter, have larger radial diameters, thinner cell walls
and generally possess a greater number of bordered pits that tend to be larger in diameter than those
found in latewood (Panshin and de Zeeuw 1980, Zobel and Van Buijtenen 1989). Transitional
latewood tracheids are also commonly associated with most conifers. These tracheids generally
possess intermediate characteristics of both earlywood and latewood, and may be found in varying

amounts between the two wood zones (Larson 1969).

Current thinking indicates that cambial growth is to a large extent controlled by hormonal
interactions. The changes observed in tracheid development from earlywood and latewood are said
to be a plastic response of the vascular cambium to varying concentrations of plant hormones at
different periods within the growing season. Five groups of plant hormones are generally recognised.
These include auxins, gibberellins, cytokinins, ethylene (growth promoters) and abscisic acid (growth
inhibitor). In earlier studies, each of these hormone groups was often assigned to a very distinct
function relative to plant growth. For example, auxins were considered solely responsible for
stimulating cell enlargement, gibberellins for height growth, cytokinins for cell division and ethylene
for fruit ripening. It is now recognised that each hormone group is present in varying quantities

within the vascular cambium and each may be involved in controlling the production and

differentiation of cambial derivatives. However, the extent and manner in which each hormone group




interacts with one another, and with other nonhormonal groups, in regulating cambial activity is still

unknown (Little and Savidge 1987, Salisbury and Ross 1992, Little and Pharis 1995).

Auxins apparently play a predominant role in regulating cell division and promoting cell
enlargement. Many studies support this assertion. An increase in the production of xylem and
phloem in gymnosperms was observed following the application of exogenous auxin to disbudded,
defoliated or phloem-severed stems (Larson 1962, Little and Wareing 1981, Little and Savidge 1987,
Sundberg and Little 1991). Significant reductions in the basipetal flow of endogenous auxin and
cambial growth were observed by the same authors when no exogenous auxin was added. The
application of exogenous auxin to disbudded, defoliated or phloem-severed stems was also found to
promote tracheid enlargement and cell wall thickening (Larson 1962, Sheriff 1983). A positive
relationship was identified between the production of cambial derivatives and the concentration of

exogenous auxin applied, up to an optimum level (Sheriff 1983, Little and Savidge 1987).

An increase in cell wall thickening has been correlated to the maturation of current-year
needles, and with the resultant increase in carbohydrate supply within the stem (Larson 1964, Gordon
and Larson 1968). Cell wall thickening entails the deposition of cellulose, hemicellulose and lignin
within the tracheid secondary wall. Mainly reserve carbohydrates from storage tissues are used for
this purpose during earlywood development. Buds and new shoots represent the major carbohydrate
sink at this time, consuming most of the photosynthate production available from the older foliage
(Kozlowski 1992, Hansen ef al. 1997, Kozlowski and Pallardy 1997).

Approaching maturity, the newly developed foliage rapidly becomes a weaker sink for
carbohydrates, and a net producer. A significant increase in the downward flow of assimilates toward
the roots soon follows. Tracheid cell walls along the stem subsequently increase in thickness,
indicative of latéwood development (Larson 1964, Gordon and Larson 1968). This activity is
maintained so long as carbohydrate sinks in competing meristems remain weaker, and so long as

factors affecting carbohydrate conversion into secondary cell wall tissues (water availability, hormonal

interactions, photoperiod, temperature) remain favourable (Kozlowski 1992, Hansen et al. 1997,

Kozlowski and Pallardy 1997).




Auxin synthesis and photosynthate production were described by Larson (1969, 1973) as
physiologically independent processes that could overlap in time and under certain conditions. This
independence, it was hypothesised, was responsible for many of the changes in tracheid structure that
could be observed within a growth ring from earlywood to latewood. Larson furthermore proposed
that physiological gradients within a tree stem, in terms of both auxin and photosynthate availability,
combined with the independence element, accounted for much of the variability in earlywood and
latewood structure that could be observed at different heights along a tree stem. Larson nonetheless
did recognise that the process of tracheid development was inherently more complex than the
seemingly basic relationships proposed. Unequivocal evidence to support Larson’s work remains

unavailable, indicating how little is still understood with regard to the process of wood formation.

Larson (1969, 1973) stated that a sharp drop in auxin production, followed by a sharp
increase in photosynthate availability, was generally associated with a sudden decrease in tracheid
radial diameter and increase in cell wall thickness. He explained that an abrupt transition from
earlywood to latewood would generally result from the above. Larson added that the development
of transition wood took place under conditions where auxin production coincided with the export of
photosynthate from the current year’s foliage. The tracheids produced under such conditions would
demonstrate either thickened cell walls with no subsequent change in radial diameter, or a narrower
diameter with no apparent change in cell wall thickness. The subsequent transition from earlywood
and latewood would, as a result, be very gradual, with the visible features of one wood type slowly

blending into the other.

Larson (1969, 1973) suggested that high levels of auxin were present throughout the vascular
cambium during early terminal shoot growth. As terminal shoot growth subsided, the levels of
transported auxin within the vascular cambium would likewise begin to decrease, prompting the
cambial regions furthest from the auxin source to initiate latewood production first. A thicker
latewood increment would accordingly be produced at the stem base, tapering upward toward the
apex to the point of disappearing. In contrast, earlywood width would remain similar in proportion
to ring width, increasing downward from the apex and reaching a maximum in the vicinity of the base

of the live crown. A continual decrease in earlywood width would follow as ground level was

approached, with perhaps a slight increase in thickness displayed toward the stump due to buttressing.




Larson (1969, 1973) furthermore suggested that auxin levels within the vascular cambium of
young trees that have a high proportion of their stems covered by branches would remain consistently
high throughout the growing season. Mostly transitional latewood tracheids, demonstrating
thickened cell walls and wide radial diameters, would subsequently develop within the outer portions
of each annual ring. Following the cessation of terminal shoot growth, older trees possessing longer
branch-free boles would see a marked drop in auxin concentration at points furthest from the crown.
An abrupt transition from earlywood to latewood would subsequently develop for such trees. With
increasing proximity to the active crown, and with increasing auxin levels, a more gradual earlywood
to latewood transition would develop. Wood almost devoid of true latewood, but containing some
transitional latewood tracheids, would be produced toward the apex where auxin levels within the

cambium would have remained at a high throughout the growing season.

2.2 Competition Theory

Grime (1979) defines competition in terms of the capacity of neighbouring plants to capture
and utilize the same quantum of light, ion of a mineral nutrient, molecule of water or volume of space.
His plant strategy model predicts that those plants which are the best competitors for light will also
be the ones most efficient at extracting moisture and nutrients from the ground. Such plants will be
able to maintain the highest levels of growth. Strong tradeoffs exist between the ability to tolerate
low resource supplies and the ability to grow rapidly and to exploit resources. Species that display
a maximum capacity for resource capture will be the superior competitors. Once established,
differences among competing plants will be maintained and magnified due to the positive feedback

that exists between growth and resource capture.

Tilman (1988) defines competition as the utilisation, by two or more species, of shared
resources that are in short supply. His resource-ratio model predicts that the superior competitor will
be the species that can reduce the concentration of the limiting resource to the lowest level and still
maintain its population. Tilman contends that the best competitor will be the species with the lowest

resource requirements rather than the one that can grow the largest, the fastest, or is the first to

colonise an area.




2.3 Shade Tolerance

The minimum light intensity at which the photosynthetic uptake of CO, within a tree becomes
equal to its rate of release through respiration is commonly referred to as the compensation point.
Trees that respire more rapidly typically require a greater amount of light to reach this level. As light
intensity increases beyond the compensation point, a rapid increase in the rate of photosynthesis, and
therefore in net CO, fixation, is observed. However, such increases are difficult to sustain and will
at some point begin to diminish with further increases in light. A saturation point is eventually
reached at which time further increases in light intensity will lead to no further gains in net CO,
fixation. The particular light intensities at which compensation points and saturation points are
reached in turn depend upon a combination of factors. These factors may include some of the
following in addition to the various interactions possible; genotype, leaf type, leaf age, soil moisture,
nutrient availability, air humidity, CO, concentration in the air, ambient temperature and insect and
disease infestation (Larcher 1983, Kimmins 1987).

The capacity for a tree to grow in the shade of other trees varies widely with species. Those
adapted to growing at reduced light intensities and high root competition are commonly referred to
as shade tolerant. Such species generally have lower compensation points and saturation points than
species adapted to higher light-intensity environments (Larcher 1983, Kimmins 1987). In the absence
of a large-scale disturbance, relative shade tolerance becomes an importaht element in the ability of
a tree to form part of a climax community in a given environment. A knowledge of shade tolerance
and its implications for growth is therefore essential for explaining and predicting vegetation

succession and in supporting stand-level silvicultural decisions during management planning.

For this and other purposes, tree species have often been arbitrarily classified in order of
comparative shade tolerance based on their capacity to withstand low light conditions. Sucha system
has simplistically implied that shade tolerance for a species will remain more-or-less constant across
the range of sites on which the species may be found, and for all stages of tree development.
Contradicting classifications have therefore sometimes arisen. Krajina (1965) ranked amabilis fir
(Abies amabilis Dougl. Ex Loud. Forbes) as the most shade tolerant tree species in the Pacific

Northwest. Western hemlock and western redcedar were both ranked as equally high in shade
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tolerance, but at a level inferior to that demonstrated by the amabilis fir. Minore (1979) considered
western hemlock equal to amabilis fir as the most shade tolerant species in coastal British Columbia.
Western redcedar was considered less tolerant than western hemlock. Western hemlock and western
redcedar were both classified by Burns and Honkala (1990) as very shade tolerant, though western
redcedar was considered perhaps slightly-less-so. Coastal Douglas-fir has been classified as
intermediately shade tolerant by all of the above authors. A recent study of interspecific variation in
shade tolerance, based on variations in light condition as well as in soil moisture and in nutrient
availability, has suggested that shade tolerance is greatest in western redcedar, followed by western

hemlock and Douglas-fir (Carter and Klinka 1992).

2.4 Idealised, Even-Aged, Single-Species Stand Development

An understanding of stand dynamics is essential in forest management. Forest stand dynamics
describe the various changes thaf may be observed in forest stand structure as a function of time.
Stand structure relates to the physical and temporal distribution of trees in a stand. The evolution of
structure within an idealised, even-aged, single-species stand, as influenced by competition, can best
be described through four general phases of development. In order of successibn, these include the

stand initiation stage, the stem exclusion stage, the transition stage and the steady-state stage (Oliver

and Larson 1996).

The first stage of stand development is commonly referred to as stand initiation. During stand
initiation, plant species developing from seeds, sprouts or advanced regeneration gradually recolonise
open spaces created by a major disturbance such as fire, blowdown, insect infestation, disease
infestation or logging activity. The duration of this stage varies widely, depending upon a
combination of factors such as the intensity of disturbance, area of disturbance, growth rate of
invading species, regeneration mechanisms of invading species, the coincidence of disturbance, seed
crops and weather and also, on the density and multiplication rates of seed predators or competing
shrubs (Oliver 1981). Little competition is observed among tree seedlings at this time because site
resources are not yet fully exploited. The rate of tree development, if unimpeded by herbaceous

competition, is mostly governed by physiological and genetic factors. Abiotic elements such as
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climate, topography, aspect and the physical and chemical characteristics of the soil also play an
important role (Oliver and Larson 1996).

The onset of competition within a single species, even-aged stand largely corresponds to the
timing of crown closure. Complete crown closure is realised when the lower shaded branches of a
tree die and the base of the live crown begins to recede. On similar quality sites, crown closure will
occur later at the widest spacings, with the extreme of an open-grown tree experiencing little crown
recession. Following crown closure, widely-spaced trees will be taller, will have wider crowns and
will possess larger average diameter branches and stems than closely-spaced trees growing on similar

sites (Curtis and Reukema 1970, Oliver and Larson 1996).

Stem exclusion is characterised by the onset of competition within a stand, and through the
initiation of self-thinning. The intensification of competition during this stage gradually leads to the
differentiation of the stand into four commonly identified crown class subgroups, namely the
dominant, the codominant, the intermediate and the overtopped. Each crown class is defined by total
tree height position relative to the general crown canopy structure, and by the proportion of tree

crown surface exposed to direct sunlight (Kozlowski et al. 1991, Oliver and Larson 1996).

As the name suggests, dominant trees are those that extend above the general canopy layer
and receive full sunlight along the top and upper sides of their large, well developed crowns.
Codominant trees form the general canopy layer and intercept full sunlight from above, but
comparatively little from the sides of their medium-sized crowns. Intermediate trees extend
somewhat into the lower portions of the main canopy and receive small amounts of direct sunlight
from above, but none from the sides. Crowns are typically narrow and short, resulting in limited leaf
surface area and a low live-crown-ratio. Such trees maintain the potential to recover upon release,
and to gradually emerge into either of the codominant or dominant crown class positions.
Overtopped trees are those positioned entirely below the main canopy layer and which receive
practically no direct sunlight. Such positioning results in the formation of small, sparse, flat-topped
and often lopsided tree crowns. Overtopped trees have little chance of recovering upon release

(Kozlowski et al. 1991, Oliver and Larson 1996, Smith et al. 1997).
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The transition stage is initiated by a general decrease in upper canopy vigour as trees begin
to age and decrease in vigour. Overstory tree heights and crown sizes become less uniform, with less
overlapping occurring between adjacent branches. Individual tree mortality at this point is largely
brought about by environmental factors such as windthrow, insects and disease. Openings created
by the deaths of dominant and codominant trees are subsequently larger, and persist over a longer
period of time. Gaps in the main canopy are slowly created, allowing sunlight to penetrate diagonally
to the forest floor, and allowing for the subsequent establishment of a new stratum of herbs, shrubs

and advanced regeneration (Oliver 1981, Peet and Christensen 1987, Oliver and Larson 1996).

A forest stand in the steady-state phase can be viewed as a patchwork of trees of various sizes
and ages continuously undergoing the processes of stand initiation, stem exclusion and transition.
Individual old-growth trees continue to die at irregular intervals, freeing up growing space in a
spatially discontinuous pattern. Advanced regeneration is gradually released within such openings,
forming a vertically stratified stand that contains trees of a wide range of ages, diameters and heights.
Most often, the steady-state phase is never reached due to a major disturbance, such as fire, that
completely destroys the forest stand and reverts it back to the stage of stand initiation. Barring such
a disturbance, the ingrowth provided by the new trees eventually gives the stand an uneven-aged
character, with a diameter distribution approaching a reverse-J shape. Volume lost through the
periodic death of individual old trees is replaced by ingrowth provided by younger trees (Oliver 1981,
Peet and Christensen 1987, Oliver and Larson 1996).

2.5 Wood Quality

A few of the basic pﬁnciples governing tree development were advanced in the preceding
discussion. The effects of crown development on wood formation, and on the subsequent patterns
observed for earlywood, transition wood and latewood development, were also considered. The
following discussion will address the concept of wood quality. Five wood properties important to
the wood processing industry in terms of end-product quality and value, namely relative density,

longitudinal tracheid length, microfibril angle, juvenile wood and mature wood, will be reviewed.
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2.5.1 Relative Density

Relative density is considered by many as the best single measure of wood quality. Clear
wood strength and stiffness, digester pulp yield and caloric content are all closely related to it. Its
importance also stems from the fact that it can be easily altered for many species through silvicultural
and genetic manipulation (Panshin and de Zeeuw 1980, Zobel and Van Buijtenen 1989). Relative
density is defined as the ratio of the weight of a given volume of wood to the weight of an equal
volume of water at 4 °C. It is commonly determined in small wood samples through gravimetric
analysis (Smith 1954) and by x-ray densitometry (Parker et al. 1980, Jozsa and Myronuk 1986, Jozsa
et al. 1987).

The basic relative density (oven-dry weight / green volume) of an annual growth ring is
influenced by several wood characteristics such as cell wall thickness, cell diameter and most
importantly, by the relative amounts of earlywood and latewood present. The greater the proportion
of latewood, the higher the whole-ring relative density recorded. Relative density within a Douglas-
fir annual growth ring was described by Jozsa and Middleton (1994) as ranging from a minimum of
about 0.25 in the earlywood to a maximum of about 0.84 in the latewood. Relative density for
western hemlock was described by Wilson (1964) as ranging from about 0.20 to 0.60 from earlywood
to latewood, and for western redcedar from about 0.12 to 0.60, respectively. Jessome (1977)
reported average whole-ring relative density values 0£0.45, 0.42 and 0.33 for old-growth Douglas-fir,

western hemlock and western redcedar, respectively.

Relative density variation within a tree is most often described in a horizontal sequence from
pith to bark. Generally speaking, the variability displayed is strongly correlated with ring number
from pith, but weakly correlated with growth rate (Megraw 1986, Jozsa et al. 1989, Jozsa and
Middleton 1994). Average whole-ring relative density profiles established by Jozsa and Middleton
(1994) for second-growth Douglas-fir (60 trees sampled), western hemlock (26 trees), western

redcedar (10 trees), and for six other tree species from British Columbia, are illustrated in Figure 2.1.

Whole-ring relative density for Douglas-fir (Figure 2.1) averaged about 0.47 next to the pith,

and decreased to a value of about 0.40 by ring 10. A steady increase followed until a more-or-less
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Figure 2.1 Average whole-ring relative density trends as displayed at breast height, and from pith to
bark, for various second-growth native tree species from British Columbia (Jozsa and
Middleton 1994).

steady value was attained by about ring 30. A similar pattern of relative density variation was
observed for the species by Chalk (1953), Jozsa and Kellogg (1986), Megraw (1986) and Jozsa et
al. (1989). Whole-ring relative density for western hemlock was at a maximum (about 0.51) next to
the pith. A sharp decline to a minimum (about 0.38) at ring 14 was followed by a moderate increase
to a more-or-less steady value by ring 40. Wellwood and Smith (1962), Krahmer (1966), Megraw
(1985) and Jozsa et al. (1998) all reported similar whole-ring relative density profiles for the species.
Western redcedar also displayed a maximum whole-ring relative density value (about 0.37) next to
the pith. This value decreased to about 0.27 by ring 16, with very little subsequent variation
displayed over time. Wellwood and Jurazs (1968) and Jozsa and Kellogg (1986) both reported a

similar pattern of relative density variation for the species.
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Some researchers have noted a decrease in whole-ring relative density following an increase
in initial spacing. Such decreases were reported by Klem (1942) for Norway spruce (Picea abies (L.)
Karst), by Cown (1981) for Caribbean pine (Pinus caribaea var. hondurensis Morelet) and by Yang
(1994) for black spruce (Picea mariana (Mill.) B.S.P.). Klem (1952) reported no effect for Norway
spruce at spacings narrower than 2 m, but observed a decrease in relative density at spacings greater
than 3 m. Other researchers, such as Geyer and Gilmore (1965) for loblolly pine (Pinus taeda L.)
and Baker (1967) for red pine (Pinus resinosa Ait.), have observed an increase in relative density.
Others, such as Grigal and Sucoff (1966) for jack pine (Pinus banksiana Lamb.), Smith (1977) for
slash pine (Pinus elliottii Engelm.) and Barse and Laidly (1980) for red pine, have observed no effect.

Smith (1980) studied the effects of initial spacing on radial growth and percentage latewood
for 21-year-old Douglas-fir and 20-year-old western hemlock and western redcedar. The plots
sampled were established at initial spacings of 0.91, 1.83, 2.74, 3.66 and 4.57 m (Haney spacing
trials). Increased ring width, and a corresponding decrease in latewood proportion, were observed
for all species as spacing increased. From the same plots studied by Smith (1980), Jozsa et al. (1998)
analysed the effects of initial spacing (0.91, 2.74 and 3.66 m) on stemwood relative density for
western hemlock. Both earlywood and latewood relative density, it was found, remained practically
identical at breast height for all three spacings. A slight drop in latewood proportion, from a high of
33.3%at 0.91 m, to alow 0f26.0 % at 3.66 m, was also observed. Ultimately, it was concluded that

wider spacings were capable of producing stemwood densities comparable to old-growth standards.

Many attempts have been made to establish a relationship between ring width and relative
density. Megraw (1986), Jozsa et al. (1989) and Abdel-Gadir et al. (1993) each reported a very
weak to non-existent relationship for Douglas-fir. A weak, negative relationship for western hemlock
(rings 20-24 analysed combined) was identified by DeBell et al. (1994) as a function of earlywood
relative density (r> = 0.16) and whole-ring relative density (r* = 0.39). A non-significant relationship
was identified for latewood relative density. Jozsa et al. (1998) also reported a weak, buf consistently
negative whole-ring relative density relationship for western hemlock, with relationships generally
stronger for growth rings sampled within the juvenile wood zone, and weaker for those sampled
within the mature wood. Little information concerning the relationship between ring width and

relative density development is currently available for western redcedar.
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A negative relationship between ring width and whole-ring relative density has occasionally
been identified for Norway spruce (Klem 1942, Persson 1975, Olesen 1976, Johansson 1993,
Lindstrom 1995). Stem taper has, as a result, sometimes been considered a predictor of relative
density for the species, especially for stems grown within young, even-aged, single-species stands.
Generally speaking, the greater the stem taper observed, the lower the mean relative density value
recorded (Klem 1942, Johansson 1993, Lindstrom 1995). Little information is currently available for

Douglas-fir, western hemlock and western redcedar with regard to this relationship.

2.5.2 Longitudinal Tracheid Length

The length of an average tracheid is often said to be roughly 100 times greater than its
tangential width. The actual value ultimately depends upon the length of the fusiform initial from
which it is derived. The greater the length of the fusiform initial, the longer the tracheid produced.
The length of a fusiform initial, measured next to the pith, is itself strongly inherited. Genetics,
cambial age, growth rate, and all the possible interactions involved, all contribute to the subsequent

increases in length that are commonly displayed over time by most species (Larson 1994).

Accelerated diameter growth by a young tree typically requires a corresponding increase in
the rate of anticlinal cell division to provide the necessary circumferential expansion of the vascular
cambium. The frequency of anticlinal cell division at this point is such that an overabundance of
fusiform initials are initially produced. The subsequent survival of each fusiform initial, it is thought,
is largely dependent on contact with rays through which synthesised food material is translocated.
The longer the fusiform initial, the greater the chance of contact. With aging comes the decline of
the shorter, less efficient fusiform initials. These cells, even when bordered by rays, frequently lose
their capacity for further division and either develop into ray initials, mature directly into xylem or
phloem elements, or simply die out (Bannan 1967a, Philipson and Butterfield 1967). An overall

increase in mean fusiform initial cell length is therefore said to occur from the above.

With tree maturity comes a diminishing rate of diameter growth, and a general decline in

anticlinal cell division. Greater time is subsequently available between successive divisions for cell
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tip elongation by the fusiform initials. Longer daughter initials are accordingly produced, and a
greater survival ratio is also observed. Only small increases in mean fusiform initial cell length take
place from then on. A genetically controlled maximum value is eventually reached at which time
fusiform initial cell length fluctuations become largely attributable to seasonal changes in rate of cell

division (Bannan 1967a, Philipson and Butterfield 1967).

Anticlinal cell division during the initial years of tree development is normally held constant
throughout the growing season. The growth rings produced are generally wide and contain a high
proportion of earlywood. A slight, but constant, increase in average fusiform initial length may be
observed. As trees grow older, anticlinal cell division tends to concentrate in the final portion of the
growing season. This results in a pattern of increasing fusiform initial cell length within the
earlywood and early latewood zones, followed by a gradual or abrupt decline at the approach of
cambial dormancy. Such late-season anticlinal divisions, in turn, generate the fusiform initials that
will initiate periclinal division the following season. Despite the tendency for fusiform initial lengths
to decrease at season’s end, there is nonetheless a residual increase in cell length that is carried over

from year to year (Bannan 1967a, 1967b).

The seasonal fluctuations in fusiform initial cell length noted above may lead to increases in
mean tracheid length of 10 to 15 % from earlywood to latewood (Panshin and de Zeeuw 1980).
Furthermore, earlywood and latewood tracheids, once fully developed, are both significantly longer
than the fusiform initials from which they originated. Increases of 10 to 15 % may be observed. Such
post-cambial cell elongation is typical of conifer tracheids and is largely a result of intrusive growth

on the part of the cell tips (Wenham and Cusick 1975).

Tracheid length, when viewed from pith to bark, demonstrates a similar pattern of
development for most conifer species. A rapid increase in tracheid length is normally displayed from
the pith over the first 10 to 20 years of development, followed by more-or-less constant values over
time. Hamm (1989) measured tracheid length for second-growth coastal Douglas-fir. Average
values of 1.7, 2.7, 3.1 and 3.3 mm were obtained for rings 0-5, 11-15, 21-30 and 41-50, respectively.
Wellwood and Smith (1962) measured tracheid length for western hemlock. Mean values 0f1.8, 2.7,
3.2 and 3.6 mm were obtéined for rings 1-10, 21-30, 31-40 and 71-80, respectively. Wellwood and
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Jurazs (1968) measured tracheid length for western redcedar, and obtained a mean value of 2.5 mm

at ring 10, 3.0 mm at ring 23, 3.5 mm at ring 50 and 4.0 mm at ring 120.

The general finding for softwoods is that initial spacing has little impact on tracheid length
development. Klem (1942) for Norway spruce, Youngberg ef al. (1963) for slash pine, Posey (1965)
for loblolly pine and Persson (1975) for Norway spruce all concluded that no relationship existed.
Little information has been compiled regarding the above for Douglas-fir, western hemlock and

western redcedar.

The observation that an increasing rate of diameter growth brings about a corresponding
increase in frequency of anticlinal cell division suggests that tracheid length variability is, to a certain
extent, a function of growth rate. Faster diameter growth, it is assumed, will lead to the production
of shorter tracheids. Conflicting results have nonetheless been reported in past studies for various
conifer species. The effects of growth rate have frequently been confounded with those of cambial
age. The correlation of tracheid length with rate of diameter growth has sometimes resulted in a

positive, in a negative or in no relationship at all.

Smith et al. (1961) concluded that growth rate held no important effect on tracheid length
development for either Douglas-fir or western hemlock. Age was identified as having the greatest
impact on variability for both species. A total of 77 % of tracheid length variation for Douglas-fir
was found attributable to ring number from pith. A value of 60 % was obtained for western hemlock.
Wellwood and Smith (1962) associated 65 % of tracheid length variation for Douglas-fir to cambial

age. Wellwood and Jurazs (1968) associated a value of 58 % for western redcedar.

2.5.3 Microfibril Angle

The cell wall of a tracheid is, to a large extent, a composite structure of thread-like filaments
called microfibrils. Each microfibril constitutes a crystalline cellulose core encased in a shell of
amorphous hemicellulose. On the basis of microfibril orientation, the resultant cell wall construction

can be subdivided into four principal layers (Figure 2.2).
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Figure 2.2 Schematic representation and microfibril angle orientation of tracheid cell-wall layers
(adapted from Co6té 1967).

The primary wall (P) is formed at the time of cambial division. It remains very thin,
approximating 0.1 um throughout. Microfibrils found within this wall are loosely interwoven, and
more-or-less randomly orientated. Such a loose network facilitates expansion and elongation during
the subsequent period of cell enlargement. The secondary wall is characterised by a higher degree
of parallelism of its microfibrils, and by the deposition of cell wall material in the form of successive
sheets (lamellae). The secondary wall collectively includes three layers that generally integrate into
one another. The S, layer lies immediately within the confines of the inner primary wall and never
exceeds a thickness of about 0.1 to 0.2 pm (4 to 6 lamellae). Microfibrils within this layer generally
alternate in orientation between opposing surfaces. A left-handed upward spiral (S helix) relative to
the longitudinal axis of the cell may be viewed from the outside of the layer. A right-handed (Z helix)
arrangement may be observed from the inside. The helical angles observed may range from as high
as 50 to 90°. The central S, layer is highly variable in thickness (1 to 5 pm, 30 to 150 lamellae) and

may constitute upward of 80 % or more of total cell wall volume. The term microfibril angle itself,
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as commonly employed with regard to wood quality, refers to the mean helical angle observed within
this particular layer. Microfibrils are typically closely packed and steeply aligned to the cell axis in
a single Z helix. The S, layer lies adjacent to the cell lumen and constitutes a very thin layer ranging
from 0.1 to 0.2 pm in thickness (4 to 6 lamellae). An alternating Z helix on the outside surface of the
layer and an S arrangement on the inner surface may be viewed. Likewise to the S, layer, the helical

angles observed may range from 50 to 90° (Fujita and Harada 1991, Booker and Sell 1998).

Also included in Figure 2.2 is the middle lamella (M). This component is primarily composed
of pectin and is the rubbery substance responsible for cementing the outer primary walls of the
individual cells together. Its development parallels the formation of the secondary wall and is
associated with the stage of lignification. The warty layer (W) is deposited on the inner surface of
the S, layer by the dying protoplasm during the final portion of the lignification stage. Its purpose
remains unknown (Panshin and de Zeeuw 1980, Tsoumis 1991).

The mechanism governing microfibril angle development is still under debate. Current
thinking suggests that microtubules play an important role in directing cellulose deposition. Strong
correlations have been identified between the orientation of microtubule arrays and the orientation
of newly deposited microfibrils within the secondary wall (Seagull 1989,1992, Fujita and Harada
1991, Salisbury and Ross 1992 Hisashi ef al. 1994). Microtubules are generally present within the
cytoplasm of a cell following division. These structures consist of long, hollow cylinders measuring
about 25 nm on the outside and 12 nm on the inside. At the onset of cell enlargement, most
microtubules are organised in a compressed helical band about the cell equator and are mostly
positioned at right angles to the longitudinal axis. The control of this arrangement remains unknown.
As cell enlargement proceeds, the helix arrangement expands and microtubules begin to move away
from one another. The orientation of the microtubules within the helix accordingly changes, forming
angles of up to 45° with the long axis of the cell. Cellulose formation is believed to be controlled by
enzymes located on the plasmalemma, namely rosettes on the inner surface and globules on the outer
surface. It is currently hypothesised that the movement of these rosette-globule complexes during
cellulose synthesis is guided by the microtubules. It is through this association that microtubule
orientation is believed to provide a pathway for cellulose deposition, with the direction of the

deposition being essentially parallel to that of the microtubules (Salisbury and Ross 1992).
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The overall design of the cell wall is believed to provide extra resistance within a tree stem
against wind inflicted damage. A microfibril angle greater than zero effectively serves as a vibration
damping mechanism at the cellular level to prevent intra-wall fracturing during swaying. Assuming
adjacent tracheids within a tree stem possess similar microfibril angles, the double cell wall portions
observed will display reverse microfibril orientations. Upon bending in the wind, one side of the stem
will be compressed whereas the opposite side will be placed under tension. Since the organisation
of microfibrils within the S, layer is at a slight angle relative to the longitudinal axis, individual cells
when placed under compression will rotate slightly. Movement within the double cell wall portions
will therefore be in opposing directions. The middle lamella will accordingly be placed in shear, but
will not rupture due to its highly elastic nature. With the tree swaying back to its original position
and beyond, the same tracheids will be placed under tension and will correspondingly rotate, but in
the reverse direction. The middle lamella will once again be placed in shear and will accordingly

dissipate the vibrational energy conveyed (Booker and Sell 1998).

The microfibril angle observed for most conifers is typically greatest near the pith, decreases
rapidly as tracheids in increasingly distant growth rings are examined, and eventually stabilises
(Megraw 1985, Cave and Walker 1994). Dadswell (1958) stated that microfibril orientation could
decrease from a value of 55 to 20° from pith to maturity. Erickson and Arima (1974) reported a
decrease in average microfibril angle for Douglas-fir, from a value of about 32° next to the pith, to
about 7° by ring 30. Wellwood (1962) reported a somewhat smaller decrease between rings 1 and
27 for western hemlock, from about 22° to 11° for the earlywood zone, and from about 19° to 8° for
the latewood zone. Little information regarding microfibril angle development has been compiled for

western redcedar.

h Erickson and Arima (1974) noted a weak relationship between growth rate and microfibril
angle for Douglas-fir, with the variability observed largely a function of cambial age. Markstrom e¢
al. (1983) noted that an increase in radial growth for Ponderosa pine (Pinus ponderosa Laws.) was
not accompanied by a corresponding significant increase in microfibril angle. Herman et al. (1999)
observed a positive relationship between growth rate and microfibril angle for Norway spruce. Slow-
grown stems displayed the classic pattern of decreasing microfibril angle from pith to bark, whereas

the faster-grown stems, following a thinning intervention, demonstrated a significant increase in value.
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A mean microfibril angle of 29° was reported for the faster-grown trees, compared to 21° for the
slower-grown stems. Very little information is available for western hemlock and western redcedar
regarding the effects of ring width on microfibril angle development. Furthermore, very few studies
have analysed the effects of initial spacing on microfibril angle development for the three species

considered in this study.

Many studies have pointed to the existence of a strong, negative correlation between
microfibril angle and tracheid length (Dadswell 1958, Erickson and Arima 1974, Briggs and Smith
1986). It was furthermore suggested by Meylan and Probine (1969) that microfibril angle
development could vary as a function of cell diameter and cell wall thickness. Megraw (1985)
suggested overall lumen geometry, stating that the long and narrow cell cavities typical of latewood
tracheids favoured the deposition of a low microfibril angle, whereas the shorter and wider cavities

typical of earlywood tracheids favoured a larger microfibril angle.

2.5.4 Juvenile and Mature Wood

Juvenile wood can be defined as that portion of the xylem first laid down near the centre of
a tree. Regardless of tree age, it is always produced within the live crown. Its relative proportion
below the base ofthe live crown is largely a function of species, cambial age, and distance of sampling
point along the stem relative to the base of the live crown. Juvenile wood is characterised by greater
variability in terms of wood properties. Mature wood typically demonstrates greater uniformity.
Generally speaking, a lower average relative density, shorter tracheids, thinner cell walls, a lower
proportion of latewood, a larger average microfibril angle, a lower cellulose content and a higher
lignin content will be displayed within the juvenile wood core (Panshin and de Zeeuw 1980, Zobel
and Van Buijtenen 1989, Zobel and Sprague 1998).

A range of 20 to 30 growth rings at breast height has been suggested as the extent of juvenile
development within many conifers (Jozsa and Middleton 1994, Kennedy 1995). The actual number
of growth rings identified ultimately depends upon the wood property used for defining a transition

zone. Different wood properties will attain a more-or-less stabilised value (indicative of mature wood
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development) at different ages. Also, there is no sharp demarcation between juvenile wood and
mature wood, as one wood type systematically blends into the other as a tree ages. Transition age
results have accordingly varied between studies, species, and even provenances (Zobel and Sprague

1998).

A boundary between juvenile and mature wood has most frequently been defined using whole-
ring relative density trends from pith to bark, with a transition point between the two wood types
selected where values began to stabilise (Bendtsen and Senft 1986, Di Lucca 1989, Abdel-Gadir and
Krahmer 1993, Kucera 1994, Tasissa and Burkhart 1997). The age at which ring width (Bendtsen
and Senft 1986, Kucera 1994, Yang et al. 1986, 1994), tracheid length (Bendtsen and Senft 1986,
Kucera 1994, Yang 1994), tracheid diameter (Kucera 1994), microfibril angle (Bendtsen and Sentt
1986), latewood relative density (Sauter e al. 1999), latewood proportion (Kucera 1994) and
longitudinal shrinkage (Pearson and Gilmore 1971, Ying ef al. 1994) stabilise have also been

considered.

Kucera (1994) identified a close felationship between the culmination of annual height
increment in Norway spruce, and the age at which whole-ring relative density attained a minimum
value at stump level. An association was suggested between shade tolerance and relative density
development, with a minimum whole-ring relative density value prpduced at an earlier age by the
more shade intolerant species. Kucera also suggested that whole-ring relative density for shade
intolerant species would stabilise sooner, resulting in a shortened period of juvenile wood formation.
An abrupt transition, owing to the rapid decrease in incremental height growth, would subsequently

be observed from juvenile wood to mature wood.

Jozsa et al. (1989) observed the following trends based on intra-ring relative density profiles
established at breast height for 50-year-old Douglas-fir from Vancouver Island. Relative density
- within the juvenile wood core (first 20 years of growth) ranged from about 0.29 in the earlywood to
0.88 in the latewood. Annual growth rings averaged 5.8 mm in width, contained 30 % latewood, and
averaged 0.46 in terms of whole-ring relative density. In contrast, the relative density of the mature
wood zone ranged from about 0.28 in the earlywood to 0.95 in the latewood. Ring width averaged
3.2 mm, latewood proportion averaged 43 % and whole-ring relative density averaged 0.53.
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Jozsa et al. (1998) observed the following trends based on intra-ring relative densify profiles
established at breast height for 90-year-old western hemlock from coastal British Columbia.
Latewood proportion increased from 15 %, to 28 %, to 48 % over growth rings 6-15, 16-35 and 71-
90, respectively. Ring width, over the same intervals, averaged 3.9, 2.6 and 1.1 mm, respectively.
Whole-ring relative density averaged 0.39 at ring 10, 0.42 at ring 25 and 0.49 at ring 75.

Smith (1980) measured latewood proportion from 20-year-old westernredcedar trees sampled
at the Haney spacing trials. Mean breast height values were obtained based on a sample of 29 stems
from five spacings ranging from 0.91 to 4.57 m. Average values equalling 18, 13, 9 and 13 % were
obtained for growth rings 9, 12, 15 and 20, respectively. Very little information relating to mature

wood development within second-growth timber is available for the species.

Average stemwood relative density, when described as a function of height for both Douglas-
ﬁr and western hemlock, is typically greatest at stump level (Okkonen et al. 1972, Jozsa and Kellogg
1986, Jozsa et al. 1998). Since concentrations of mature wood are generally at a maximum within
this region, average stemwood relative density will be higher. A rapid decrease in relative dénsity for
both species follows as the base of the live crown is approached, and the proportion of juvenile wood
within the stem increases. A final increase in stemwood relative density can be observed as the stem
apex is neared. Only the innermost growth rings, representing extremely high relative density values

for both species, make up the stem at this height.

Western redcedar demonstrates an opposite pattern of stemwood relative density variation,
with the lowest values recorded at stump level, and the highest values observed within the live crown
(Wellwood and Jurazs 1968, Okkonen et al. 1972, Jozsa and Kellogg 1986). A complete explanation
for the above pattern of variation has never been provided. Wellwood and Jurazs (1968) nonetheless
attributed it to the development of compression wood next to the pith, and to the fact that mature
wood for the species remained comparatively low in relative density throughout its development.
With a decreasing number of growth rings with increasing height, the inner juvenile core would
gradually form a greater proportion of overall stem volume. With increasing height, the inner juvenile
core would subsequently maintain a greater influence on stemwood relative density, hence the greater

values observed.
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3. MATERIALS AND METHODS
3.1 Data Collection

The material for this study was collected from a spacing trial established at the UBC Malcolm
Knapp Research Forest (project 57-5, site-index 39.8 (50 years, breast height age) for Douglas-fir,
32.6 for western hemlock and 32.9 for western redcedar), located 60 km east of Vancouver near
Haney, BC. Douglas-fir was initially planted during the fall of 1957 as 2+0 seedlings at square
spacings of 0.91, 1.83, 2.74, 3.66 and 4.57 m (3, 6, 9, 12 and 15 ft). These represented initial
stocking densities of 12076, 2986, 1332, 747 and 479 stems/ha. Western hemlock 2+0 seedlings and
western redcedar 1+1 seedlings were planted on the same site, and in similar fashion, during the fall
of 1958 and spring of 1959, respectively. All Douglas-fir and western hemlock seedlings were
obtained from Green Timbers Nursery and were of unknown, but presumably, local provenance. The
western redcedar seedlings were collected as wildlings from the UBC Research Forest. The spacing
trials were laid out in 49-tree plots, and replicated twice. An additional 0.2 ha plot trial was laid out
for Douglas-fir at each of the above spacings, and for western hemlock at 0.91 monly. Seedlings that
died during the first season were replaced the following year with 3+0 stock. All plots were cleaned

and weeded several times to eliminate brush competition (Walters and Smith 1973).

All trees located within the outer two rows of each 49-tree plot were disregarded during
sampling to eliminate an edge effect. All trees located within the inner rows were initially inventoried
to identify the stems suitable for wood quality sampling. Trees with forked stems were omitted along
with those demonstraﬁng excessive lean and crown dieback. All suitable stems within each spacing
were then sorted from smallest diameter at breast height (dbh) to largest, with the range subsequently
divided into three groups representing small, medium and large diameter trees. Six trees were
randomly selected per spacing, two per group. Excessive mortality, coupled with poor quality in the

residual stems, was generally observed within the 4.57 m spacing for western hemlock, prompting
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the elimination of this spacing from the sampling frame. A total of 84 trees were thus selected,

accounting for the five spacings available for Douglas-fir and western redcedar, and the four available

for western hemlock.

Non-destructive sampling was carried out using a 5 mm and a 12 mm increment borer. Two
core samples were bored immediately one (5 mm) above the other (12 mm) at breast height (1.3 m).
Additional core samples (5 mm) were obtained at 2 m intervals from stump level (0.3 m) up to the
base of the live crown. Whorls, as well as areas likely to contain compression wood, were avoided.
Climbing gear and a handsaw to prune dead branches were used during this operation (Figure 3.1).
Sampling for wood properties along a tree stem has traditionally been conducted through destructive
means using stem analysis. Non-destructive sampling for wood quality as performed in this study,

via a combination of tree climbing and increment boring, is uncommon in the literature.
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Figure 3.1 Increment core collection at 2 m intervals from stump level up to the base of the live
crown.
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Sampling along the branch-free bole was conducted only when bark surfaces were dry and
the risk of slipping was minimal. It was found during this procedure that trees growing at 0.91 m and
1.83 m for all species, and at 2.74 m for Douglas-fir, had crown positions too high (upward of 20 m),
and too narrow in diameter (from 10 to 15 c¢m at the base of the live crown), to be safely climbed.
Consequently, only the 3.66 and 4.57 m spacings for Douglas-fir, only the 2.74 and 3.66 m spacings
for western hemlock and only the 2.74, 3.66 and 4.57 m spacings for western redcedar were sampled

using this method.

The base of the live crown for Douglas-fir and western hemlock was defined as the lowest
whorl containing three or more live branches. For western redcedar, which does not possess clearly
defined whorls, the third lowest living, healthy branch was used as the point of delineation. Increment
core samples were collected at heights reaching 20 m in the case of Douglas-fir, 12 m in the case of
western hemlock and 13 m in the case of western redcedar. All core samples were obtained from the
southern aspect of each stem. The randomisation of this procedure would have proved difficult since
mobility about the trees was very difficult during climbing. It was therefore decided, for the sake of
consistency, that a common aspect would be used for all trees. Identification numbers were inscribed
on each core using an indelible copy pencil, and all were stored and transported in plastic straws to
avoid breakage. A total of 69 and 66 core samples were collected from the 3.66 and 4.57 m Douglas-
fir spacings, respectively. Thirty-seven cores were collected from the 2.74 m spacing for western
hemlock, and 43 additional cores were collected for the species at 3.66 m. A total of 51 cores were
collected from the 2.74 m spacing for western redcedar, and 43 additional samples were collected for

the species at each of the 3.66 and 4.57 m spacings.

Recently wind-thrown trees (foliage still green) from the 0.91 m Douglas-fir and western
hemlock spacing trials (0.2 ha plots) were available in sufficient numbers to allow for destructive
sampling through stem analysis. Six trees were randomly selected, by species, from those suitable
for wood quality sampling. A chainsaw was used to cut 2.5 cm thick discs at breast height and at the
required 2 m intervals from stump level up to the base of the live crown. Aspect was determined
based on root collars which remained partially buried, and from which the direction of tree fall could

‘be retraced. The southern aspect of each disc was marked with an indelible copy pencil immediately

after sawing. A total of 69 disc samples were collected for Douglas-fir, and 50 for western hemlock.
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The southern aspect of each disc was later cut to size using a bandsaw. Wood samples collected from
each disc effectively replaced all 5 mm and 12 mm cores that would otherwise have been collected

using the non-destructive sampling design.

The non-destructive sampling design employed in this study is summarised in Table 3.1. All
wood sample collecting was conducted during the summer and fall of 1998. Fifty-four trees out of
a possible 84 were intensively sampled along the branch-free sections of their respective boles. The
remaining 30 trees, originating from the 1.83 and 2.74 m spacings for Douglas-fir, the 1.83 m spacing
for western hemlock and the 0.91 and 1.83 m spacings for western redcedar were sampled exclusively
at breast height, and using a 5 mm increment borer only. The above mentioned 30 trees were for the
most part relatively small in diameter. Increment core collection using a 12 mm borer would have
proved too damaging to the stems. This activity was subsequently restricted to the larger diameter

stems found within the wider spacing intervals.

Table 3.1 Number of trees sampled, and sampling procedure, by species and spacing.

spacing (m) Douglas-fir western hemlock western redcedar
0.91 6 I [ s | H 6
1.83 6 6 I 6
2.74 s I s | H [ 6
3.66 s I} H s | B 6
4.57 e [ H 6
total 30 24 30

. : single 5 mm core collected per tree at breast height
@ : 5 mm core, or disc sample, collected at 2 m intervals from stump level up to the base of the live crown

: single 12 mm core collected per tree at breast height
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Outside bark dbh was measured for each of the above trees using a diameter tape. Total tree
height, height to base of live crown and crown width measurements were obtained using a metric tape
and Suunto clinometer possessing a 90° scale. An average crown width was estimated for each
sampled tree from eight live-branch length measurements taken every 45° around the perimeter of
the crown, and in line with neighbouring trees. The value obtained for height to base of the live
crown was subtracted from the total tree height to determine live-crown-length and subsequently,
live-crown-ratio. The height over diameter ratio (hdr) was determined by dividing tree height (cm)

by stem diameter at breast height (cm).

The following stem taper classification scheme was used to divide the population of sampled
trees, by species (all spacings combined), into three groups. The slower-growing trees, classified
within the suppressed taper class, were those with a hdr >100. Such trees are typically spindly, are
especially vulnerable to snow damage and windthrow, and ordinarily would not survive until a final
harvest (Weetman and Farnden 1995, Smith et al. 1997). Intermediate taper class trees were
categorised as those with a hdr ranging from 80 to 100. Such trees, along with those classified as
suppressed, would be likely candidates for removal during a low-thinning exercise. The faster-
growing trees, classified within the dominant taper class, were those with a hdr <80. A value of 80
represents the maximum hdr that is normally targeted during crop planning (Weetman and Farnden
1995). Such trees are also representative of the wood quality that is potentially available at time of
final harvest if a series of low-thinning exercises are applied during stand development. The fact that
all trees were relatively young (41 years for Douglas-fir, 40 years for both western hemlock and
western redcedar), even-aged, growing on the same site, and presumably of comparable genetic

stock, permitted the above classification scheme.

3.2 X-ray Densitometry

All 5 mm cores, and all disc-derived wood samples, were taken to Forintek Canada
Corporation's laboratory in Vancouver where direct reading x-ray densitometric techniques were
applied to obtain annual growth and relative density data. Each wood sample was initially air-dried

to approximately 8 % equilibrium moisture content, and then extracted in a Soxlet apparatus in
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ethanol-cyclohexane (1:2 by volume) for 24 hours. Samples were once again air-dried, followed by
further extraction in distilled water for another 24 hours. A final period of air-drying was initiated
after which individual samples were mounted on a twin-blade microsaw and cut transversely from pith
to bark in strips measuring 1.57 mm thick. All samples were marked and identified in five-year
increments. A total of 216, 136 and 149 wood samples were prepared for Douglas-fir, western

hemlock and western redcedar, respectively.

Scanning was conducted from pith td bark, and was initiated either at the beginning of the
second growth ring from the pith, or in accordance with the first ring to lie at an angle less than 45°
to the scan path. The scanning procedure itself involved passing an X-ray beam collimated to 0.25
x 1.00 mm, and operating at 15 to 20 KV, and at about 2 mA, through the wood strips and onto an
X-ray detector. X-ray attenuation was directly proportional to the relative density of the wood being
processed. A density calibration wedge was used to initially calibrate the system, and to recalibrate
it following every five samples processed. Incremental and relative density values for each growth
ring were measured in 0.01 mm increments and with 0.0254 mm resolution, respectively (Parker et

al. 1980, Jozsa and Myronuk 1986, Jozsa et al. 1987).

Forintek Canada's Tree Ring Input Program (TRIP) was used for data acquisition. Allrelative
density values obtained were expressed on a green volume and oven-dry weight basis. A 100-point
relative density profile was obtained for each annual growth ring, regardless of its width. The wood
properties analysed within each growth increment included ring width, earlywood width, latewood
width, earlywood relative density, latewood relative density and whole-ring relative density. The
earlywood to latewood boundary was set at a relative density of 0.54 for Douglas-fir, 0.52 for
western hemlock and 0.44 for western redcedar. Boundaries separating the latewood zone of one
ring and the earlywood zone of the following ring were established at 0.45, 0.42 and 0.34 for
Douglas-fir, western hemlock and westernredcedar, respectively. The above noted delineation values
have all been commonly used in previous studies by researchers at Forintek Canada, and are based
on hundreds of sample runs conducted for each species. Individual growth rings were assessed for

latewood proportion (%) by dividing latewood width by whole-ring width.
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3.3 Microfibril Angle

Microfibril angle sampling was conducted on all 12 mm core samples, with measurements
obtained for every third growth increment from the pith. Cores were initially prepared for testing by
five repeated cycles of soaking in water to saturation, followed by oven-drying at 100°C to induce
checking in the cell walls. A total of 572 radial microtome sections 15 microns thick were cut and
stored in 50 % ethyl alcohol. Prior to viewing, each microtome section was mounted on a
microscope slide, to which a drop of water and cover slip were added. Angles were measured using
a Carl Zeiss / Jena Jenamed transmitted-light microscope with video projection. A cursor was
employed to trace the projected microfibrils, and measurements were recorded using the J andel Video
Analysis (JAVA) system. Angle measurements were conducted in line with checks, and with the
longitudinal axis of the tracheid radial surface (Figure 3.2). Forty readings were captured at various
random locations within the earlywood portions of each of the 196 Douglas-fir, 187 western hemlock
and 189 western redcedar growth rings sampled. A total of 7840, 7480 and 7560 microfibril angle

measurements were obtained for Douglas-fir, western hemlock and western redcedar, respectively.

Figure 3.2 Radial section of western redcedar showing earlywood microfibril angle orientation (25x).
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3.4 Longitudinal Tracheid Length

As was the case for microfibril angle sampling, longitudinal tracheid length sampling was also
conducted on all 12 mm core samples, and measurements were also obtained for every third growth
increment from the pith. Growth ring sections not utilised for the production of microfibril angle
microtome slides were used during this exercise. Each section was first split longitudinally into
earlywood and latewood portions, and approximately six match-sized splints were subsequently
produced from each portion. Care was taken to produce the longest splints possible.‘ Those
originating from the edge of the wood cores, and therefore containing a higher proportion of broken
tracheids, were discarded. In the narrowest growth rings where accurate splintering by razor blade
was impossible, earlywood and latewood portions were left grouped together. Splints were placed
into individual test tubes and macerated by mixing equal parts of glacial acetic acid and 30 %
hydrogen peroxide (Franklin’s solution), followed by boiling in a steam bath for three hours. Once
uniformly translucent, the splints were thoroughly washed with water. Tracheid length measurements

were obtained using two separate procedures.

The first approach consisted of preparing individual fibre slurries, by diluting a single
macerated splint from each growth ring sampling point with approximately 20 ml of water inside a
vial, and then briefly shaking. The slurries were then strained through a 200 mesh SS screen in a No.
3 Buchner funnel. The resultant strained slurries were transferred to slides and allowed to dry.
Individual tracheids were viewed using the same video analysis system employed for obtaining
microfibril angle measurements. The system was initially calibrated for tracheid length measurement

using a stage micrometer.

A total of 502 slides (180 Douglas-fir, 150 western hemlock and 172 western redcedar) were
prepared and sampled in this manner for the earlywood, with the same number repeated for the
latewood. An additional 92 slides (18 Douglas-fir, 48 western hemlock and 26 western redcedar)
accounted for the narrowest growth rings where earlywood and latewood were sampled combined.
Forty unbroken tracheids were measured at random locations on each slide. A total of 15120, 13920
and 14800 tracheid length measurements were accordiﬁgly obtained for Douglas-fir, western hemlock

and western redcedar, respectively. A mean tracheid length value, based on the 40 measurements
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obtained at each growth ring sampling point, was calculated for both earlywood and latewood. The

following formula was used to estimate mean whole-ring tracheid length:

(%Ex EDx ET) + (%L x LD x LT)
(%E x ED) + (%L x LD)

(1) WRT =

where

WRT mean whole-ring tracheid length
%E  earlywood proportion

ED  mean earlywood relative density
ET  mean earlywood tracheid length
%L  latewood proportion

LD  mean latewood relative density

LT  mean latewood tracheid length

A substantial decrease in tracheid radial diameter, and a corresponding increase in tangential
cell wall thickness, are typical of intra-ring development from earlywood to latewood. Generally
speaking, the larger the lumen diameter and the thinner the cell wall, the lower the relative density
recorded (Panshin and de Zeeuw 1980). It was assumed at the onset of this study that a decrease in
relative density would equate to a lower number of tracheids per unit of wood. It was furthermore
assumed that a longer mean tracheid length would be associated with latewood development, and that
latewood proportion would remain smaller than earlywood proportion for most growth rings

sampled.

Since an equal number of tracheids were measured for both earlywood and latewood at each
growth ring sampling point, an arithmetic mean (sum of the tracheid length measurements divided by
the number of tracheids measured) would have resulted in an overestimation of the whole-ring

tracheid length value. By considering earlywood relative density, latewood relative density,
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earlywood proportion and latewood proportion, equation 1 took into account the variation intracheid
count, and in tracheid length within a growth increment, that can be expected as a function of both
ring number from pith and growth rate. The use of Equation 1 was impossible in cases where
earlywood and latewood length were sampled combined. An arithmetic mean whole-ring tracheid

length value was obtained in such cases.

The second approach for measuring tracheid length involved use of the Kajaani FS-200
Optical Fibre Analyser. The total number of samples processed per species, and per wood type, was
identical to that described for method 1 (502 earlywood, 502 latewood, 92 whole-ring). Individual
fibre slurries of approximately 1000:1 by weight were initially prepared for all wood samples. Each
water and tracheid solution was then fed by vacuum into a narrow capillary tube. The low tracheid
concentration, along with the fine capillary tubing, ensured that a discrete procession of straightened
fibres would be fed into the Kajaani. A laser beam within the device was used to project the image
of passing tracheids onto an array of light diodes. The number of diodes covered corresponded to
the length of the tracheids being measured (Kajaani Electronics Ltd. 1986). A minimum of 20 000
tracheids per fibre slurry were accordingly processed. A mean tracheid length value for each
earlywood and latewood segment, and for the narrower growth rings sampled as a whole (earlywood
and latewood combined), was estimated using the length-weighted formula provided by Kajaani

Electronics Ltd. (1986). Mean whole-ring tracheid length was estimated using Equation 1.
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4. STUDY OF WOOD FORMATION IN RELATION TO
CAMBIAL AGE, INITIAL SPACING, STEM TAPER AND GROWTH RATE

4,1 Introduction

Wood quality is an arbitrary term used to evaluate the suitability of a certain wood
characteristic for a particular end-use. The wood processing industry has long considered relative
.density and tracheid morphology as prime indicators of wood quality. Clear lumber strength and
stiffness, as well as increased pulp yields, have generally been associated with higher relative density
values. Longitudinal tracheid length has long been associated with the tearing, bursting, tensile and
folding properties of a sheet of paper. A large microfibril angle has been identified with lower
stiffness properties in lumber, as well as with increased longitudinal shrinkage and with subsequent
higher levels of degrade during drying. Large microfibril angle values are now being recognised as
having a negative impact on the tensile and tear strength of paper (Panshin and de Zeeuw 1980, Zobel

and van Buijtenen 1989).

The increased variability in wood properties displayed by second-growth timber is often seen
as a major drawback to its efficient use as a raw material. Numerous studies have associated this lack
of uniformity to a shortened growing period prior to harvest, and to an increased rate of diameter
growth. The purpose of this portion of the study was therefore to analyse the effects of cambial
ageing, initial spacing, stem taper and growth rate on the development of specific wood properties

important to wood quality in second-growth timber.

The first objective was to profile and compare ring width, earlywood width, latewood width,
latewood proportion, earlywood relative density, latewood relative density, whole-ring relative
density, whole-ring tracheid length and microfibril angle development as a function of ring number

from pith. Profiles for each species were established according to both initial spacing and taper class.
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The following hypotheses were tested:

H,,: there are no time effects (i.e., the developmental profile for a wood property, displayed as a

function of ring number from pith, is horizontal)

H,,: there are no overall differences between groups (i.e., the mean value recorded over time for

a wood property is similar for all groups, the between-units factors have no effect)

H,,: there are no interactions between groups involving time (i.e., the growth curves displayed for

a wood property are parallel for all groups considered)

The second objective was to investigate the effects of accelerated diameter growth on
earlywood width, latewood width, latewood proportion, earlywood relative density, latewood relative
density, whole-ring relative density, whole-ring tracheid length and microfibril angle development
over time. The effects of cambial ageing on the above wood properties were investigated

concurrently. The following hypothesis was tested:

H,,. an increase in ring width has no effect on earlywood width, latewood width, latewood
proportion, earlywood relative density, latewood relative density, whole-ring relative density,

longitudinal tracheid length and microfibril angle development

A third objective was to evaluate the effectiveness of the Kajaani FS-200 Optical Fibre

Analyser for obtaining tracheid length measurements from 12 mm increment cores.

A fourth objective was to profile and compare the development of intra-ring relative density
by species. The subsequent plots were to depict the changes observed in earlywood and latewood
content as a function of both taper class and time. All intra-ring profiles were to be included in a
general summary, serving in the process to consolidate the results obtained for all wood properties

relating to x-ray densitometry in preceding analyses.
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4.2 Data Analysis

4.2.1 Univariate Repeated Measures Analysis

Average ring width, earlywood width, latewood width, latewood proportion, earlywood
relative density, latewood relative density and whole-ring relative density profiles were plotted by
initial spacing and taper class. Average profiles for whole-ring tracheid length and microfibril angle
were plotted by initial spacing only due to the smaller number of spacings sampled for each wood
property. Classification by taper class would have proved redundant. All chronologies were plotted

as a function of ring number from pith to facilitate comparisons between the variables listed above.

A univariate repeated measures analysis of variance (based on a split-plot ANOVA model in
which time was the split-plot factor) was used to assess the within-subjects effects of ring number
from pith, between-subjects effects of initial spacing and taper class, and related interactions (spacing

x ring, taper class x ring) on all wood properties considered. The following model was used:

2 Y = utra;+dg+B;+(af); ey,
where

Vi dependent variable

u general mean

Q, effect of the i ™ treatment

d,y  random experimental error within treatment (error 1)

B, effect of the j ™ ring

(ap); interaction between spacing and ring, or taper class and ring

e,  random experimental error on repeated measures (error 2)

i 1,2, ..., k (treatment level, i.e., specific spacing interval, or taper class)
Jj 1, 2, ..., t (ring number from pith)
/ 1,2, ..., r (experimental unit, i.e., tree at a specific growth ring)
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A significant interaction involving either initial spacing and ring number from pith (spacing
x ring) or taper class and ring number from pith (taper class x ring) implied nonparallel profiles of
development over time between a minimum of two treatment levels. A corresponding significant
treatment effect pointed to differences between a minimum of two treatment levels when their
respective effects on the wood property in question were averaged over time. Alternatively, a non-
significant treatment effect indicated no differences among treatment levels. The relative gains and

losses displayed essentially cancelled out over time.

A non-significant interaction implied parallel trends of development for all treatment levels
considered. A corresponding significant treatment effect pointed to differences between a minimum
of two treatment levels when their respective effects on the wood property in question were averaged
over time. Alternatively, a non-significant treatment effect implied an identical pattern of

development over time for all treatment levels considered.

A repeated measures design is defined as a collection of measurements obtained at fixed
intervals in time or space from an experimental unit undergoing some treatment regimen that does
not change. The nature of such repeated data demands an alternative approach to analysis.
Measurements obtained from successive growth rings often demonstrate a pattern of serial
autocorrelation, thus violating the assumption of independence. Furthermore, the levels ofarepeated
measures factor, in this case ring number from pith, cannot be randomised. There is an order to the
establishment of growth rings. For example, the tenth growth increment cannot be randomly assigned
to the ninth position which naturally precedes it during tree development. Since the development of
the tenth ring is to a certain extent predictable from the ninth, stronger correlations may exist between
these two adjacent observations than between observations that are well separated in time. This lack
of randomisation may also heighten the problem of heteroscedasticity between pairs of repeated
measures. If the variances and correlations for all repeated measures are held constant, a condition
known as compound symmetry is maintained, and the repeated measures analysis will provide reliable
F-tests. If the conditions of compound symmetry do not hold, biassed statistical tests with inflated
Type I error may result (Moser ef al. 1990, Meredith and Stehman 1991, Gumpertz and Brownie
1992, Nemec 1996).
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The assumption of compound symmetry was assured using Greenhouse and Geiser’s (1959)
and Huynh and Feldt’s (1976) epsilon correction factors (eps). These factors, when multiplied by the
numerator (effect) and denominator (error) degrees of freedom, yielded the corrected degrees of
freedom to be used in the ensuing F-tests. Ifthe variances and correlations of the repeated measures
remained constant over time, the two correction factors provided values approximating one. The
lower the correction factor, the larger the deviation from compound symmetry, and the stronger the
required correction due to heteroscedasticity and autocorrelation (Moser et al. 1990, Meredith and
Stehman 1991, Gumpertz and Brownie 1992, Kuehl 1994, Nemec 1996).

The SAS procedure employed for the univariate approach was PROC GLM with the
REPEATED statement (SAS Inc. 1989). The choice of the univariate approach for analysing the
repeated measures data was based upon sample size. All trees selected for analysis were relatively
young. Since the total number of trees sampled was, for the most part, less than the number of
repeated measures collected, the multivariate approach could not be considered. All data were
initially tested for heteroscedasticity, with square root or log-transformations subsequently applied

to temper the effects of outliers, to obtain normality, and for variance stabilisation.

In order to conduct a univariate repeated measures analysis using PROC GLM, values for all
dependent variables.must be present for an observation (SAS Inc. 1989). Missing values, especially
from growth rings nearest the bark, were common for each species where crushing had occurred
during the collection of the 5 mm core samples. Incomplete growth rings from heavily suppressed
trees were also a factor at the narrower spacings. Certain trees that presented large amounts of
missing x-ray densitometry data subsequently had to be eliminated from the individual data sets.
These included trees #61 (1.83 m) and #30 (3.66 m) for Douglas-fir, trees #1 (0.91 m) and #464
(1.83 m) for western hemlock and trees #24 (0.91 m) and #70 (1.83 m) for western redcedar. A total
of 28 Douglas-fir trees (rings 4 to 33), 22 western hemlock (rings 4 to 30) and 28 western redcedar

(rings 5 to 27) were subsequently available for analysis.

For consistency, the data set used for the plotting of each variable was the same as that
considered during each corresponding repeated measures analysis. The average profiles established

for each of the above mentioned spacings is subsequently based upon a sampling of five trees rather
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than six. The mean profiles established as a function of taper class are in turn based upon the
following tree count subtotals; suppressed (12 Douglas-fir, 14 western hemlock, 9 western redcedar),
intermediate (10 Douglas-fir, 5 western hemlock, 4 western redcedar) and dominant (6 Douglas-fir,
3 western hemlock, 15 western redcedar). Data sets for whole-ring tracheid length and microfibril
angle remained complete. Profiles for either of these two wood properties were accordingly based

upon a sample of six trees.

The data analysed by repeated measures analysis were drawn from the non-shaded portions
of each profile (illustrated in Figures to follow, in section 4.3.1 onward) where values from all trees
were available for each time period sampled. Profile sections depicted within the shaded regions
contain missing data. These were established from the subset of trees that did not present missing
values. Values preceding ring 3 and succeeding ring 33 were truncated in all profiles due to
frequently missing data (e.g., pith missed during increment core collection, crushing in outer growth
rings during boring). Rings 3 to 33 also correspond to the sampling scheme adopted for both whole-
ring tracheid length and microfibril angle development. The presence of discontinuous growth rings
within the outer sections of five heavily suppressed western redcedar trees created problems during
analysis, accounting for the lack of data within the 0.91 m spacing and within the suppressed taper

class following ring 27.

4.2.2 Regression and Correlation Analysis

Linear regression and correlation analysis were used to evaluate the effects of ring width on
earlywood width, latewood width, latewood proportion, earlywood relative density, latewood relative
density, whole-ring relative density, whole-ring tracheid length and microfibril angle development.
Data from all spacings sampled were initially pooled to assess a wider range of growth rates by
species. Analyses were conducted on a yearly basis to display observed trends, and to locate points
in time at which significant responses were obtained. The SAS procedures PROC REG, and PROC
CORR, were employed (SAS Inc. 1989).
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The following model was used:

3) Yi = BotBixi e
where

¥; dependent variable

Bo y intercept coefficient

B, slope coefficient

X, independent variable

; independent, normally distributed random error term

4.2.3 Intra-Ring Relative Density Development

One hundred relative density measurements, regardless of ring width, were obtained during
x-ray densitometry analysis for each growth increment processed. Average breast height profiles,
depicting intra-ring relative density development over time, were subsequently established using these
data. Relative density values obtained from five consecutive growth increments (ring class), as well
as from the trees categorised within each taper class, were averaged at each of these 100 relative
density positions. All profiles were plotted by taper class, and as a function of both ring width and
latewood proportion. Profiling according to initial spacing was avoided since the exercise would have
been largely redundant. Profiling according to taper class was preferred since it offered a clearer
depiction of the effects of competition and crown morphology on ring width and relative density

development over time.
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4.3 Results and Discussion

The ranges in stem and crown dimensions observed in this study are summarised according
to initial spacing and taper class in Tables 4.1 and 4.2, respectively (Appendix I). Mean values for
each spacing were obtained from a total of six trees. Mean values listed for each taper class are based
upon the following subtotals; suppressed (13 Douglas-fir, 16 western hemlock and 11 western
redcedar), intermediate (10 Douglas-fir, 5 western hemlock and 4 western redcedar) and dominant
(7 Douglas-fir, 3 western hemlock and 15 western redcedar). Excessive mortality within the
narrower Douglas-fir and western hemlock spacings (mostly as a result of windthrow and snow
breakage) brought about increased variability in the physical attributes of the trees left standing.
Certain specimens were openly growing, whereas others were severely repressed. Mortality within
the wider spacings was not as apparent. The effects of competition and subsequent crown class
differentiation were nonetheless discernible within these spacings through the disparity in stem and

crown dimensions observed.

4.3.1 Ring Width

Mean ring width development is presented by initial spacing in Figure 4.1, and by taper class
in Figure 4.2. Ring width development for all species was initially subject to an increase, followed
by a continual decrease, to a point at which more-or-less constant values were maintained. This
increase was generally of greater duration at the wider spacings and for the dominant taper class
(lowest hdr) where larger ring width values were also attained. Minimum constant values were
reached at an earlier age as spacing interval decreased, and these values tended to be lower than those
observed at the wider spacings. Minimum constant ring width values were also achieved at an earlier
date by trees classified as suppressed (highest hdr). Minimum values for these trees also tended to
be lower than those attained by the more dominant taper classes. Western hemlock demonstrated the
greatest overall homogeneity over the range of growth increments considered. Initial increases, and
subsequent drops in ring width, were less than those observed at corresponding spacing intervals and
taper classes for both Douglas-fir and western redcedar. Greater variation in ring width would have

been expected had the 4.57 m spacing been available for sampling.
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Figure 4.1 Mean ring width (mm) profiled by initial spacing and as a function of ring number
from pith for Douglas-fir, western hemlock and western redcedar.
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Figure 4.2 Mean ring width (mm) profiled by taper class and as a function of ring number from
pith for Douglas-fir, western hemlock and western redcedar.
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The relationship between fing width development and available growing space is well
documented within the literature. It is generally recognised that diameter growth commands a very
low priority in the hierarchy of photosynthate allocation within a tree, well behind maintenance
respiration, fine root, flower and seed production and terminal and lateral shoot growth (Kozlowski
et al. 1991, Kozlowski 1992). Larson (1973) states that the overlying cause of ring width variation
within a tree is the relation of crown size to the length of stem devoid of branches. An increase in
ring width at breast height is therefore strongly associated with growing space, up to the limit

associated with an open-grown tree (Larson 1969, Kozlowski 1971, Larson 1973).

The sudden increase in competition following crown closure did little to affect the rate of
crown recession observed for western hemlock. The extreme shade tolerance displayeci by the
species resulted in deep crowns and extensive live-crown-ratios even at very high stand densities
(Tables 4.1 and 4.2). Ring width development, especially within the intermediate and dominant taper
classes, continued to progress at a more-or-less steady pace. It is interesting to note that maximum
incremental growth within the dominant taper class for western redcedar carried on at a regular pace
up to about ring 20. That observed within the dominant taper class for Douglas-fir (intermediate
shade tolerance) reached a high at ring 10, and decreased in a continuous fashion thereafter. Ring
width development within conifers typically reaches a maximum in the lower sections of the live
crown where the cumulative growth contribution of all branches is greatest (Farrar 1961, Larson
1963). Crown recession within the dominant taper class for western redcedar took longer to initiate
due to the greater shade tolerance displayed by the species. The base of the live crown therefore
remained in close proximity to breast height over an extended peried of time. Maximum ring width
development was accordingly maintained over a greater proportion of the growth increments sampled

at this height.

Basic statistics for ring width are summarised by initial spacing in Table 4.3a (Appendix I),
and by taper class in Table 4.4a (Appendix I). A minimum average ring width value was obtained for
all species at the narrower spacings and within the suppressed taper class. Maximum values were
observed at the wider spacings and within the dominant taper class. Coefficient of variation values
for Douglas-fir and western redcedar were greatest at the narrower spacings and within the

suppressed taper class where intensive competition was stifling diameter growth. The same held true,
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but to a much lesser extent, for the more shade tolerant western hemlock. Many of the more
narrowly-spaced trees for Douglas-fir and western redcedar had experienced poor ring width
development following crown closure, and were now showing signs of impending mortality through
the meagre amounts of crown foliage displayed. Incremental growth within these trees was now
practically nonexistent. Ring width distributions were, as a result, heavily skewed toward the smaller

values.

Results of the repeated measures analyses conducted on ring width, and as a function of initial
spacing and taper class, are presented in Tables 4.3b and 4.4b, respectively (Appendix I). The within-
subjects effects of ring number from pith were highly significant (o = 0.01) for all species. Time
effects will therefore be considered in forthcoming regression and correlation analyses that will
include ring width measurements collected at successive intervals of time. The interactions involving
initial spacing and ring number from pith (spacing x ring), and taper class and ring number from pith
(taper class x ring), were highly significant for both Douglas-fir and western redcedar. The
corresponding treatment effects for both species were also highly significant. Non-significant spacing
x ring and taper class x ring interactions were obtained for western hemlock. Treatment effects were

highly significant in each case.

As expected, an increase in ring width was strongly associated with an increase in the amount
of available growing space, and correspondingly, with an increase in the amount of crown foliage.
The mean levels recorded over time were invariably different for each species. Results obtained as
a function of initial spacing and taper class, for both Douglas-fir and western redcedar, were similar
with respect to the following. The widely-spaced and dominant taper class trees displayed a
prolonged increase in ring width development from the pith. Rapid diameter growth was maintained
over a longer period by such trees. The average ring width recorded over.time was, as a result,
significantly thicker. The narrowly-spaced and suppressed taper class trees initially displayed a rapid
decrease in ring width, followed by relatively very poor incremental growth. The average ring width
recorded over time for such trees was significantly thinner. Similar results would most likely have
been obtained for western hemlock had the 4.57 m spacing for the species been available for

sampling.
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4.3.2 Earlywood Width

Mean earlywood width development is illustrated by initial spacing in Figure 4.3, and by taper
class in Figure 4.4. All earlywood curves essentially mimicked the shapes of their ring width
counterparts featured in Figures 4.1 and 4.2. Yearly dips and rises were, for the most part,
reproduced by both variables. The initial increase in earlywood width was sustained over a longer
period by the wider spacings, and by the dominant taper class. Higher maximum values were
subsequently attained by these groups. Minimum constant values were once again reached at an
earlier age as spacing decreased, and by those trees identified within the suppressed taper class. The
minimum values attained also tended to be lower than those observed at both the wider spacings and

by the dominant taper class.

Current thinking indicates that earlywood development is to a large extent controlled by
hormonal interactions involving varying concentrations of auxins, gibberellins, cytokinins, ethylene
and abscisic acid at different periods of the growing season. However, it is generally recognised that
auxins exert a predominant role. The rate of periclinal cell division, as well as final tracheid diameter,
are both said to be strongly tied to the presence of this growth promoter. The extent and manner in
which the other hormone groups interact with auxin during earlywood development remains unclear

(Little and Savidge 1987, Salisbury and Ross 1992, Little and Pharis 1995).

The dominant taper class, as the name suggests, supported the largest volumes of foliage and
therefore maintained the greatest potential for auxin synthesis. Trees from this taper class, as well
as from the wider spacings, never experienced severe competition. Large volumes of crown foliage
were continually supported, with high live-crown-ratios displayed. Earlywood prdduction at breast
height was therefore maintained at a greater level (compared to the other taper classes) throughout
stand development. Minimum constant values in Figures 4.3 and 4.4 were reached at an earlier date
by the narrower spacings, and by the trees associated with the suppressed taper class. Such trees
experienced greater levels of competition, and accordingly possessed the smallest crown attributes.
Auxin levels within these trees presumably remained lower throughout stand development. The
earlywood width values observed were accordingly narrower than those achieved at the wider

spacings, and by the trees associated within the dominant taper class.
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Figure 4.3 Mean earlywood width (mm) profiled by initial spacing and as a function of ring number
from pith for Douglas-fir, western hemlock and western redcedar.
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Figure 4.4 Mean earlywood width (mm) profiled by taper class and as a function of ring number
from pith for Douglas-fir, western hemlock and western redcedar.

50




Maximum earlywood thickness along a tree stem (in similar fashion to ring width) is generally
observed in the vicinity of the base of the live crown. The larger the volume of crown foliage, the
thicker the earlywood increment generally produced (Farrar 1961, Larson 1963). The production
of a maximum earlywood width value within the western redcedar dominant taper class was
maintained up to approximately ring 20 (Figure 4.4). Since crown recession within this taper class
proceeded slowly (Table 4.2), the base of the live crown remained in close proximity to breast height
for an extended period of time. Earlywood development within this general area was subsequently

favoured.

The production of a maximum earlywood width value within the Douglas-fir dominant taper
class dropped rapidly following the high reached at ring 10. The species, being intermediate in shade
tolerance, demonstrated a more pronounced rate of crown recession. The point of maximum
earlywood width was therefore moving up along the stem in line with the receding crown base, and

earlywood width at breast height was accordingly decreasing.

Mean earlywood width development for western hemlock, in part due to the high shade
tolerance displayed by the species, was once again the most homogeneous over the range of growth
rings sampled. Very little change over time was observed within the dominant and intermediate taper
classes. Greater variability, especially within the dominant taper class, would have been expected had

the 4.57 m spacing interval been available for sampling.

Basic statistics for earlywood width are presented by initial spacing in Table 4.5a (Appendix
1), and by taper class in Table 4.6a (Appendix I). Results are similar to those displayed for ring width
in Tables 4.3a and 4.4a. A minimum average earlywood width was obtained for all species at the
narrower spacings and within the suppressed taper class. Maximum values were observed at the
wider spacings and within the dominant taper class. Only a shortened period of accelerated
earlywood development was displayed prior to crown closure by the more narrowly-spaced trees.
The intensification of tree-to-tree competition for the same trees was now reducing earlywood
development to practically nothing. Coefficient of variation values were therefore greatest at the
narrower spacings, and within the suppressed taper class, where earlywood width distributions

remained heavily skewed toward the smaller values.
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Results of the repeated measures analyses conducted on eartywood width, and as a function
of initial spacing and taper class, are presented in Tables 4.5b and 4.6b, respectively (Appendix I).
The effects of time were highly significant for all species. The spacing x ring and taper class x ring
interactions were highly significant for both Douglas-fir and western redcedar. The corresponding
treatment effects were also highly significant. The spacing x ring and taper class x ring interactions
for western hemlock were both non-significant. Highly significant treatment effects were obtained

in each case.

Identical repeated measures analysis results were obtained for both earlywood width and ring
width. The widely-spaced and dominant taper class trees for both Douglas-fir and western redcedar
displayed a prolonged increase in earlywood width development from the pith. The narrowly-spaced
and suppressed taper class trees initially displayed a rapid decrease in earlywood width, followed by
very poor incremental growth. An increase in available growing space, analysed as a function of
either initial spacing or taper class, maintained a highly significant and positive effect on the mean
level recorded over time. Comparable results would most likely have been obtained for western

hemlock had the 4.57 m spacing been available for sampling.

The effects of growth rate on earlywood width development are presented in Tables 4.7, 4.8
and 4.9 (Appendix I) for Douglas-fir, western hemlock and western redcedar, respectively. The
relationship between earlywood width and ring width remained exceptionally strong over time for all
species. Highly significant results were obtained in all cases. Regression equations at all growth
increments provided excellent fits. Coefficient of determination values were, for the most part,
superior to 0.90. Practically all earlywood width variability was therefore associated with ring width.
Correlation values remained highly positive throughout. Slope coefficients for Douglas-fir decreased
in a more-or-less constant fashion from ring 3 to 33. Such a decline points to a decreasing proportion
of earlywood within each growth ring as a function of time. Slope coefficients observed for western
hemlock and western redcedar remained practically identical, indicating very little change over time

in the ratio of earlywood width to ring width.
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4.3.3 Latewood Width

Mean latewood width development is presented by initial spacing in Figure 4.5, and by taper
class in Figure 4.6. An increase in latewood width was initially observed for Douglas-fir. This
increase was generally of greater duration at the wider spacings and within the dominant taper class
where larger values were subsequently attained. A gentle but continuous decrease in latewood width
followed until more-or-less steady values were displayed by about ring 25. A decrease in latewood
width was initially observed for both western hemlock and western redcedar. Values for western
hemlock generally stabilised following ring 9, whereas those for western redcedar declined in a siow
but continuous fashion. Slightly greater latewood width values were generally maintained for both
Douglas-fir and western redcedar at the wider spacings and within the dominant taper class.

Differences were minimal for western hemlock, with profiles largely superimposed on one another.

Larson (1969) stated that high concentrations of auxins generally remained within the vascular
cambium of a young, open-grown tree following >the cessation of height growth. Large diameter
tracheids would accordingly be produced throughout the growing season, and accelerated incremental
growth would be maintained. Maintenance respiration within a young, open-grown tree is also said
to be at a minimum compared to that displayed by an older tree of similar crown size, but possessing
a larger and longer branch-free stem (Oliver and Larson 1996). Proportionally speaking, greater
amounts of photosynthate are available within the younger tree for both cambial growth and cell-wall
thickening. According to Larson (1969), these conditions will likely lead to the development of a
great number of large-diameter, thick-walled transition wood tracheids at breast height within the

younger tree during the latter portion of the growing season.

It can therefore be assumed that widely-spaced trees, possessing greater quantities of crown
foliage, will produce a greater number of transition wood tracheids at time of crown closure. Oliver
and Larson (1996) stated that when trees within an idealised even-aged, evenly-spaced stand grew
in height at an equal rate, they would maintain the crown sizes they had at crown closure. It can
therefore also be assumed, so long as height growth is maintained at a similar level for all stems
considered, that even-aged, widely-spaced trees will continuously produce greater quantities of

transition wood at breast height following the onset of crown recession.
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Figure 4.5 Mean latewood width (mm) profiled by initial spacing and as a function of ring number
from pith for Douglas-fir, western hemlock and western redcedar.
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from pith for Douglas-fir, western hemlock and western redcedar.
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Larson (1969, 1973) suggested the existence of physiological gradients within the vascular
cambium in terms of both auxin and photosynthate availability. These gradients, he remarked,
remained in constant change and were largely affected by period of growing season, by overall tree
age and by the relative length of the branch—freé stem. Based on Larson’s work, it can therefore be
assumed that auxin levels at breast height will begin to decrease earlier within a growing season in
accordance with the progression of crown recession. The greater the distance from breast height to
the base of the live crown, the earlier the decline. The overall availability of photosynthates for cell
wall thickening will also decrease due to the greater maintenance respiration needs of the developing
tree. Consequently, less transition wood will likely develop at breast height, and a corresponding

abrupt transition from earlywood to latewood will emerge.

Past crown and stem measurements relating to the trees sampled in this study were obtained
from the BC Ministry of Forest’s Research Branch in Victoria, and from Reukema and Smith (1987).
The ring number from pith at which a maximum latewood width was achieved by each Douglas-fir
profile in Figure 4.5 corresponds well to the tree ages at which crowns began to lift. Crown recession
within the three narrowest Douglas-fir spacings attained breast height at tree ages ranging from about
6 to 8. The tree ages in this case correspond roughly to about 4 or 5 growths increments from the
pith. Crown recession within the two wider spacings reached breast height between rings 10 and 12.
Crown recession within the 0.91 m spacing for both western hemlock and western redcedar began

at about ring 16. That within the wider spacings for both species started at about ring 20.

Crown recession proceeded very rapidly for Douglas-fir following crown closure. Crown
recession for wesfern hemlock was very slow, whereas that observed for western redcedar proceeded
at an intermediate pace. These patterns of crown recession are reflected for each species in the
corresponding latewood width profiles illustrated in Figure 4.5. In general, the faster the rate of

crown recession, the greater the decline in latewood width displayed over time.

The initial sharp decline in latewood width for both western hemlock and western redcedar
can perhaps be attributed to the presence of compression wood. Such wood is often found in large
concentrations within the inner cores of both species. Its development is associated with the

stiffening of small diameter, often drooping leaders that are subjected to wind stresses (Krahmer
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1985, Kennedy 1995). The lack of variability between the various western hemlock profiles can
~ perhaps be attributed to the gradual earlywood to latewood transition that typically develops for the
species regardless of cambial age or rate of growth. Since an abrupt transition rarely develops, less
variability in latewood width will be observed over time. This is in contrast to both Douglas-fir and
western redcedar which may see a range of earlywood to latewood transitions, from gradual within

the inner core, to abrupt toward the bark (Panshin and de Zeeuw 1980, Hoadley 1990).

Basic statistics for latewood width are summarised by iﬁitial spacing in Table 4.10a (Appendix
T), and by taper class in Table 4.11a (Appendix I). Smaller mean values were displayed within the
0.91 m spacing, and within the suppressed taper class, for both Douglas-fir and western redcedar.
The 4.57 m spacing and the dominant taper class both produced the largest mean values. However,
the increases observed did not translate into major changes, amounting to less than 1 mm in most
cases. Mean latewood width was practically the same for all western hemlock spacings and taper
classes. Coefficient of variation values for both Douglas-fir and western redcedar were greatest at
the narrower spacings and within the suppressed taper class where the distributions for latewood
width remained positively skewed. Coefficient of variation values for western hemlock were

generally the same throughout, save for the 0.91 m spacing which was considerably lower.

Results of the repeated measures analyses conducted on latewood width, and as a function
of initial spacing, are presented in Table 4.10b (Appendix I). Time effects were highly significant for
all species. The spacing x ring interaction was non-significant for both Douglas-fir and western
hemlock. Corresponding treatment effects were highly significant for Douglas-fir, and non-significant
for western hemlock. A non-significant, but notable, spacing x ring interaction (p = 0.0912) was
obtained for western redcedar using Greenhouse and Geisser’s eps. A weak but significant
interaction (p = 0.0304) was obtained using Huynh and Feldt’s eps. Such conflicting results indicate
borderline parallelism between a minimum of two profiles. Of the two adjustment methods,
Greenhouse and Geiser’s eps is considered more conservative (Kuehl 1994). By using it only, a
parallel pattern of latewood development can be implied for all spacings considered. The

corresponding treatment effects were highly significant.

Results of the repeated measures analyses conducted on latewood width, and as a function
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of taper class, are presented in Table 4.11b (Appendix I). The taper class x ring interaction for
Douglas-fir produced a non-significant result (p = 0.0553) using Greenhouse and Geisser’s eps, and
a significant result (p = 0.0294) using Huynh and Feldt’s eps. Treatment effects were highly
significant. A non-significant taper class x ring interaction was obtained for western hemlock.
Treatment effects were also non-significant. The taper class x ring interaction for western redcedar,
as opposed to results obtained for initial spacing in Table 4.10b, produced a definite non-significant

result. Treatment effects remained highly significant.

An increase in available growing space had little effect on the pattern of latewood width
development observed for western hemlock. - Identical trajectories were identified as a function of
both initial spacing and taper class. An increase in growing space also did not affect the pattern of
latewood development observed for either Douglas-fir or western redcedar. All spacing and taper
class profiles were identified as parallel. Highly significant and positive treatment effects were
nonetheless observed in each case. A significantly thicker mean latewood increment was accordingly
produced by the more widely-spaced, dominant taper class trees. Alternately, the more narrowly-

spaced, suppressed taper class trees produced a significantly thinner mean latewood increment.

The effects of growth rate on latewood width are presented in Tables 4.12, 4.13 and 4.14
(Appendix I) for Douglas-fir, western hemlock and western redcedar, respectively. Results for
Douglas-fir grew stronger with time such that coefficient of determination values following ring14
were practically all superior to 0.80. The very low correlation coefficients observed next to the pith,
and the very high values (r >0.87) following ring 14, attest to an increasingly strong interdependence
between latewood width and ring width in the later years of tree development. Slope coefficients
increased in a continual fashion, pointing to an increasing latewood proportion as a function of time.
The results obtained for western hemlock indicate a very weak relationship between latewood width
and ring width. Regression equations were mostly non-significant, or significant at the p= 0.05 level.
The results obtained for western redcedar indicate an increasingly strong relationship between
latewood width and ring width. Practically no latewood width variability was associated with ring
width next to the pith. Highly significant results were obtained from ring 14 onward. Correlation
coefficients generally increased in value over time, remaining positive throughout. Slope coefficients

remained more-or-less stable, suggesting little actual change in latewood width relative to ring width.
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4.3.4 Latewood Proportion

The development of mean latewood proportion is presented by initial spacing in Figure 4.7,
and by taper class in Figure 4.8. The profiles illustrated for Douglas-fir were practically identical in
both time and space. All exhibited a very gradual increase in latewood proportion from pith to bark.
Latewood proportion for both western hemlock and western redcedar initially declined in value to
about ring 6. Such a decrease was perhaps due to the presence of compression wood within the inner
cores of both species. Latewood proportion within the wider spacings, and within the dominant taper
classes, increased very little thereafter. Important gains were observed within the narrower spacings

and within the suppressed taper classes.

A comparison of profiles for earlywood width (Figure 4.3), and latewood width (Figures 4.4),
reveals that the development of latewood proportion was to a large extent a function of earlywood
width development. Comparatively speaking, latewood width varied little by species. Only slight
decreases were observed over time for Douglas-fir, and even slighter decreases were observed for
western redcedar. Western hemlock remained practically unchanged. In the case of Douglas-fir, a
similar ratio of earlywood to latewood was maintained for each growth ring sampled. The gradual
increase in latewood proportion displayed over time was largely due to ongoing greater decreases in
earlywood width relative to latewood width. In the case of western hemlock and western redcedar,
the rapid initial decline in latewood proportion corresponded, in large part, to a rapid initial increase
in earlywood width from the pith. Latewood proportion for the wider spacings, and within the
dominant taper class, increased little following ring 6, reflecting the fact that earlywood width also
varied little. Latewood proportion for the narrower spacings, and within the suppressed taper class, .
displayed the greatest overall increases in value over time. Only marginal earlywood production was

displayed by these groups during the final years of growth.

Basic statistics for latewood proportion are summarised by initial spacing in Table 4.15a
(Appendix I), and by taper class in Table 4.16a (Appendix I). Mean latewood proportion was
greatest at the narrower spacings and within the suppressed taper class. Coefficient of variation
values for Douglas-fir and western redcedar were also highest within these two groups. Extreme

competition was limiting earlywood production during the final years of development. Many of the
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Figure 4.7 Mean latewood proportion (%) profiled by initial spacing and as a function of ring number
from pith for Douglas-fir, western hemlock and western redcedar.
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growth increments sampled from the slowest growing trees demonstrated a proportion of latewood
approaching 100 %, hence the greater variability. Latewood proportion for western hemlock did not
follow any specific pattern of variability as a function of initial spacing or taper class. Crown
recession for the species was slow. The effects of competition on wood formation for the species

were therefore tempered.

Results of the repeated measures analyses conducted on latewood proportion, and as a
function of initial spacing and taper class, are presented in Tables 4.15b and 4.16b, respectively
(Appendix I). The effects of time on the development of latewood proportion were highly significant
for all species. The spacing x ring and taper class x ring interactions for Douglas-fir were both non-
significant. Treatment effects for spacing were non-significant. Treatment effects for taper class
were also non-significant, but borderline (p = 0.0694). Non-significant spacing x ring and taper class
X ring interactions were obtained for western hemlock. Treatment effects for spacing were highly
significant, whereas treatment effects for taper class produced significant results only (p = 0.0446).
Highly significant interactions and treatment effects were obtained as a function of both initial spacing

and taper class for western redcedar.

An increase in available growing space had little effect on the development of latewood
proportion for Douglas-fir. Identical trajectories were identified as a function of both initial spacing
and taper class. Parallel profiles of development were also identified for western hemlock. Highly
significant and negative treatment effects on the overall mean levels obtained were nonetheless
identified as a function of both initial spacing and taper class. A significantly lower mean latewood
proportion value was therefore associated with the more widely-spaced, dominant taper class trees.
A significantly higher mean value was associated with the narrowly-spaced, suppressed faper class
trees. All interactions for western redcedar, and all treatment effects, yielded highly significant
results. The development of latewood proportion within the narrowly-spaced, suppressed taper class
trees demonstrated a steep initial decline from the pith, followed by a continual increase in value over
time. The mean value recorded over time for such trees was significantly higher. The development
of latewood proportion within the widely-spaced, dominant taper class trees demonstrated less of an
initial drop in value from the pith, and relatively stable values thereafter. The mean value recorded

over time for such trees was significantly lower.
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The effects of growth rate on latewood proportion are presented in Tables 4.17,4.18 and 4.19
(Appendix I) for Douglas-fir, western hemlock and westernredcedar, respectively. Slope coefficients
for all species became somewhat increasingly negative towards the bark, indicating a slight but
strengthening relationship. In other words, the wider the growth ring observed as a function of time,
the smaller the proportion of latewood identified. The relationships for Douglas-fir were mostly
significant, but weak. Coefficient of determination values remained low throughout. Correlation
coefficients were moderately negative. Results for western hemlock were equally weak during the
initial years of development. The relationships did strengthen somewhat following ring 20. Best
results were obtained for western redcedar. Relationships were largely non-significant during the
initial years of development. Highly significant results were obtained between rings 17 and 31.
Coefficient of determination values obtained during this period were generally greater than 0.50.
Important amounts of latewood proportion variability during the later years of development were

consequently associated with ring width.

4.3.5 Earlywood Relative Density

Mean earlywood relative density development is presented by initial spacing in Figure 4.9, and
by taper class in Figure 4.10. A decrease in value was initially observed for all species. Lower
minimum values for Douglas-fir were subsequently attained at the narrower spacings and by the
suppressed taper class. A constant, gentle increase in earlywood relative density followed for all
profiles. Slightly greater values were displayed by the suppressed taper class during the final years
of development. In the case of western hemlock, hardly any subsequent increase in earlywood
relative density was observed following the initial low reached at about ring 10. Relatively constant
values were displayed thereafter by all profiles. Western redcedar demonstrated the greatest overall
variability. Mean values were essentially the same for all spacings and taper classes during early
development. A steep decline in earlywood relative density was initially observed to about ring 6.
A slow but continual decrease in value followed at the wider spacings and within the dominant taper
class. Relatively stable values were observed within the 1.83 m spacing and within the intermediate

taper class. The 0.91 m spacing and suppressed taper class both demonstrated a slight increase in

value that grew steeper with time.
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Figure 4.9 Mean earlywood relative density profiled by initial spacing and as a function of ring
number from pith for Douglas-fir, western hemiock and western redcedar.
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Maximum earlywood relative density for each species was observed immediately next to the
pith. These high values can perhaps be linked to the presence of compression wood and also, to the
particular morphology demonstrated by these first-formed tracheids. Earlywood tracheids are
typically shortest ﬁext to the pith, resulting in an increased number of cross-walls per unit of wood.
More importantly, these first-formed earlywood tracheids are much smaller in radial diameter than
in succeeding growth rings. Smaller radial diameters correspond to a greater proportion of cell wall
per unit of volume and consequently, to a higher relative density (Megraw 1986, Kennedy 1995).
The relative density of the wood substance which constitutes the cell wall of any tracheid
approximates 1.5 g/cm?® in the oven-dry state. Little variation about this value exists both within and
between species. Generally speaking, the larger the lumen diameter and the thinner the cell walls, the
lower the relative density recorded (Panshin and de Zeeuw 1980).

Erickson and Harrison (1974) measured earlywood tracheid diameter variability at breast
height within 30-year-old Douglas-fir. Hyperbolic increases in value were observed over time in both
the radial and tangential directions. Radial diameter values increased sharply from a mean value of
25 wm near the pith, to almost 40 wm by ring 16. Tangential diameter values showed a more
moderate increase, from a mean value of 22 «m near the pith, to almost 32 wm at ring 12. Diameter
measurements following these rings displayed only moderate increases in value along both planes.
Little information exists with regard to earlywood tracheid diameter development, both radially and
tangentially, for western hemlock and western redcedar. The mean values that are offered in the
literature serve mostly to differentiate between earlywood and latewood, but fail to describe the

effects of time and growth rate on the variability of development within each wood type.

Conifer tracheids generally display a gradual increase in cell wall thickness from the pith
outward. Increases ranging from 15 to 70 % may be observed for latewood tracheids during the first
30 years of growth. Smaller, more variable increases in cell-wall thickness may be observed for
earlywood tracheids over the same time period (Larson 1966). Generally speaking, earlywood cell-
walls are thinner radially than tangentially. For latewood tracheids, the radial cell-wall is normally
thicker (Panshin and de Zeeuw 1980).

Little information is available with regard to earlywood cell wall thickness development for
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Douglas-fir, western hemlock and western redcedar. The effects of cambial ageing and growth rate
on such development remains largely unknown. Many of the studies that do report mean earlywood
and létewood values offer little indication as to where sampling was conducted in terms of distance
from the pith, and location within a growth ring. The data that are available most often corresponds
to the radial plane only. Obtaining radial and tangential cell-wall thickness measurements, along with
corresponding data on earlywood tracheid diameter development, would account for much of the
earlywood relative density .variation observed in this study. Furthermore, this information would
allow for the establishment of relationships between the various patterns of earlywood development
identified in each tree, with the various changes displayed in crown morphology and competitive

status over time.

With the profiling of earlywood tracheid diameter and cell-wall thickness development from
pith to bark, the following assumptions regarding earlywood relative density development could in
turn be verified. An initial hyperbolic increase in tracheid diameter, coupled with an almost linear rate
for increase in cell wall thickening, would partially account for the initial decrease in earlywood
relative density displayed by each species. For Douglas-fir, the eventual stabilisation in tracheid
diameter development (Erickson and Harrison 1974) would have to be accompanied by an increase
in the rate of cell-wall thickening to produce the subsequent increase in earlywood relative density.
In the case of western hemlock, the eventual stabilisation of tracheid diameter and cell wall thickening
would have to occur at about the same time to produce a somewhat constant earlywood relative
density. In the case of western redcedar, very little increase in the magnitude of cell wall thickening
would have to occur from the pith. The production of increasingly larger tracheid diameters would
subsequently bring about a decrease in earlywood relative density. An eventual stabilisation of

tracheid diameter would in turn produce relatively stable values.

Of'interest in Figure 4.9 is that a lower minimum relative density was observed for Douglas-fir
at the narrower spacings, and a higher minimum value at the wider spacings. Such differences can
perhaps be explained on the basis of fusiform initial cell development. An increase in rate of diameter
growth within a young tree typically requires a rapid expansion of the vascular cambium. This
.expansion is accomplished primarily through an increase in the number of fusiform initials. The faster

the rate of anticlinal cell division, the shorter the average length, and the narrower the tangential
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diameter of the daughter initials produced (Bannan 1967a, Philipson and Butterfield 1967). It can
therefore be assumed that larger tangential tracheid diameters and longer tracheid lengths developed
at the narrower spacings first, where cambial growth was slower. A direct consequence of these
slightly longer and wider earlywood tracheids was a lower earlywood relative density. This
assumption, regarding changes in tracheid morphology as a function of growth rate, would have to

be verified for each species using microscopy.

The suppressed taper class for Douglas-fir and western redcedar demonstrated slight increases
in earlywood relative density during the final years of development. Earlywood width development
at this time was demonstrating an important reduction in activity (Figure 4.4). Live-crown-ratios
(especially for western redcedar) were extremely low, and crown widths were especially narrow
(Table 4.2). The trees sampled generally displayed extended translocation pathways, and presumably
a smaller capacity for auxin synthesis. A decrease in eérlywood tracheid radial diameter, along with
little corresponding change in cell wall thickness, was likely underway. A large number of transition
wood tracheids were subsequently being produced within the earlywood zones, leading to an increase
in overall earlywood relative density. Once again, these changes in tracheid radial diameter, and in

cell-wall thickness, would have to be verified for both species using microscopy.

Basic statistics for earlywood relative density are presented by initial spacing in Table 4.20a
(Appendix I), and by taper class in Table 4.21a (Appendix I). The mean values observed by species
varied little as a function of initial spacing or taper class. Coeflicient of variation values were slightly
greater at the narrowest spacings for both Douglas-fir and western redcedar, and remained relatively
stable for western hemlock. Slightly greater coefficient of variation values were displayed by the

suppressed taper class for all species.

Results of the repeated measures analyses conducted on earlywood relative density, and as
a function of initial spacing and taper class, are presented in Tables 4.20b and 4.21b, respectively
(Appendix I). Time effects were highly significant for all species. The spacing x ring interaction for
Douglas-fir was significant (p = 0.0332) using Greenhouse and Geisser’s eps, and highly significant
(p = 0.0094) using Huynh and Feldt’s eps. The taper class x ring interaction invariably produced

highly significant results. Non-significant treatment effects were obtained in each case. Non-
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significant interactions and treatment effects were obtained for western hemlock as a function of both
initial spacing and taper class. Highly significant spacing x ring and taper class x ring interactions

were obtained for western redcedar. Non-significant treatment effects were obtained in each case.

An increase in available growing space had little effect on the development of earlywood
relative density. The mean levels recorded over time for Douglas-fir, western hemlock and western
redcedar did not differ as a function of either initial spacing or taper class. Parallel profiles were
furthermore identified for western hemlock. Such results imply an identical pattern of earlywood
relative density development for all spacings and taper classes considered. Non-parallel profiles were
identified for both Douglas-fir and western redcedar. The narrowly-spaced, suppressed taper class
trees were undergoing intensified levels of competition. A steep drop in earlywood relative density
from the pith was being followed by a more-or-less continual increase in value over time. The widely-
spaced, dominant taper class trees were displaying a more gentle initial drop in value, followed by

greater stability during subsequent earlywood relative density development.

The relationships observed between earlywood relative density and ring width are displayed
for Douglas-fir, western hemlock and western redcedar in Tables 4.22, 4.23 and 4.24 (Appendix I),
respectively. Very weak relationships were generally obtained for all species. A certain increase in
earlywood relative density for Douglas-fir was generally associated with faster growth between rings
6and 9. A certain decrease was observed from ring 25 onward. However, the relationships obtained
during these periods remained weak, accounting for only 15 to 45 % of total variability. The
relationships obtained for western hemlock were consistently weak and, except for ring 21, non-
significant. Results for western redcedar were equally weak. Non-significant relationships were
generally identified. The few significant results intermittently obtained between rings 14 and 28
generally provided poor fits, accounting for only 15 to 43 % of total variability.

4.3.6 Latewood Relative Density

Mean latewood relative density development is illustrated by initial spacing in Figure 4.11,

and by taper class in Figure 4.12. Douglas-fir displayed the greatest overall increase in latewood
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Figure 4.11 Mean latewood relative density profiled by initial spacing and as a function of ring
number from pith for Douglas-fir, western hemlock and western redcedar.
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relative density over time. All profiles demonstrated a rapid initial gain from the pith, followed by
a gentle increase to a more or less constant value. The 4.57 m spacing and the dominant taper class
both experienced the slowest, yet steadiest initial increase. Relatively stable values within the
narrower spacings, and within the suppressed taper class, were attained at an earlier date and at a
lower average value. Western hemlock demonstrated the least variation. Profiles for both spacing
and taper class remained largely superimposed on one another and demonstrated very little change
over time. In the case of western redcedar, only a minor increase in latewood relative density was
observed from pith to bark at the wider spacings and within the dominant taper class. The 0.91 and
1.83 m spacings, and the suppressed taper class, did experience slightly greater initial increases to

about ring 10, followed by sharp decreases to about ring 15, and more-or-less stable values thereafter.

It was noted in section 4.2.5 that little information was available regarding earlywood tracheid
diameter development for Douglas-fir, western hemlock and western redcedar. Little concurrent
information is also available in terms of latewood diameter development, both radially and
tangentially. Such information, along with corresponding data on latewood cell wall thickness, would
account for most latewood relative density variation observed in this study. This information would
also allow for the verification of the assumptions made in the forthcoming discussion regarding the
effects of age and growth rate on transition wood and latewood tracheid development. Combined,
the earlywood and latewood tracheid morphological data would explain much of the variation in
whole-ring relative density that exists from pith to bark. This information would, in turn, allow for
the establishment of stronger links between the various identified patterns of wood formation, and

the various changes in crown morphology and competitive status displayed over time.

A great quantity of radially wide tracheids are generally produced throughout the growing
season by a young tree at time of crown closure. Toward the end of the growing season, some of
these tracheids may display thickened cell walls, hence transition wood (see section4.2.3). Iftracheid
radial diameter at this time also displays a certain decrease in breadth, the transition wood produced
will begin to contribute to overall latewood development. The earlywood to latewood boundary was
set in this study at a relative density of 0.54 for Douglas-fir, 0.52 for western hemlock and 0.44 for
western redcedar. In order to profile relative density development, transition wood for all species

was subsequently classified under this criteria as either earlywood or latewood. A large quantity of
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transition wood, displaying a relative density slightly greater than a value listed above, would
therefore have lead to a slight decrease in mean overall relative density within a corresponding
latewood increment. In turn, a large quantity of transition wood, displaying a value slightly lower
than one listed above, would have brought about a slight increase in mean overall relative density

within a corresponding earlywood increment.

The production of transition wood within a tree may carry on indefinitely. A minimum
amount is generally produced within all growth increments. Roughly speaking, the slower the rate
of crown recession, the longer the period during which large quantities of transition wood will be
produced in successive growth rings at breast height. With time, and with continuing crown
recession, an increasingly sharper drop in auxin gradients at breast height will be observed following
the cessation of height growth (Larson 1969). An increasingly sharp decline in tracheid radial
diameter development will typically follow within the latewood zone. Cell wall thickening at this time
will proceed largely unaffected, so long as the respiration needs within the tree are met. Fewer
transition tracheids will accordingly be produced, and a greater number of latewood tracheids will
develop. The mean relative density recorded within the latewood zone will therefore increase, and

an increasingly abrupt transition from earlywood to latewood will take shape.

The development of latewood relative density within the wider spacings and dominant taper
class, for both Douglas-fir and western redcedar, was gradual when viewed from pith to bark. The
presence of large quantities of transition wood within the first few growth rings may have accounted
for the initially low values. The progressive changes observed over time, froma gradual to an abrupt
earlywood to latewood transition, would account for the slow, yet steady rise in value. An abrupt
transition, coupled with the formation of mostly latewood tracheids within each latewood zone,
would account for the high values at which latewood relative density eventually plateaus. The
profiles displayed for western redcedar illustrated a much more gradual increase in value over time.
This was perhaps partially due to the greater shade tolerance displayed by the species. Crown
recession for western redcedar was much slower than for Douglas-fir (Reukema and Smith 1987).
Translocation pathways from the base of the live crown to breast height were much shorter (Tables
4.1 and 4.2). The changes observed in wood formation over time, and subsequently in the

progression from a gradual to an abrupt intra-ring relative density transition, were likely tempered.
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A steeper initial rise in latewood relative density was displayed. by the narrower spacings and
by the suppressed taper class for both Douglas-fir and western redcedar. This rapid increase can
perhaps be attributed to an earlier date for crown closure, and accordingly, to smaller tree crowns and
to longer translocation pathways. It is therefore presumable that a sudden drop in auxin gradients
at breast height occurred first within these slower growing trees. A corresponding decrease in
transition wood production also presumably occurred first, with an increasingly greater proportion
of latewood tracheids produced within each subsequent latewood zone. The progression from a
gradual to an abrupt intra-ring relative density transition within these trees was, in effect, taking place

at a faster pace.

The lower steady-state values observed within the narrower spacings and by the suppressed
taper class for both Douglas-fir and western redcedar during the final years of development can
perhaps be attributed to an intensification in competition. A return to the production of large
quantities of transition wood within the latewood zones was conceivably taking place. A continual
decrease in the ratio of crown attributes to total tree size was influencing the pattern of wood
formation displayed at breast height. Crown sizes for both species remained small, and the distance
from breast height to crown base was increasing (Tables 4.1 and 4.2). Auxin gradients within the
vascular cambium at breast height were therefore presumably in a continual decline. Photosynthate
availability was also presumably in sharp decline due to ever increasing demands for maintenance
respiration. The potential for further increases in both auxin and photosynthate synthesis within these
trees was limited. With minimal auxin and photosynthate availability, trécheids produced within the
latewood zones remained radially narrow, and cell walls remained thin. The latewood relative density

observed subsequently fell short of that recorded by the faster growing trees.

Latewood relative density varied little for western hemlock as a function of either time, initial
spacing or taper class. This lack of variability can perhaps be attributed to the gradual transition from
earlywood to latewood that typically develops for the species regardless of cambial age or growth
rate (Panshin and de Zeeuw 1980). Since transition tracheids are continually produced, less
variability in latewood relative density will be observed over time. Crown recession for the species
was, in addition, very slow for all spacings and taper classes considered. Large volumes of crown

foliage, and a relatively short distance from breast height to crown base, were typical of most trees
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sampled (Tables 4.1 and 4.2). Such factors may have compounded the effects of the species’ natural
inclination to develop a gradual transition from earlywood to latewood and therefore, to produce

comparatively stable latewood relative density values over time.

Basic statistics for latewood relative density are presented as a function of initial spacing in
Table 4.25a (Appendix I) and as a function of taper class in Table 4.26a (Appendix I). The mean and
coefficient of variation values observed for each species varied little according to both initial spacing
and taper class. The greatest homogeneity encountered was within and among the various initial

spacings and taper classes sampled for western hemlock.

Results of the repeated measures analyses conducted on latewood relative density, and asa
function of initial spacing and taper class, are presented in Tables 4.25b and 4.26b respectively
(Appendix I). Highly significant time effects were obtained for all species during the initial spacing
analysis. Highly significant time effects were obtained during the taper class analysis for Douglas-fir
only. Significant effects were obtained in the case of western redcedar. Non-significant (Greenhouse
and Geisser) and significant time effects (Huynh and Feldt) were obtained for western hemlock. For
consistency, time effects will nonetheless be considered for all species in forthcoming regression and
correlation analyses. A non-significant spacing x ring interaction, and a significant (o = 0.05) taper
class x ring interaction, was obtained for Douglas-fir. Non-significant spacing x ring and taper class
X ring interactions were obtained for western hemlock. The spacing x ring and taper class X ring

 interactions for western redcedar were both highly significant. Treatment effects for all species were

consistently non-significant.

An increase in available growing space had little effect on the development of latewood
relative density. The mean levels recorded over time for Douglas-fir, western hemlock and western
redcedar did not differ as a function of either initial spacing or taper class. Parallel profiles were
identified for western hemlock. Ring number from pith, by taper class, was identified as having little
impact on latewood relative density development. Such results imply an identical, somewhat
horizontal, pattern of development for all spacings and especially, for all taper classes considered.
Non-parallel profiles were identified for western redcedar. The narrowly-spaced, suppressed taper

class trees were undergoing intensified levels of competition. A rapid initial increase in latewood
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relative density was being followed by a sharp decrease, and then by comparatively stable values. The
widely spaced, dominant taper class trees were displaying a gradual initial rise in latewood relative

density, followed by relatively stable values.

Parallel profiles were identified for Douglas-fir as a function of initial spacing, and non-parallel
profiles (borderline, p = 0.0240) were identified as a function of taper class. Such results demonstrate
the increasing effect of tree-to-tree competition, and the decreasing effect of initial spacing, on tree
development over time, and on subsequent wood formation. The intensified levels of competition
resulted in a sharper initial gain in latewood relative density by the suppressed taper class trees.
Steady-state values were eventually attained by these same trees, but at a lower maximum level

relative to that displayed by the intermediate and dominant taper classes.

The effect of ring width on latewood relative density development is presented for Douglas-
fir, western hemlock and western redcedar in Tables 4.27, 4.28 and 4.29 (Appendix I), respectively.
Correlation coefficients for Douglas-fir were generally low, but negative, betweenrings 3 and 18, and
generally low, but pbsitive, from ring 19 onward. Slightly lower relative density values were
therefore associated with the wider growth rings near the pith, and slightly higher relative density
values were generally associated with the wider growth rings near the bark. The best regression fits
were obtained from ring 24 onward. From 17 to 48 % of total latewood relative density variation
was associated with ring width during this period. The relationships obtained for western hemlock
were largely non-significant. Small amounts of latewood relative density variability were associated
with ring width development during early development, with coefficient of determination values never
surpassing a maximum of 0.44. A string of significant results was observed for western redcedar
between rings 5 and 11, and between rings 15 and 17. From 17 to 41 % of total latewood relative
density variation during these periods was associated with ring width. Correlation coefficients were
for the most part moderately negative up to about ring 14, implying slightly lower latewood relative
density values with the wider growth rings next to the pith.
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4.3.7 Whole-Ring Relative Density

Mean whole-ring relative density development is presented by initial spacing in Figure 4.13,
and by taper class in Figure 4.14. Similar profiles were obtained for Douglas-fir by Wellwood and
Smith (1962), Erickson and Harrison (1974), Jozsa and Kellogg (1986), Megraw (1986), Jozsa ef
al. (1989) and Jozsa and Middleton (1994). Similar profiles were obtained for western hemlock by
Wellwood and Smith (1962), Jozsa and Kellogg (1986), Jozsa and Middleton (1994) and Jozsa et al.
(1998). Similar profiles were obtained for western redcedar by Jozsa and Kellogg (1986) and Jozsa
and Middleton (1994).

A similar pattern of whole-ring relative density development for Douglas-fir was generally
displayed by all spacings and taper classes. A slight decline in value from the pith, to a minimum
between rings 6 and 7, was initially displayed by all profiles. A steady increase in value followed, with
a general levelling-off initiated at about ring 20. Whole-ring relative density development for western
hemlock demonstrated greater variability. A steep decline was initially demonstrated by all profiles
to about ring 10. Values within the 3.66 m spacing and within the dominant taper class oscillated
thereafter, but generally demonstrated no subsequent gains. Increases in whole-ring relative density
within the 0.91, 1.83 and 2.74 m spacings were initiated beginning at about ring 15. Values within
the intermediate and suppressed taper classes also increased progressively from this point onward,
with the latter demonstrating the largest gains over time. Western redcedar, though initially
comparable to both Douglas-fir and western hemlock, displayed the steepest initial decline in whole-
ring relative density to about ring 5. Few subsequent changes were observed within the 2.74, 3.66
and 4.57 m spacings, and within the dominant taper class. A gradual increase in value followed
within the 0.91 and 1.83 m spacings. Similar increases were noted by the intermediate taper class.

The largest gains over time were displayed by the 0.91 m spacing and by the suppressed taper class.

Basic statistics for whole-ring relative density are presented as a function of initial spacing in
Table 4.30a (Appendix I), and as a function of taper class in Table 4.31a (Appendix I). The mean
values observed for Douglas-fir were invariably greater than those obtained for western hemlock, and
much greater than those obtained for western redcedar at corresponding spacings and taper classes.

Mean relative density for Douglas-fir varied little as a function of initial spacing and taper class.
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Figure 4.13 Mean whole-ring relative density profiled by initial spacing and as a function of ring
number from pith for Douglas-fir, western hemlock and western redcedar.
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Figure 4.14 Mean whole-ring relative density profiled by taper class and as a function of ring
number from pith for Douglas-fir, western hemlock and western redcedar.
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Slightly higher mean values were observed for both western hemlock and western redcedar at the
narrower spacings and within the suppressed taper class. Coefficient of variation values varied little
for both Douglas-fir and western hemlock. Somewhat higher values were observed for western

redcedar as spacing narrowed and within the suppressed taper class.

_ Results of the repeated measures analyses conducted on whole-ring relative density, and as
a function of initial spacing and taper class, are presented in Tables 4.30b and 4.31b, respectively
(Appendix I). Time effects were highly significant for all species. Non-significant spacing x ring and
taper class x ring interactions were obtained for both Douglas-fir and western hemlock. Treatment
effects for Douglas-fir were equally non-significant. Those obtained for western hemlock were highly

significant as a function of initial spacing, and non-significant as a function of taper class.

An identical pattern of whole-ring relative density development was accordingly identified for
all Douglas-fir spacings and taper classes considered. An identical pattern of development was also
identified for western hemlock, but as a function of taper class only. Nonparallel profiles, and highly
significant treatment effects, were identified for the species by initial spacing. Such conflicting results
largely stem from the extreme measurements obtained, at most growth ring sampling points, from
trees #411 and #458 within the 1.83 m spacing interval. In addition, the average profile illustrated
for the 1.83 m spacing in Figure 4.13 was based upon a sample of five trees. Tree #464 was not
included due to large amounts of missing data. Consequently, the mean values plotted over time were
consistently higher than at all other spacings. The average whole-ring relative density profile
displayed for the suppressed taper class in Figure 4.14 was based upon a sample of 13 trees. The
effect of the much greater values demonstrated by trees #411 and #458, on mean whole-ring relative

density development, were subsequently tempered once integrated into this data set.

The spacing x ring and taper class x ring interactions for western redcedar were both highly
significant. Significant and highly significant treatment effects were obtained by initial spacing and
taper class respectively. Nonparallel whole-ring relative density profiles were accordingly identified
as a function of both initial spacing and taper class. The widely-spaced, dominant taper class trees
demonstrated little subsequent rise in whole-ring relative density following the initial decrease in value

from the pith. Significantly lower mean values were recorded over time for these trees. The profiles
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established for the narrowly-spaced, suppressed taper class trees demonstrated a steeper initial drop
in value from the pith, followed by a gradual increase over time. Significantly higher mean values

were recorded over time for these trees.

The effects of ring width on whole-ring relative density are presented in Tables 4.32, 4.33 and
4.34 (Appendix I) for Douglas-fir, western hemlock and western redcedar, respectively. Although
results for Douglas-fir were generally significant, most equations fit poorly. Strong relationships
were obtained from rings 8 to 16, but with coefficient of determination values never surpassing a high
of 0.40. In the case of western hemlock, ring width had a slightly increasing negative impact on
whole-ring relative density development over time. If one discounts rings 31 to 33 (smaller sample
size), a pattern of increasing significance was observed with age. Results from rings 3 to 17 were for
the most part non-significant, or significant at the a = 0.05 level only. Strong relationships were
obtained from rings 18 through 29, with14 to 55 % of total variation attributable to ring width during
this period. Western redcedar displayed the strongest overall relationships, with regression equations
for the most part significant from ring 13 onward, and with 38 to 62 % of total variation attributable
to ring width during this period. Slopes and correlation values became increasingly negative with
distance from the pith. A decrease in whole-ring relative density over time was therefore increasingly

associated with an increase in ring width development.

4.3.8 Whole-Ring Tracheid Length

Sampling variability for earlywood and latewood tracheid length is summarised in Tables 4.35,
4.36 and 4.37 (Appendix I) for Douglas-fir, western hemlock and western redcedar, respectively.
All values were obtained by means of image analysis. Tracheid length variability was estimated based
on a potential sample pool of 240 measurements (6 trees per spacing, 40 tracheid measurements per
growth ring sampling point). Similar tracheid length statistics, obtained by means of the Kajaani FS-
200 Optical Fibre Analyser, are presented in Tables 4.38, 4.39 and 4.40 (Appendix I) for Douglas-fir,
western hemlock and western redcedar, respectively. A single length-weighted mean value was
calculated for each earlywood and latewood segment processed. Tracheid length variability for the

Kajaani was therefore available based on a maximum of six values only.
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The mean latewood tracheid length values observed in Tables 4.35, 4.36 and 4.37 were, for
the most part, greater than those listed for earlywood. Increases in length of up to 15 % were
observed in certain cases. Data collected for both wood types were subsequently compared at each
growth ring sampling point, and at identical spacings, using a standard t-test for differences between
two means. Positively significant differences were identified for 42 % of the growth rings sampled
for Douglas-fir, 55 % for western hemlock and 76 % for western redcedar. These results justify the

use of Equation 1 for estimating whole-ring tracheid length.

The earlywood and latewood data sets described in Tables 4.35 to 4.40 remained incomplete
in instances where growth rings sampled were too narrow for accurate splintering by razor blade.
A mean tracheid length value for the entire growth ring in question (earlywood and latewood sampled
collectively) was obtained in such cases. These measurements were added to those previously
estimated using Equation 1. Complete whole-ring tracheid length data sets (rings 3 through 33) were

subsequently acquired for each spacing interval considered.

Mean whole-ring tracheid length development is illustrated by initial spacing in Figure 4.15.
Dual sets of plots were established for each spacing interval to accommodate the two measurement
methods used. The tracheid length relationships observed as a function of time are well documented
in the literature. A relatively rapid increase in value was initially displayed by each species, followed
by a gradual decrease in rate of development. Relatively stable whole-ring tracheid length values

began to appear during the final years of growth.

Successive dips and rises were identified in many profiles using both measurement systems.
A precise depiction of tracheid length development was accordingly provided by species. Greater
accuracy was nonetheless obtained through image analysis. Only long, intact tracheids were
considered during sampling. The Kajaani based profiles invariably demonstrated lower mean values
throughout. Whole-ring tracheid length was gravely underestimated using this procedure. The longer
the mean tracheid length value obtained through image analysis, the greater the discrepancy. Data
collected using both systems were subsequently compared at each growth ring sampling point, and
at identical spacings, using a standard t-test for differences between two means. Highly significant

differences (P < 0.001) were obtained in all cases (data not shown).
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Figure 4.15 Mean whole-ring tracheid length (mm) measured using 1) image analysis (IA) and
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The length-weighted formula applied to the Kajaani data was therefore ineffective for masking
the influence of the large number of broken tracheids processed. The length-weighted formula
applied has repeatedly been used in previous research for Kajaani-based tracheid length analysis
(Piirainen 1985, Hamm 1989, Hatton and Hunt 1989, Luukkonen ez al. 1990, Bergqvist et al. 1996,
Evans ef al. 1997, Herman et al. 1998, Muneri and Balodi 1998). The weighting of tracheid length
data by a second power, as performed in this study, is reccommended as standard procedure by the
manufacturer (Kajaani Electronics Ltd. 1986). However, the use of a third, or even a fourth power,

would certainly have produced results more in line with those obtained through image analysis.

Tracheid length variability was non-destructively assessed using12 mm increment cores. The
limited dimensions of these cores may have introduced two possible sources of error that could have
lead to an underestimation of tracheid length by the Kajaani system. Firstly, it is obvious that a large
number of tracheids were cut during increment boring. Even though 12 mm core samples were
collected, and only the central portions of these were macerated, the processing of a large number
of damaged elements within the Kajaani was unavoidable. Secondly, the greater the mean length of
the tracheids being sampled, the greater the probability that they would incur damage upon increment
core collection. Tracheid measurements obtained during the foregoing studies were conducted on
the basis of either wood chips, or from cross-sectional discs (minimum 2 cm thickness) obtained by
means of stem analysis (destructive sampling on both counts). Such wood samples presented a much

lower proportion of broken tracheids per unit of wood volume macerated.

Few studies have evaluated the effectiveness of the Kajaani system for measuring tracheid
length from increment cores. A notable exception was the research conducted by Bergqvist ef al.
(1996), which investigated the effects of radial increment core diameter on tracheid length
measurement in Norway spruce. Rings 31 through 87 from a single, slow-growing log were sampled
collectively, earlywood and latewood combined, with no longitudinal shearing of the core edges
performed. Eight core samples were collected per core diameter considered, namely 4, 8 and 12 mm.
Wood chips were used as a control. Approximately 13 % of all tracheids originating from the wood
chips were characterised as damaged following maceration. About 31 % of those obtained from the
12 mm cores were likewise identified as such. Tracheid damage for the 4 and 8 mm diameter core

samples approximated 70 and 44 %, respectively. The length-weighted mean values obtained from
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the wood chips, and from each of the core diameters sampled, were significantly different. The
smaller the core diameter, the greater the influence of broken tracheids on the estimation of a mean
tracheid length. The length-weighted mean values obtained from the wood chips, and from the 12,
8 and 4 mm increment cores, equalled 3.06, 2.75, 2.62 and 2.20 mm, respectively.

It is difficult to pinpoint the various sources of error that could have led to the tracheid length
differences illustrated in Figure 4.15. The maceration procedure employed in this study (Franklin’s
solution) has long been used for breaking down wood samples into individual tracheids. The Kajaani
system itself was initially calibrated using the recommendations and calibration fibres provided by the
manufacturer (Kajaani Electronics Ltd. 1986). A weakness of the system is perhaps the 0.4 mm
diameter capillary tubing (also designed to handle hardwood vessel elements) which sometimes allows
overlapping tracheids to be simultaneously processed. A maximum tracheid length value of 7.2 mm
(the largest length class recordable by the instrument) may accordingly be observed. Tracheid lengths
exceeding 6.0 mm were commonly encountered. Such lengths go well beyond the ranges normally
identified for the three species considered. Additionally, it is easy to imagine a single long tracheid
being measured at halfits true length as a result of folding in the middle. This scenario is conceivable
in a situation where a tracheid is fed into the capillary tubing midriff first. The fact that the majority
of tracheids sampled in this study were juvenile attests to a generally thin cell wall structure. The
thinner the tracheid cell wall, the greater the likelihood of such folding. No method of verification

was proposed by the manufacturer to identify and/or eliminate such measurements.

Along with broken tracheid sections and midriff folding, a shorter mean tracheid length could
also have originated from the inclusion of ray tracheid measurements within the individual data sets.
Ray tracheids normally make up from about 5 to 9 % of total wood volume for the three species
considered in this study (Panshin and de Zeeuw 1980). These cells normally range from about 0.1
to 0.2 mm in length (Tsoumis 1991). The Kajaani system records tracheid length measurements
within 0.2 mm classes, ranging from 0.0 to 7.2 mm. Since the Kajaani system is unable to distinguish
between individual cell types, ray tracheids are systematically treated as longitudinal tracheids. In
certain cases, upward of 20 % of the tracheids processed for one growth ring were grouped within
the first two classes alone (0.0 to 0.2 mm, 0.2 to 0.4 mm). Tracheid length distributions subsequently

became heavily skewed toward the smaller classes, leading to an inevitable decrease in mean length.
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The specific objective of this portion of the study was not to compare the effectiveness of the
Kajaani system relative to image analysis. Each measurement method was designed with a distinct
application in mind. Image analysis has long been used for obtaining accurate tracheid length
measurements. It is the cheapest method available in terms of equipment expenditure. Only a
microscope and eyépiece micrometer are required. The process of measurement however, is quite
labourious and time-consuming. Simply obtaining 40 tracheid length measurements from a single
growth ring sample in this study (slide preparation time included) often required more than one hour
to complete. The Kajaani system was designed with industrial purposes in mind. The system is fully
automated and does not require specific skills to operate. Large numbers of tracheid length
measurements can be rapidly obtained. The measurement time for one growth ring sample in this

study (minimum of 20 000 tracheids processed) generally fluctuated between three and five minutes.

The purpose of this exercise was to see if the Kajaani system could be used to obtain accurate
tracheid length measurements from 12 mm increment cores. The prospect of being able to rapidly
and accurately process such samples would further encourage non-destructive wood quality research.
Based on the previous study conducted by Bergqvist et al. (1996), it was conceivable that accurate
measurements could be obtained from 12 mm increment cores if sampling were conducted on a more
discerning basis. Only the central portions of the increment cores collected would be retained for
analysis. Care would be taken to produce the longest splints possible for subsequent maceration. The

longitudinal edges of the cores would be sheared to eliminate as many damaged tracheids as possible.

As demonstrated in Figure 4.15, significantly shorter tracheid lengths were nonetheless
obtained for each species, and at all growth ring sampling points, using the Kajaani system. The
system was shown to be inadequate for measuring tracheid length variability on the basis of 12 mm
increment cores. Only the tracheid length data collected as a function of image analysis were

therefore considered during the subsequent initial spacing and growth rate analyses.

The general finding from past studies is that initial spacing has little impact on tracheid length
development for conifers. Douglas-fir, western hemlock and western redcedar have all received little
attention in the literature with respect to the above. Certain trends were nonetheless observed in this

study (Figure 4.15). A slightly greater increase in whole-ring tracheid length was originally
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demonstrated by the 0.91 m spacing for Douglas-fir. The 3.66 and 4.57 m spacings both
demonstrated slower initial development, but greater mean values toward the bark. In the case of
western hemlock, somewhat shorter tracheids were produced at the 3.66 m spacing up to about ring
21. A somewhat parallel pattern development was demonstrated for all western redcedar spacings

considered. Generally speaking, the wider the spacing, the shorter the tracheid length produced.

Basic statistics for whole-ring tracheid length are presented in Table 4.41a (Appendix I).
Longer tracheids were, without exception, produced by Douglas-fir, and shorter tracheids by western
redcedar. The mean value recorded over time varied little according to initial growing space. Slightly
lower values were observed for both western hemlock and western redcedar at the wider spacings.

Coefficient of variation values remained fairly constant by species.

Results of the repeated measures analyses conducted on whole-ring tracheid length, and as
a function of initial spacing, are presented in Table 4.41b (Appendix I). Time effects were highly
significant for all species. A highly significant spacing x ring interaction and non-significant treatment
effects were obtained for Douglas-fir. The narrower the spacing, the faster the initial increase in
tracheid length from the pith, with longer tracheids produced by the wider spacings during the final
years of development. In the case of western hemlock, the spacing X ring interaction and treatment
effects were both non-significant. An identical pattern of development was subsequently identified
for all spacings considered. Significant effects would perhaps have been obtained had the 4.57 m
spacing been available for sampling. A non-significant spacing x ring interaction and significant
treatment effects were obtained for western redcedar. All profiles were subsequently identified as
parallel. The narrower the spacing, the lower the mean level recorded. A significant interaction effect

would perhaps have been obtained had the 0.91 and 1.83 m spacings also been sampled.

The effects of ring width on whole-ring tracheid length development are presented in Table
4.42 (Appendix I). Very little variation in whole-ring tracheid length variability was generally
associated with ring width. The relationships observed by species were generally non-significant.
Most correlation coefficients remained low, and for the most part negative, indicating perhaps a slight
reduction in tracheid length with increased growth rate. This was presumably the case for both

Douglas-fir and western hemlock during early development.
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4.3.9 Microfibril Angle

Sampling variability for microfibril angle is summarised in Table 4.43 (Appendix I). Each
mean and standard deviation value was calculated based on a data set of 240 measurements (six trees
per spacing, 40 microfibril angle measurements per growth ring sampled). All values were obtained

from the earlywood portion of each growth ring selected. There were no missing values.

Mean microfibril angle development is illustrated according to initial spacing in Figure 4.16.
The trends observed from pith to bark are similar to those generally reported for conifers in general
(McMillin 1973, Erickson and Arima 1974, Megraw 1985, Cave and Walker 1994). Microfibril angle
was greatest near the pith for all species. Values at the narrowest spacings, for both Douglas-fir and
western redcedar, decreased more rapidly and began to stabilise earlier. A relatively stable microfibril
angle was attained at about ring 12 in the case of the 0.91 m spacing for Douglas-fir, and at about
ring 18 in the case of the 2.74 m spacing for western redcedar. The foregoing spacings both
maintained lower values during the later years of development. All microfibril angle profiles displayed
for western hemlock remained similar in shape and size over time. Mean \_/alues decreased rapidly

during the initial years of growth, and continued to do so afterward, but at a much reduced rate.

Conducting microfibril angle measurements remains a time consuming procedure when
performed using optical means. The process of obtaining 40 microfibril angle values from a single
growth ring sample in this study (microtome slide preparation time included) often took over one
hour to complete. Indirect methods were therefore sought in past studies for the purpose of
estimation. Tracheid length was suggested as an obvious predictor, perhaps because of the ease
through which such measurements could be obtained. Tracheid length development typically includes
a rapid increase in value from the pith (Figure 4.15). A gradual decrease in rate of development
generally follows, after which relatively stable values can be viewed. The above stated trend is more-

or-less opposite to that illustrated for microfibril angle development in Figure 4.16.

Past studies have since pointed to the existence of a negative correlation between the two
variables. The shorter the tracheid length for a particular species, the larger the microfibril angle
recorded (Echols 1955, Dadswell 1958, Erickson and Arima 1974, Megraw 1985, Briggs and Smith
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Figure 4.16 Mean microfibril angle profiled by initial spacing and as a function of ring number from
pith for Douglas-fir, western hemlock and western redcedar.
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1986). Even though the strength of the correlations varied widely from study to study, a cause and
effect relationship between the two variables has nonetheless evolved over time. Such a relationship

is frequently assumed and reported.

However, it remains unlikely that tracheid elongation is the main precursor to microfibril angle
development. Though a correlation might exist between the two variables, the relationship is most
likely haphazard. The reasoning behind this statement is that important increases in tracheid length
are characteristic of the stage of post-cambial cell enlargement. Concurrent increases in tracheid
radial diameter are also inherent to this stage of development. The deposition of microfibrils in
accordance with the profiles illustrated in Figure 4.17 occurs largely during the subsequent stage of
secondary wall formation. The lignification of the compound middle lamella is largely complete at
this time, and further expansion of the cell is therefore limited (Fujita and Harada 1991). The term
microfibril angle itself commonly refers to the mean helical angle observed within the S, layer of the
secondary wall. This definition was common to all the wood quality and related studies reviewed

during this research.

Cell-wall thickness would perhaps be a more logical choice for predicting microfibril angle,
inasmuch as both variables are intimately linked to the stage of secondary wall development. A
sinusoidal trend of decreasing microfibril angle is generally known to exist within a growth ring from

-earlywood to latewood (Cave and Walker 1994, Herman ef al. 1999). A similar, but reverse trend,
is known to exist for cell wall thickness. Higher microfibril angle values are generally associated with
thin-walled, earlywood tracheids. Lower microfibril angle values are generally associated with

thicker-walled, latewood tracheids (Panshin and de Zeeuw 1980).

Little information is available with regard to intra-ring microfibril angle development for
Douglas-fir, western hemlock and western redcedar. Large amounts of variability undoubtedly exist
for each species as a function of cambial age, and perhaps even growth rate. The limited microfibril
angle data that is available most often comes in the form of single mean values generated from a
collection of growth rings. Intra-ring profiles demonstrating microfibril angle variability over time
are largely unheard of. Such information would be most useful for the establishment of relationships

between the various patterns of microfibril angle development identified in a tree, with the various
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changes in crown morphology and competitive status displayed over time. These data would also
allow for the subsequent evaluation of cell wall thickness as an effective predictor of microfibril angle
variability. Relationships could in turn be established as a function of overall tracheid morphology
by including corresponding tracheid diameter and tracheid léngth data, alongside cell wall thickness

data, into the prediction model.

The possibility of using cell-wall thickness as a surrogate measure for microfibril angle would
be beneficial in future tree breeding programs, and to wood quality research in general. Modern x-ray
diffraction techniques capable of efficiently sampling large numbers of tracheids for microfibril angle
do exist, but these systems remain expensive and limited in availability. Scanning technology is
readily available for the rapid and inexpensive measurement of cell wall thickness in both the radial
and tangential directions. It is likewise possible to prepare microtome sections for microfibril angle
viewing along both the radial and tangential planes. In order to obtain corresponding cell wall
thickness and microfibril angle data, measurements would have to be conducted at fixed percentage

intervals relative to overall ring width.

Basic statistics for microfibril angle are summarised in Table 4.44a (Appendix I). The mean
values obtained for western redcedar were consistently greater than those observed for both Douglas-
fir or western hemlock at common spacing intervals. Average values for western hemlock remained
largely unchanged over the three spacings sampled. Greater microfibril angle variability was noted
at the narrower spacings for both Douglas-fir and western redcedar. Coefficient of variation values

for western hemlock varied little throughout.

Results of the repeated measures analyses conducted on microfibril angle, and as a function
of initial spacing, are presented in Table 4.44b (Appendix I). Time effects were highly significant for
all species. The spacing x ring interaction and treatment effects for Douglas-fir were both highly
significant. Such results imply a nonparallel pattern of development, as well as differences between
a minimum of two spacings when their respective effects on microfibril angle are averaged over time.
The fact that the interaction in question occurred between rings 6 and 9 downplays the results
obtained. Relatively similar average microfibril angle values should have been observed at ring 3 for

all spacings considered. All trees were still more-or-less openly growing at this time. All had been
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established on the same site and were, presumably, of similar prevenance. The highly significant

interaction obtained should therefore be accepted with caution.

A non-significant spacing x ring interaction and non-significant treatment effects were
obtained for western hemlock. An identical pattern of microfibril angle development was accordingly
-~ identified for all spacings considered. A non-significant spacing x ring interaction was obtained for
western redcedar, along with significant treatment effects. The narrower the spacing interval for the
species, the steeper the initial decline in microfibril angle, and the earlier the time at which relatively

stable values were eventually attained.

Microfibril angle and whole-ring relative density are both known to have a significant
influence on the strength properties of wood. Generally speaking, the higher the microfibril angle
value and the lower the whole-ring relative density recorded, the lower the rigidity and the lower the
tensile and tear strength of the lumber produced (Cave and Walker 1994, Walker and Butterfield
1995). The preceding microfibril angle results for Douglas-fir and western hemlock contrasted with
those obtained as a function of whole-ring relative density in section 4.2.7. An identical pattern of
whole-ring relative density development was identified for all Douglas-fir spacings considered.
Comparable whole-ring relative density profiles were illustrated for western redcedar at the 2.74, 3.66
and 4.57 m spacings in Figure 4.13. Even though similar whole-ring relative density profiles were
observed for each species, greater stiffness properties can nonetheless be expected from the narrower

spacings where significantly lower mean levels were recorded over time for microfibril angle.

The effects of ring width on microfibril angle development are presented in Table 4.45
(Appendix I). A significantly positive relationship was observed for Douglas-fir between rings 9 and
21. The wider the growth ring produced at such time, the greater the corresponding microfibril angle
deposited. Non-significant relationships were obtained for western hemlock at all ages. Equations
for the species fit poorly, with coefficient of determination values generally remaining close to zero.
The relationships observed for western redcedar, even when significant, remained weak. In similar
fashion to Douglas-fir, most correlation coefficients remained low and positive, indicating perhaps

a slight increase in microfibril angle with increasing ring width.
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4.4 General Summary

The purpose of this portion of the study was to analyse the effects of cambial age, initial
spacing, stem taper and growth rate on the development of specific wood properties important to
wood quality in second-growth timber. The following discussion summarises the principal results

obtained.

_ The first objective was to profile and compare ring width, earlywood width, latewood width,
latewood proportion, earlywood relative density, latewood relative density, whole-ring relative
density, whole-ring tracheid length and microfibril angle development as a function of ring number

_from pith. A univariate repeated measures analysis was used to assess the effects of initial spacing
and taper class on the development of the above-mentioned variables. The first hypothesis tested

suggested that cambial age had no effect on the development of each wood property considered:

H,,: there are no time effects (i.e., the developmental profile for a wood property, displayed as a

function of ring number from pith, is horizontal)

The influence of cambial age on wood formation in conifers can be attributed to two principal
causes. Firstly, an initial sharp increase in fusiform initial cell length, followed by relatively stable
values, is typically observed within the vascular cambium as a function of time (Bannan 1967a).
Secondly, as crown recession proceeds along a tree stem, physiological gradients within the tree stem
are gradually modified, and the subsequent process of wood formation at any specific height interval
below the live crown is accordingly altered (Larson 1969). Pith to bark variability at breast height

was therefore expected in this study for all wood properties considered.

The hypothesis of no time effects was not rejected in one instance only. A largely horizontal,
non-significant (p = 0.0767), pattern of development was identified for western hemlock when
latewood relative density was profiled as a function of taper class. Similar mean latewood relative
density values per taper class were therefore identified at each growth ring sampling point. Highly
significant time effects were identified in all other cases, and the hypothesis of no time effects was

rejected each time.
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The second hypothesis tested suggested that initial spacing and taper class had no effect on

the mean level recorded over time for each wood property considered:

H,,: there are no overall differences between groups (i.e., the mean value recorded over time for

a wood property is similar for all groups, the between-units factors have no effect)

A summary of the between-subjects effects obtained by wood property, and by species, is
presented in Table 4.46. The hypothesis of similar mean levels was not rejected whenever a non-
significant result was obtained. Such results suggested that the mean value recorded over time for
a specific wood property remained similar for all initial spacings, or for all taper classes considered.
When compared, the various profiles would basically demonstrate very little separation over time,
with relative gains and losses largely cancelling each other out. Significant results implied differences
between a minimum of two initial spacings, or between a minimum of two taper classes, when
treatment effects were averaged over time. The hypothesis of similar means for all groups considered

was rejected in such cases.

Table 4.46 Summary of between-subjects effects, by species, for both initial spacing and taper class.

wood property Douglas-fir western hemlock western redcedar
initial spacing taper class initial spacing taper class initial spacing taper class

ring width - - w - B -
eariywood width ** * d o > i
latewood width - b ns ns - -
latewood proportion ns ns > * bl bl
earlywood relative density ns ns ns ns ns ns
latewood relative density ns ns ns ns : ns ns
whole-ring relative density ns ns > ns * -
whole-ring tracheid length ns ns b

microfibril angle > ns *

= significant at P < 0.01
* : significant at P <0.05
ns : non-significant
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The third hypothesis tested suggested that initial spacing and taper class had no effect onrate

of development for each wood property considered:

H,,: there are no interactions between groups involving time (i.e., the growth curves displayed for

a wood property are parallel for all groups considered).

A summary of the interaction effects obtained by wood property, and by species, is presented
in Table 4.47. The hypothesis of no interactions involving time was not rejected whenever a non-
significant result was obtained. A parallel pattern of development was accordingly implied for all
initial spacings, or for all taper classes considered. Significant results implied a nonparallel pattern
of development between a minimum of two initial spacings, or between a minimum of two taper
classes. Interactions involving time were therefore involved, suggesting a change in the rate of

development for the wood property being tested. The hypothesis was rejected in such cases.

Table 4.47 Summary of interaction effects, by species, for both initial spacing and taper class.

wood property Douglas-fir western hemlock western redcedar

spacing x ring taper x ring spacing x ring taper x ring spacing x ring taper x ring

ring width > ** ns ns > **
earlywood width b > ns ns > >
latewood width ns ns ns ns ns ns
latewood proportion ns ns ns ns bl b
earlywood relative density * b ns ns > b
latewood relative density ns * ns ns > b
whole-ring relative density ns ns ns ns > >
whole-ring tracheid length > ns ns

microfibrii angle > ns ns

** - significant at P < 0.01
* . significant at P < 0.05
ns : non-significant

95




The second objective was to investigate the effects of accelerated diameter growth on
earlywood width, latewood width, latewood proportion, earlywood relative density, latewood relative
density, whole-ring relative density, whole-ring tracheid length and microfibril angle development

over time. Growth rate in this study was defined as ring width. The following hypothesis was tested:

H,,: an increase in ring width has no effect on earlywood width, latewood width, latewood
proportion, earlywood relative density, latewood relative density, whole-ring relative density,

longitudinal tracheid length and microfibril angle development.

A highly significant cambial age effect for H,, was identified for practically each wood
property considered. The only notable exception was latewood relative density for western hemlock
when profiled by taper class. Cambial age was henceforth considered as a covariate in all regression
and correlation analyses. Hypothesis testing for growth rate was accordingly conducted at discrete
growth intervals. A significant test suggested either a positive or a negative effect of ring width on
the development of the wood property being analysed, and the subsequent rejection of H, ;. A non-
significant test implied no association with ring width. For consistency, this procedure was extended

to all wood properties, including western hemlock latewood relative density profiled by taper class.

Having disregarded cambial age as a covariate would have resulted in significant relationships
with inflated coefficient of determination values for most wood properties. Such an exercise was
originally pursued during a preliminary analysis. When each growth ring was considered as a separate
entity, only some relationships had coefficient of determination values greater than, or equal to, the
one initially obtained by way of a single, overall relationship. Such results go a long way in explaining
why relative density, tracheid length and microfibril angle variability in past studies have often been
associated with changes in growth rate. Cambial age was frequently overlooked as an important

contributor to variation.

Results of the growth rate analyses conducted on all wood properties are featured in Figures
4.17, 4.18 and 4.19 for Douglas-fir, western hemlock, western redcedar, respectively. Results are
summarised by way of correlation coefficients, with black dots identifying non-significant

relationships (P < 0.05), and the subsequent non-rejection of H, ,
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Figure 4.17 Summary of correlation coefficients obtained for Douglas-fir, illustrating the effects of
ring width on the development of various wood properties at specific growth intervals
from the pith (e indicates correlation coefficient not significant at P < 0.05).
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Figure 4.18 Summary of correlation coefficients obtained for western hemiock, illustrating the effects of
ring width on the development of various wood properties at specific growth intervals
from the pith (e indicates correlation coefficient not significant at P < 0.05).
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Figure 4.19 Summary of correlation coefficients obtained for western redcedar, illustrating the effects of
ring width on the development of various wood properties at specific growth intervals
from the pith (e indicates correlation coefficient not significant at P < 0.05).
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Practically all earlywood width variability was associated with ring width. A highly
significant, positive effect on earlywood width development was identified at all ages. Slope
coefficients for Douglas-fir decreased in a more-or-less constant fashion over time, suggesting
a continual decrease in the ratio of earlywood width to ring width within successive growth
increments. Slope coefficients for both western hemlock and western redcedar remained
more-or-less stable, suggesting very little change in the ratio of earlywood width to latewood

width over time.

A positive relationship between latewood width and ring width was identified whenever
significance was achieved. Large amounts of variability for Douglas-fir (r > 0.87) were
associated with ring width from about ring 14 onward. A weak relationship was generally
identified for western hemlock, with largely non-significant results obtained up to ring 22.
A somewhat stronger relationship (r > 0.53) was observed for western redcedar following
ring 13. Slope coefficients for Douglas-fir increased in a more-or-less constant fashion over
time, pointing to a continual increase in latewood proportion within successive growth rings.
Slope coeflicients for western hemlock and western redcedar remained more-or-less stable,

suggesting very little change over time in the ratio of latewood width to ring width.

A negative relationship was identified between latewood proportion and ring width whenever
significance was achieved. The relationships observed over time for Douglas-fir were largely
significant, but for the most part weak (r < - 0.76). Results obtained for both western
hemlock and western redcedar were mostly non-significant during the initial years of
development. Results for western hemlock did strengthen somewhat following ring 20.

Results for western redcedar became increasingly strong from ring 17 onward.

Very little earlywood relative density variability for each species was generally associated with
ring width development. The significant relationships that were observed for Dbuglas—ﬁr
remained positive between rings 6 and 9, and negative from ring 25 onward. The results
obtained for western hemlock were consistently non-significant, except for ring 21. Results

for western redcedar were equally weak. The few significant results intermittently obtained
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between rings 14 and 28 were consistently negative.

Very little latewood relative density variability for each species was generally associated with
ring width development. The significant relationships that were observed for Douglas-fir
remained negative between rings 9 and 15, and positive from ring 24 onward. Western
hemlock demonstrated a largely non-significant relationship throughout. The few significant
results that were observed for the species remained negative. Significantly negative results
for western redcedar were obtained between rings 5 and 11. Significantly positive results
were obtained between rings 15 and 17. Practically no latewood relative density variability

for the species was associated with ring width thereafter.

A weak to moderately strong, negative relationship was generally identified between whole-
ring relative density and ring width. The relationships obtained for Douglas-fir became
increasingly non-significant as a function of time. Conversely, a somewhat increasing pattern
of significance was displayed for western hemlock. An increasingly stronger relationship was
obtained for western redcedar, with the strongest relationships of all displayed from ring 13

onward (r < - 0.82).

A weak, negative relationship was generally observed between whole-ring tracheid length and
ring width whenever significance was achieved. However, most relationships were identified
as non-significant. The few significant results commonly obtained for both Douglas-fir and
western hemlock did suggest a slight reduction in whole-ring tracheid length following an

increase in diameter growth during early development.

A weak, positive relationship was generally identified between microfibril angle and ring
width whenever significance was achieved. Significant relationships were obtained for
Douglas-fir between rings 9 and 21. Non-significant relationships were obtained for western
hemlock at all ages. Significant relationships were intermittently obtained for wester redcedar
between rings 6 and 24. The few significant results obtained for Douglas-fir and western
redcedar did suggest a slight increase in microfibril angle following an increase in ring width

development.
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A third objective was to evaluate the effectiveness of the Kajaani FS-200 Optical Fibre

Analyser for obtaining tracheid length measurements from 12 mm increment cores.

A precise depiction of mean whole-ring tracheid length development was provided for each
species using both image analysis and the Kajaani FS-200 Optical Fibre Analyser. Successive dips
and rises in whole-ring tracheid length development were frequently identified using both systems.
Greater accuracy was nonetheless obtained by way of image analysis. Only undamaged tracheids
were considered for sampling via this method. The Kajaani based profiles invariably demonstrated
lower mean values throughout. The longer the mean tracheid length value obtained through image

analysis, the greater the discrepancy.

Mean whole-ring tracheid length estimated through image analysis was subsequently
compared to the corresponding mean values obtained using the Kajaani system. Highly significant
differences (P < 0.001) were repeatedly identified at each growth ring sampling point. The Kajaani
FS-200 Optical Fibre Analyser was shown to be inadequate for measuring tracheid length variability
on the basis of 12 mm increment cores. The high proportion of broken tracheids present within these
core samples invariably produced a significantly lower mean value. The length-weighted formula
applied to the Kajaani data (Kajaani Electronics Ltd. 1986) was judged ineffective for masking the
influence of the large number of broken tracheids processed. Image analysis, though extremely

tedious, was considered a more reliable option in the context of this study.

The fourth objective was to profile and compare the development of intra-ring relative density
by species. The illustrated profiles would serve to consolidate many of the observations and results
obtained in the preceding analyses. All profiles were established by both taper class and ring class
(average relative density values obtained from five consecutive growth increments). Ring class 29-33

was omitted for both western hemlock and western redcedar due to large quantities of missing data.

Average intra-ring relative density profiles, plotted as a function of ring width, are illustrated
in Figures 4.20, 4.21 and 4.22 for Douglas-fir, western hemlock and western redcedar, respectively.
Ring width development evolved along a similar path for all taper classes considered. An increase

in value was generally observed from the pith, followed by a gradual decrease to a more-or-less
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Figure 4.20 Intra-ring relative density development profiled by taper class and ring class, and as a
function of ring width (mm) for Douglas-fir.
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Figure 4.21 Intra-ring relative density development profiled by taper class and ring class, and as a
function of ring width (mm) for western hemlock.
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steady state. The greater capacity for photosynthesis associated with the dominant taper class led to
greater diameter growth prior to crown closure, and to a subsequent wider maximum ring width. The
earlier onset of crown closure within the suppressed taper class lead to a sharp decrease in mean ring
width from the onset of ring class 4-8. Subsequent decreases within the dominant taper élass took
longer to initiate, and were not as abrupt. The greater the shade tolerance displayed, the later the
onset of crown recession, and the slower the rate of its progression. Western hemlock subsequently

displayed the least ring width variation over time.

The relationship between earlywood width and ring width was especially strong for all species.
Important increases in earlywood width were observed from the pith for all taper classes considered.
Subsequent decreases in earlywood width were displayed at an earlier date by the suppressed taper
class. Trees within this group were the first to undergo crown closure, and to initiate crown
recessioh. Greater maximum earlywood width values were attained by the dominant taper classes
prior to crown closure. Such trees, through their larger volumes of crown foliage, continually
maintained the greatest potential for incremental growth. Earlywood increments within the dominant
taper class were accordingly wider over the span of growth rings sampled. The intensification of
competition within the suppressed taper classes was reflected in large part through the rapid
narrowing of the earlywood. A similar pattern of narrowing was also observed within the dominant

taper classes, but at a much reduced rate.

The development of latewood width was much less variable. Only marginal changes in
latewood width were displayed over time for western hemlock. Modest changes were observed for
western redcedar. The greatest overall variability was demonstrated by Douglas-fir. Latewood width
for both western hemlock and western redcedar was invariably thicker at ring class 4-8 than at any
other age. A period of accelerated latewood thickening was observed for Douglas-fir from the onset
of ring class 4-8. This increase was sustained over a longer period by the dominant taper class, and
a greater maximum value was subsequently attained by this group. A gradual decrease in latewood

width to a more-or-less constant value followed for all taper classes.

The production of increased amounts of transition wood during the initial years of tree

development was largely responsible for the creation of a gradual transition zone from earlywood to
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latewood. With time, a general decline in transition wood production brought about an increasingly
abrupt transition from earlywood to latewood. The ongoing change from a gradual to an abrupt
intra-ring transition can perhaps be associated with the progression of crown recession. The greater
the crown recession over time, the greater the extent that physiological gradients are modified along
the stem. Douglas-fir demonstrated the lowest overall shade tolerance and accordingly, the greatest
amount of crown lifting. The species correspondingly demonstrated the greatest variability in terms
of wood formation, from a gradual intra-ring transition near the pith, to an abrupt transition near the
bark. A more gradual rate of crown recession was observed for western redcedar, and a much slower
rate was observed for western hemlock. More-or-less consistent growth ring characteristics were
accordingly produced over time by both species. As the profiles at ring class 24-28 indicate,

increasingly abrupt transitions could be expected for both species with further crown lifting.

Average intra-ring relative density development is profiled as a function of standardised ring
width (%) in Figures 4.23, 4.24 and 4.25 for Douglas-fir, western hemlock and western redcedar,
respectively. An increasing proportion of latewood over time was generally observed for all species.
Taper class profiles were essentially the same prior to crown closure (approximately ring class 4-8).
Subsequent increases in latewood proportion were first observed within the suppressed taper class.
Latewood proportion within the dominant taper class generally remained static over the longest
period. Douglas-fir continually displayed the greatest values overall. The proportion of latewood

for both western hemlock and western redcedar was substantially lower at all ages.

The earlywood to latewood boundary was set in this study at a relative density of 0.54 for
Douglas-fir, 0.52 for western hemlock and 0.44 for western redcedar. In order to profile relative
density development, transition wood was classified under this criteria as either earlywood or
latewood. A large quantity of transition wood, displaying a relative density slightly greater than a
value listed above, would therefore have led to a slight increase in latewood width, and to a
corresponding slight decrease in mean latewood relative density. Inturn, a large quantity of transition
wood, displaying a relative density slightly lower than a value listed above, would have brought about
a slight increase in both earlywood width and mean earlywood relative density. A notable portion
of the variability observed in terms of earlywood width, latewood width, earlywood relative density

and latewood relative density was therefore linked to the presence of transition wood.
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Figure 4.23 Intra-ring relative density development profiled by taper class and ring class, and as a
function of standardised ring width (%) for Douglas-fir.
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The minimum earlywood relative density values attained from the onset of ring class 4-8
varied little by taper class. Slight increases in value were nonetheless common to the suppressed
taper class during the final years of development. Greater variability was observed for latewood
relative density. Maximum values within each taper class profile were practically the same prior to
crown closure (roughly ring class 4-8). Subsequent increases in value, followed by decreases, were
observed at an earlier date within the suppressed taper class. The dominant taper class consistently
required a longer period of time to reach a maximum latewood relative density value. The maximum
values achieved were generally maintained over the range of growth rings sampled. Subsequent
decreases in maximum latewood relati{/e density, along with corresponding increases in minimum
earlywood relative density, are foreseeable within this group as a function of further cambial ageing

and crown recession.

Greater homogeneity in terms of intra-ring relative density was generally displayed during the
initial years of development. Greater amounts of transition wood were produced at this time. A
maximum value for latewood relative density had not yet been achieved. As crown recession
proceeded, an increasingly greater range between minimum earlywood relative density and maximum
latewood relative density developed for all taper classes. The intensification of tree-to-tree
competition within the suppressed taper class eventually brought about a slight increase in minimum
earlywood relative density, and a corresponding decrease in maximum latewood relative density.
Greater intra-ring relative density uniformity was once again achieved at this time through the

renewed production of transition wood.

Changes in whole-ring relative density were largely brought about by corresponding changes
in either earlywood relative density, latewood relative density, latewood proportion, or through
various combinations of the above. An increase or decrease in latewood proportion was in turn
linked to changes in either earlywood width, latewood width, or both. Changes in earlywood width,
and to some extent latewood width, were both a function of ring width development. The possible
sources of whole-ring relative density variation for each species considered in this study are detailed
in the following paragraphs. Results obtained through the foregoing growth rate and repeated

measures analyses will be referenced. For brevity, only the taper class results will be considered.
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In the case of Douglas-fir, changes in earlywood width and latewood width (except near the
pith) were strongly associated with ring width. A somewhat similar ratio of earlywood to latewood
was therefore maintained at each growth ring sampling point, regardless of ring width. Only small
amounts of variability for latewood proportion were therefore associated with growth rate. An
identical pattern of latewood proportion development was subsequently identified for all taper classes.
Slope coefficients from relationships between earlywood width and ring width decreased in a more-
or-less constant fashion. Slope coefficients for latewood width increased. Ongoing decreases in
earlywood width were therefore greater relative to latewood width. A gradual increase in latewood

proportion over time was subsequently observed for all taper classes.

Slightly higher earlywood relative density values and slightly lower latewood relative density
values were associated with the wider growth rings during early development. Inturn, slightly lower
earlywood relative density values and slightly higher latewood relative density values were associated
with the wider growth rings toward the bark. The mean levels obtained for both earlywood relative
density and latewood relative density did not vary over time. However, the profiles identified for
each variable were recognised as nonparallel. The lower earlywood relative density values initially
identified within the suppressed taper class were in effect countered by comparatively higher latewood
relative density values. The same pattern held true during the final years of development. Higher
earlywood relative density values within a specific growth increment were generally associated with

lower latewood relative density values.

Douglas-fir whole-ring relative density therefore remained comparable in value for each taper
class at each growth ring sampling point. The general increase in whole-ring relative density over
time was largely due to ongoing increases in latewood proportion. The greater the proportion of
latewood, the higher the whole-ring relative density value recorded. An identical pattern of whole-
ring relative density development was subsequently identified for all taper classes. Ring width

therefore had little impact on whole-ring relative density development over time.

In the case of western hemlock, very little variability for earlywood relative density and
latewood relative density was associated with ring width development. Identical taper class profiles

were identified in each case. Earlywood width variability was in turn strongly associated with ring
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width development, whereas very little association was displayed for latewood width. Parallel
profiles were identified in each case. Highly significant and non-significant treatment means were
obtained respectively. Slight decreases in earlywood width, with little corresponding change in

latewood width, were therefore being displayed over time as a function of decreasing ring width.

Parallel profiles of development were accordingly identified for latewood proportion, with
significantly different (p = 0.0446) mean levels recorded over time. Latewood proportion within the
dominant taper class varied little over time. Earlywood width development was largely maintained
at a more-or-less constant level, and in line with ring width development. The suppressed taper class
displayed an increasingly larger proportion of latewood as time passed. Earlywood development
within this taper class was largely reduced during the final years of growth. Latewood proportion

at this time therefore became increasingly associated with ring width development.

An identical pattern of whole-ring relative density development was subsequently identified
for western hemlock. Ring width accordingly had little impact on whole-ring relative density
variability, save for a minor increase in the strength of the relationship during the mature wood
portion of tree development. Slightly greater whole-ring relative density values were displayed by
the suppressed taper class at this time. These values largely corresponded to the production of

narrower earlywood increments and subsequently, to a slightly greater proportion of latewood.

In the case of western redcedar, slightly lower latewood relative density values were
associated with the wider growth rings during the early years of development. Inturn, slightly lower
earlywood relative density values were associated with the wider growth rings toward the bark. The
mean levels obtained for both earlywood relative density and latewood relative density did not vary
over time. Nonparallel profiles were nonetheless identified for each variable, as a result of the minor

fluctuations observed within the suppressed taper class.

Changes in earlywood width were strongly associated with ring width development.
Latewood width variability became increasingly associated with ring width development over time.
A nonparallel pattern of development was identified for earlywood width. A parallel pattern of

development was identified for latewood width. Significantly different mean levels over time were
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recorded in each case. The suppressed taper class displayed a steady decline in earlywood width over
time that mirrored corresponding decreases in ring width. The dominant taper class demonstrated
an important reduction in earlywood width during the final years of development only. Minor, but
constant, decreases in latewood width were displayed throughout by all taper classes. Comparatively

narrower latewood width values were continually produced by the suppressed taper class.

Profile development for latewood proportion was accordingly nonparallel, with significantly
different mean levels recorded over time. Latewood proportion within the suppressed taper class
displayed a steeper initial decﬁné from the pith, to a lower minimum value. Earlywood width within
this taper class was the first to reach a maximum, but at a lower value relative to the other taper
classes. The steady decline in earlywood width that followed led to a slow, but steady increase in
latewood proportion over time. The dominant taper class demonstrated a steadier initial decline in

"latewood proportion from the pith, with relatively stable values thereafter. A maximum earlywood
width was produced by this taper class over an extended period of time. A similar ratio in the decline
of earlywood width to latewood width was therefore being maintained at each growth ring sampling

point.

Ultimately, the minor earlywood relative density decreases observed within the suppressed
taper class were countered by minor increases in latewood relative density at corresponding points
oftime. A nonparallel pattern of whole-ring relative density development was accordingly identified
for western redcedar, with significantly different mean levels recorded over time. A steeper drop in
whole-ring relative density was initially displayed by the suppressed taper class. This sudden drop
largely parallelled the sharp decrease observed for latewood proportion. A higher whole-ring relative
density value was attained by this taper class during the final years of growth. Such values largely
corresponded to the narrower earlywood increments produced, and subsequently, to a slightly greater
proportion of latewood. An increasingly negative relationship was accordingly identified over time

for the species between whole-ring relative density variability and ring width development.
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5. STUDY OF JUVENILE AND MATURE WOOD DEVELOPMENT
5.1 Introduction

Juvenile wood is often considered inferior in wood quality due to the greater variability
displayed in terms of wood properties. In contrast, mature wood generally demonstrates less
variability, rendering it more valuable to the wood processing industry. There exists no sharp
demarcation between the two wood types, with one generally blending into the other as a tree ages.
Defining a juvenile wood transition zone has accordingly received much attention m past studies.
Complicating the work has been the failure by researchers to agree upon a common transition
variable. Different wood properties will generally attain a more-or-less steady state at a unique point
in time relative to tree development. Longitudinal tracheid length, microfibril angle, lignin-cellulose
ratio, ring width, latewood proportion, latewood relative density and whole-ring relative density have

all been considered for analysis. Transition age results have accordingly varied between studies.

Non-destructive sampling for juvenile wood was accomplished in this study using a 5 mm
increment borer. The use of a 12 mm increment borer was avoided for such work to prevent
excessive tree damage, unacceptable in the context of the Haney spacing trials. Tracheid length and
microfibril angle data were, as a result, unavailable for defining a juvenile wood transition zone. Only
a select number of wood properties, measurable by way of x-ray densitometry, were subsequently
available for analysis. Ring width was perhaps the most straightforward choice available. Wider
growth rings are typically produced within the juvenile wood core, and narrower growth rings are
generally maintained throughout mature wood development. A transition from juvenile wood to
mature wood can therefore be pinpointed using visual means only (Bendtsen and Senft 1986, Kucera
1994, Yang et al. 1986, 1994). Such an approach was avoided in this study since ring width was
shown in Figures 4.17, 4.18 and 4.19 to be a poor surrogate for relative density, tracheid length and

microfibril angle variability, hence wood quality.

115



Whole-ring relative density was preferred, as it is often considered the best single measure of
wood quality. Whole-ring relative density was described in section 4.4 as a composite wood property
that developed as a function of earlywood width, latewood width, latewood proportion, earlywood
relative density and latewood relative density. In an industrial setting, each of these individual wood
properties would be difficult to associate with end-product value. Whole-ring relative density would
be much easier to relate, providing a simple measure of clear wood strength and stiffness. Whole-ring
relative density is furthermore a concept familiar to most people practising silviculture, making it a

rational choice for incorporating the aspect of juvenile wood development into forest management.

The purpose of this portion of the study was to examine juvenile wood development within
second-growth stands established over a range of initial spacing intervals. The first objective was to
determine a juvenile wood to mature wood transition point based on whole-ring relative density
trends from pith to bark. Profiles depicting juvenile wood distribution by height interval for each tree

sampled were to be established according to both ring number and radial distance from the pith.

The second objective was to study the relationship between crown recession and mature wood
development along the stem. Based on previous research, the passage from juvenile wood to mature
wood is believed to occur at, or just below, the base of the live crown (Larson 1969, 1973). Wood
formation at breast height, as illustrated in Figures 4.21 to 4.26, is strongly associated with changes
in crown structure over time. The greater the ratio of crown foliage to length of branch-free stem,
the lower the proportion of latewood, the greater the amount of transition wood, and the lower the
whole-ring relative density produced within successive growth rings. In section 4.3.7 (Figure 4.14),
a slower increase in whole-ring relative density at breast height, especially for western hemlock and
western redcedar, was generally associated with increased diameter growth. Relatively stable values
characteristic of mature wood development had yet to be achieved by many of the faster growing
trees sampled. Crown recession was nonetheless well underway, suggesting that the upward
development of mature wood was progressing at a much slower rate relative to crown reces‘sion. The

following hypothesis was tested for each tree sampled:

H,,: the passage along a tree stem, from juvenile wood to mature wood, occurs at the base of the

live crown
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The shape of the juvenile core, from stump level up to the base of the live crown, has
commonly been described as cylindrical (Panshin and de Zeeuw 1980, Krahmer 1985, Jozsa and
Middleton 1994, BC Ministry of Forests 1999). Variations have included conical with a slight
diameter decrease upward (Zobel and Talbert 1984, Yang et al. 1986, Kucera 1994, Yang et al.
1994), and conical with a slight diameter decrease downward (BC Ministry of Forests 1999). A third
objective was to define the shape of the juvenile core as a function of initial spacing and stem taper.
Previously established stemwood relative density profiles suggested a cylindrically-shaped juvenile
core within fast-grown, second-growth stems for the three species considered in this study (Jozsa et
al. 1989, 1998). Whether growth rate, as governed by available growing space, had a subsequent
effect on the shape of the juvenile core was unknown. The following hypothesis was tested for each

tree sampled:

H,,: the shape of the juvenile core, in terms of ring number from pith, is cylindrical from stump

level up to the base of the live crown

A fourth objective was to profile the shape of an average juvenile core by species and initial
spacing interval, and to compare the results obtained with corresponding relative density stem
profiles.
5.2 Data Analysis
5.2.1 Juvenile Wood Transition Zone Determination

Various segmented regression models have been used in past studies to define a boundary
between juvenile wood and mature wood. A linear version, fitted to individual whole-ring relative

density data sets (Di Lucca 1989, Abdel-Gadir and Krahmer 1993, Tasissa and Burkhart 1998), was
initially employed in this study:
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4) i = Bo + Bix; + B.Di(x — X,) t ¢
where

Y; predicted value (whole-ring relative density)
s  regression coefficients
ring number from pith
X juvenile wood transition age estimate
D, 1lifx>x,
0ifx; < x,

e independent, normally distributed random error term

Regression segments were chosen to minimise the total residual sum of squares under the
constraint that the intersection of the two line segments in the above model would occur between two
consecutive data points that split the respective data set. The intersection point obtained was then
used to identify the number of growth rings present within the juvenile wood core. An additional
constraint involved forcing the slope coefficient of the second line segment to be greater than or equal
to zero, and less than or equal to the slope coefficient of the first line segment. A final constraint had

the model fitted onto the data set beginning at the lowest value data point.

Unsatisfactory results were obtained by way of this model. The average whole-ring relative
density profiles illustrated in Figure 2.1 typically demonstrate an initial decrease in value from the pith
for the three species considered in this study. A minimum is eventually reached after which a
subsequent increase may, or may not, be observed. The choice of the lowest relative density value
as a starting point for segmented linear regression therefore meant that data points closest to the pith

would be ignored during analysis.

Use of segmented linear regression in past studies has traditionally been limited to samples
bearing a minimum of 50 growth rings. All core samples in this study were collected from relatively

young trees, approximating 40 rings at the stump, and as low as 15 near toward the base of the live
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crown. The low number of data points available from each core sample often resulted in transition
zones too broad to allow hypothesis testing and for making inferences. Transition zones in this study
were interpreted as 95 % confidence intervals for the break points in the model. If transition zones
did not overlap, then transition age estimates were considered significantly different at the 5 % level

(Cook and Barbour 1989).

A segmented quadratic regression model was subsequently proposed, with no restrictions
placed for model fitting to be initiated at the lowest value data point. Furthermore, by taking into
account all data points, the proposed model more closely mimicked the characteristic whole-ring

relative density profiles illustrated in Figure 2.1. The following model was used:

(5) Yi=BO+BIXi+B2Xi2+ei if x; <%,
Y= BotBixo+BoXo’ +e if %2 X,
where
Y. predicted value (whole-ring relative density)

B’s  regression coefficients
X, ring number from pith
X, juvenile wood transition age estimate

independent, normally distributed random error term .

Regression segments were once again chosen to minimise the mean squared error under the
constraint that the demarcation age would occur between two consecutive data points that split the
data set. An assumption was initially made that whole-ring relative density development within the
mature wood segment would remain more-or-less constant, hence the slope coefficient equalling zero
when x, > x,. A juvenile wood transition age was identified at the intersection point between the
quadratic and the linear portions of the model. In turn, the relative density value corresponding to

this transition age represented the mean value for all data points dispersed about the horizontal line
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segment within the mature wood zone. All estimates of the regression parameters were obtained

using SAS NLIN (SAS Inc. 1989).

A F-test was conducted to verify the need for a segmented regression. A simple linear
regression model (equation 3) was initially fitted to each data set, from the lowest value onward. A
ratio was then calculated between the mean squared error obtained using the simple linear model, and
the corresponding value obtained via the segmented quadratic model. Profiles yielding F-values less
than or equal to one were classified as exclusively juvenile wood. If only the quadratic portion of
Model 1 could be fitted, but a F-value greater than one was nonetheless obtained, then it was likewise
assumed that the profile of interest contained juvenile wood only. Profiles yielding F-values greater

than one signified the presence of mature wood and the need for a segmented regression analysis.

Three regression models were accordingly fitted to each whole-ring relative density profile.
These included Model 1 (segmented quadratic regression), Model 2 (segmented linear regression)
and Model 3 (simple linear regression). A coinparison of the three regression models, fitted to a

common data set, is provided in Figure 5.1.
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ring number from pith

Figure 5.1 Example of juvenile-mature wood transition point determination at breast height
(Douglas-fir, 4.57 m spacing, tree # 64) using Model 1 (segmented quadratic regression),
Model 2 (segmented linear regression) and Model 3 (linear regression).
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5.2.2 Juvenile Wood Taper Modelling

Diameter inside bark along the stem was profiled using Kozak’s (1988) variable exponent

taper model. The following model was used:

(6) dib, / dibgy = X¢
where

X =(1-Y¥2)/(1-VP)

Z=h/H

P =1.3/H

C = bZ+ b,V Z+ b,(DH) + b,CL + b;CR + b,CB

and

dib,  diameter inside bark (cm) at h

diby, diameter inside bark (cm) at breast height
P inflection point

h, height from ground (m), 0 <h; <H

H total height (m) |

D diameter outside bark (cm) at breast height
CL  live-crown-length

CR  live-crown-ratio

CB  height to the base of the live crown

b’s  regression coefficients

Juvenile wood diameter along the stem was described using a modified version of this model,

with the diameter inside bark ratio dib/dibg, replaced by the juvenile wood diameter ratio jwd/jwdgy
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(jwd, = juvenile wood diameter (cm) at h;, jwdgy = juvenile wood diameter (cm) at breast height).
Juvenile wood transition ages were transferred into radial distance values using corresponding x-ray
densitometry ring width readings. Live-crown-length, live-crown-ratio and height to the base of live
crown were all integrated into the revised model. The above modifications (addition of crown
variables) were similar to those suggested by Maguire and Batista (1996) for modelling sapwood

distribution in coastal Douglas-fir. A 1.3 m inflection point above ground level was retained.

The following formulae were used to calculate mean bias (B) and standard error of estimate

(SE;) by vertical position for both dib; and jwd;:

7 )
(Y,- %)
B - i=1
n

where

Y, actual observation

Y,  predicted value

n number of observations

m number of estimated parameters

Data from all spacings were initially pooled to obtain better parameter estimation froma wider
range of tree sizes. All models were fitted by ordinary least squares and linearised by logarithmic
transformation. The subsequent evaluation of the fitted taper-estimating systems was not attempted
due to the insufficient size of the data set. Juvenile wood diameter by height interval was estimated
by doubling the corresponding radial width value previously obtained. Diameter inside bark at breast
height was estimated directly from core samples. Once defined, the relative proportion of juvenile

wood was profiled by initial spacing and species using the calculated estimation parameters.
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5.3 Results and Discussion

Sampling along the branch-free bole was impossible within the 1.83 and 2.74 m spacings for
Douglas-fir, the 1.83 m spacing for western hemlock and the 0.91 and 1.83 m spacings for western
redcedar. All of the above were excluded from this portion of the study. A total of 54 trees were
subsequently available for analysis (3 species, 3 spacings/species, 6 trees/spacing). The following tree
count subtotals were established as a function of taper class; suppressed taper class (6 Douglas-fir
and 11 western hemlock), intermediate taper class (5 Douglas-fir, 4 western hemlock and 3 western

redcedar) and dominant taper class (7 Douglas-fir, 3 western hemlock and 15 western redcedar).

5.3.1 Juvenile Wood Transition Zone Analysis

An original objective was to see if a common juvenile wood transition age could be defined
at breast height using relative density, tracheid length and microfibril angle data collected from pith
to bark. Difficulties were soon encountered during a preliminary analysis with both the tracheid
length and microfibril angle data. Sampling for both wood properties, due to its labourious nature,
had been conducted starting at the third growth ring from the pith, and on every third growth ring
thereafter. Practically all of the core samples collected displayed a maximum of 30 to 35 growth
rings. Consequently, only 10 or 11 data points were available per profile for segmented regression
analysis. This is much less than the minimum of 50 data points suggested by past studies. The
subsequent fitting of Models 1 and 2 became very difficult. Calculated F-values were, for the most
part, less than one. Where F-values happened to be greater than one, the low number of degrees of
freedom often resulted in very wide juvenile wood transition zones. Making comparisons between
relative density, tracheid length and microfibril angle under such conditions would have been

meaningless.

Results of the juvenile wood transition zone analysis are presented in Tables 5.1 to 5.9
(Appendix IT). All core length and juvenile wood thickness values reflect an equilibrium moisture
content of approximately 8 %. Missing height intervals represent cases where a juvenile wood

transition age could not be determined due to insufficient data points from damaged cores. Missing
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height intervals also identify instances where the mean square error (MSE) obtained using Model 3
was inferior to that obtained using Model 1, resulting in a F-value less than or equal to 1. Cases
where only the quadratic portion of Model 1 could be fitted to the data, and where the F-value
obtained was greater than 1, are identified by an asterix (*). A total of 471 core samples were
analysed (204 Douglas-fir, 130 western hemlock and 137 western redcedar), with a F-value greater
than one obtained from 339 of the profiles considered (168 Douglas-fir, 88 western hemlock and 83
western redcedar). A juvenile wood transition age was, in turn, successfully determined from 281

of the profiles considered (150 Douglas-fir, 69 western hemlock and 62 western redcedar).

The confidence intervals obtained using Model 1 were, for the most part, much narrower in
width than those obtained using Model 2. All core samples had been collected from relatively young
trees (41years-of-age for Douglas-fir, 40 years for both western hemlock and western redcedar). A
limited number of data points were subsequently available for analysis. The fact that Model 2 was
fitted onto the data set beginning at the lowest value data point further reduced the number of degrees
of freedom. Moreover, locating a definite minimum whole-ring relative density data point for many
of the western redcedar profiles often proved difficult when a subsequent increase in value was not
readily observed over time. This difficulty, coupled with the fact that Model 1 more closely mimicked
whole-ring relative density development for the three species considered, justified its use over Model

2 throughout the remainder of the study.

Figures 5.2, 5.3 and 5.4 illustrate the juvenile wood transition ages and juvenile wood
transition zones estimated by way of Model 1 for Douglas-fir, western hemlock and western redcedar,
respectively. The trees sampled within each spacing are arranged from smallest hdr (greatest taper)
to largest (least taper). Many of the foregoing trees featured confidence intervals which did not
overlap with increasing height. Significant differences between transition ages were accordingly
identified at the 5 % level. A gradual decrease in the number of growth rings within the juvenile
wood core was therefore implied from stump level up to the base of the live crown. An unchanging

transition age was assumed for all other trees where confidence bands remained overlapping.

Table 5.10 (Appendix II) summarises the mean juvenile wood transition ages obtained

according to species, taper class and height position. A mean breast height value of 21.0 years (data
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Figure 5.2 Juvenile-mature wood transitional ages (Model 1) illustrated according to sampled
tree, height over diameter ratio (hdr) and by initial spacing for Douglas-fir.
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from all spacings combined) was identified for Douglas-fir. This compares with 15 years reported
by Wellwood and Smith (1962), 22.4 years by Di Lucca (1989) and 26.0 years by Abdel-Gadir and
Krahmer (1993). All of the preceding transition ages were likewise established based on whole-ring
relative density trends from pith to bark. Mean breast height transition age values of 21.5 years and
26.0 years were obtained for western hemlock and western redcedar, respectively. Very little

comparative information exists in the literature relative to these two species.

Only a slight decrease in mean juvenile wood transition age was displayed from the dominant
to the suppressed taper class for all species considered (Table 5.10). A more important decrease in
transition age was generally displayed with increasing height. Such a trend is contrary to that
reported by DiLucca (1989), who concluded that transition age and sampling height (for Douglas-fir)
were independent. The mean transition age values reported by Di Lucca equalled 22.4 years at breast
height, 22.9 years at 20 % relative height and 20.9 years at 40 %. Nonetheless, it must be noted that
Di Lucca’s conclusion was based upon a sampling of nine trees ranging in hdr from 72 to 91 (breast
height age ranging from 43 to 63 years). Sampling was restricted to what was defined as dominant

and codominant crown class trees of uniform growth rate.

The preceding results can perhaps be interpreted through the following discussion which
examines stand dynamics in the context of even-aged, single-species stands established at initial
square spacing intervals. A common site-index value by species, along with relatively few micro-site

differences, and strong epinastic control, is assumed throughout.

Regardless of spatial arrangement, all trees can initially be classified as open-grown. A similar
rate of crown expansion is typically displayed by all stems so long as growing conditions remain
uniform throughout. With time, lower branches begin to interlock, thus curbing lateral expansion.
As interlocking slowly progresses to overlying branches, the lower branches gradually become
shaded, leading to a decrease in photosynthetic activity. Stagnation and branch death eventually
oceur, the exact timing being intimately related to the shade tolerance of the species in question.
Since the upper branches of adjacent trees will continue to expand into their individual growing
spaces at similar rates, complete crown cover will invariably be maintained. Provided no competition-

induced mortality occurs, the shading of underlying layers of branches will persist, and crown
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recession will proceed unabated (Krahmer 1966, Curtis and Reukema 1970, Mitchell 1975, Oliver
and Larson 1996).

Crown recession is initiated sooner among closely-spaced trees, but will proceed at about the
same rate for all spacings so long as the potential for height growth remains the same for all trees
(Oliver and Larson 1996). Since it has been assumed that the passage from juvenile wood to mature
wood occurs at, or just below, the base of the live érown (Larson 1969, 1973), the onset of mature

wood production at breast height should likewise be initiated sooner at the narrowest spacings.

Height growth for a tree does not proceed at a constant rate. It is initially slow during youth
when too little foliage is available to accumulate sufficient energy for rapid terminal growth. As
foliage volume expands, height growth increases rapidly and exponentially. At the onset of crown
closure, the tree crown becomes restricted in lateral expansion. A constant in gross photosynthate
production is soon reached, resulting in practically linear height growth well into maturity. At
senescence, height growth slows and eventually levels off. The increased respiration demands at this
time, along with stresses created by the extreme height, exposure and crown size, combine to limit
the extension of the lateral shoots (Oliver and Larson 1996). Consequent to the above pattern of
height development, growth rings counted within a tree stem, from pith to bark and at 2 m intervals

from stump to tree top, should observably decrease in number at a non-constant rate.

An equal number of growth rings throughout the juvenile wood core would imply a pattern
of crown recession over time that would parallel height growth. In order to maintain a constant
number of growth rings, crown recession would have to follow the sigmoidal pattern of being initially
slow, followed by a steep increase in activity. A steady rate of progression would ensue, succeeded
by a final period of decreasing activity. In effect, crown recession through its first year would have
to equal height growth achieved by the tree at age one. Crown recession the following year would
have to equal height growth achieved during year two, and so on. No competition-induced mortality
that could alter the makeup of the stand and affect the rate of crown recession wouid be permitted.
The above also assumes that the passage along a tree stem, from juvenile wood to mature wood,

would always remain at a constant position relative to the base of the live crown.
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When all trees in a stand grow in height at an equal rate, all should maintain crown dimensions
comparable to those displayed at crown closure (Oliver and Larson 1996). A constant live-crown-
length over time would ideally require a pattern of crown recession that would correspond to height
growth following crown closure. A constant rate of crown recession would be observed from the
onset, followed by a decrease in activity to a final period of very little change. An initial period of
arrested crown recession, followed by an exponential increase in activity (as would be the case for
height growth from the onset of stand development), would not be observed. Consequent to the
above pattern of crown development, a somewhat greater ring count should be displayed within the

juvenile wood core at stump level than at successive 2 m intervals above (Figures 5.2, 5.3 and 5.4).

Kucera (1994) suggested that the onset of mature wood development at stump level in
Norway spruce monocultures took place at the culmination of the current annual height increment.
This hypothesis essentially presumed that the timing of crown closure within a stand was closely
linked to the culmination of annual height growth. As crown recession at a narrower spacing is
generally initiated at an earlier date, annual height growth may still be within the reach of its
culmination point. Accordingly, a short period of brisk crown recession could be observed from the
beginning, resulting in a rapid decrease in ring count within the juvenile wood core from stump level
upward. Conversely, a very wide initial spacing could see the synchronization of the onset of crown
fecession with height growth culmination, or possibly even to a subsequent period of time. As the
rate of annual height growth would have stabilised at this point, the juvenile wood core should

demonstrate a much slower decline in ring count with increasing height.

With continued height growth, increasingly greater levels of photosynthate will be required
for maintenance respiration. For trees growing at the narrower spacings, proportionally smaller
crowns will have to support growing respiration surface areas. Due to priorities in the allocation of
available photosynthates, height growth for such trees should carry on uninterrupted. However, very
little corresponding growth in diameter will be observed at breast height, resulting in the development
of narrow, cylindrical boles (e.g. hdr greater than or equal to 100). If not subjected to windthrow
or snow-related damage, such closely-spaced trees will eventually enter a phase where even height
growth could become repressed (Oliver and Larson 1996, Smith e al. 1997). This was presumably
the case for trees #235, #369, #51 and #196 at the 0.91 m spacing for Douglas-fir (Figure 5.2).
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If no significant mortality is incurred, and full crown closure is maintained, crown recession
within such narrowly-spaced stands should carry on at a regular pace. However, tree crowns will
eventually become flat-topped due to the sharp reduction in height growth (e.g. tree #196), with only
the uppermost limbs exposed to direct sunlight (Kozlowski et al. 1991, Oliver and Larson 1996,
Smith et al. 1997). Both live-crown-length and the total number of growth rings identified at the base
of the live crown will have decreased. Ifthe argument holds true that the passage from juvenile wood
to mature wood occurs at, or just below, the base of the live crown, then a further decrease in the

number of growth rings identified within the juvenile wood core should also be observed.

Upon creation of a large-scale opening within a narrowly-spaced stand, or following a
commercial thinning operation, remnant trees that were previously suppressed are suddenly released.
Oliver and Larson (1996) stated that only rarely will a tree actually rebound from an overtopped
crown class position and merge into an upper dominant crown class. The frequency of such an
occurrence ultimately depends on the plasticity of the species, the age at time of release, the severity
of the suppression and the ability of the tree to w;thstand further windthrow and snow damage. Upon
release, crown recession may slow down significantly or may even cease over a period of time. Both
live-crown-length and crown width, and subsequently the overall photosynthetic efficiency ofthe tree
crown, should in turn increase. It is therefore presumable that the juvenile wood ring count at the

base of the live crown will likewise increase.

Artificial pruning would likely produce an opposite effect, with a stand-grown tree suddenly
created from an open-grown tree. Di Lucca (1989) stated that the pruning of lower branches from
a live crown could bring about a decrease in the proportion of juvenile wood by accelerating the
occurrence of the juvenile wood to mature wood transition. Due to the sudden reduction in live-
crown-length, the number of growth rings identified from pith to bark at the base of the live crown
would suddenly decrease. A correspondingly sharp reduction in the number of growth rings identified

within the juvenile wood core should therefore also be observed.

Even within stands that have not experienced major losses to competition-induced mortality
(e.g. 3.66 m spacing for Douglas-fir, Figure 5.2), the intensification of competition will progressively

lead to crown class differentiation (Oliver and Larson 1996). The less vigorous trees (e.g. tree #30)
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will eventually display a certain reductioﬁ in height growth. If crown closure remains complete, and
ifa constant rate of crown recession is maintained, then greater variability in juvenile wood ring count
should be displayed at the base of the live crown. Dominant trees would presumably demonstrate the
greatest number of juvenile wood rings, codominant trees would display fewer, and overtopped trees
would show the least. The range in ring count at the base of the live crown would accordingly reflect

the intensity of competition, with the most homogenous stands displaying the least variability.

A distance of at least 3.8 m below the base of the live crown was defined by Di Lucca (1989)
as the average point along the stem where the passage from juvenile wood to mature wood could be
observed for Douglas-fir. Di Lucca concluded that this value apparently decreased with increasing
age and tree height, and suggested that it could approach the base of the live crown as a tree became
older and taller. The results obtained for Douglas-fir (Figure 5.2) are similar to Di Lucca’s with
respect to those trees classified within his identified range of hdr values (72 to 91). Most points of
transition along the stem ranged from zero to several metres below the base of the live crown.
However, some of the slower growing trees did demonstrate a transition point that extended well into
the live crown. Locating an exact point of transition along the stem was ultimately deemed infeasible
in this study. Such an approach would have required a more precise definition than the one employed

for locating the base of the live crown.

For a widely-spaced tree possessing a large volume of crown foliage relative to length of
branch-free stem, high auxin levels are generally believed to promote the formation of large diameter,
thin-walled tracheids over an extended portion of the growing season. Due to stronger auxin
gradients within the upper reaches of the branch-free stem, latewood production is tempered, thus
leading to the development of mostly transitional-type tracheids over the latter portion of the growing
season. Due to weaker auxin gradients further down the stem, latewood tracheids will be produced
in somewhat greater quantities over the same time period (Larson 1973). A gradual relative density
transition from earlywood to latewood should therefore be displayed at the base of the live crown,
resulting in a generally lower whole-ring relative density, and in the subsequent continuation of
juvenile wood production. A definite latewood increment should in turn develop toward the stump,
resulting in a more abrupt intra-ring transition, a higher whole-ring relative density, and in the

subsequent development of mature wood.
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For a narrowly-spaced tree undergoing the effects of greater competition, high auxin
production would presumably be limited to the upper reaches of the crown where branches are most
vigorous and have the shortest translocation pathways to the stem. Underlying branches subject to
the effects of shading would, in turn, experience a decrease in photosynthetic activity. Smaller buds
would develop each year, further decreasing the potential for photosynthate and auxin production
during the following seasons. Auxin gradients would eventually decrease to such a low that large
quantities of latewood tracheids would begin to develop in the vicinity of the lower branch unions.
The transition from earlywood to latewood within each growth ring would thus become more abrupt.
The relative proportion of latewood immediately below the base of the live crown would also
increase, resulting in the production of mature wood (Larson 1973). The passage from juvenile wood
to mature wood along the stem, relative to that observed for a widely-spaced tree, would therefore

have moved upward with respect to the base of the live crown.

A highly suppressed tree can be compared to a branch undergoing senescence. The live
crown is generally short, narrow, often has gaps and foliage is sparse. Photosynthetic activity is often
severely limited, to the point that only a limited number of earlywood tracheids are produced within
very narrow growth rings. Transitional-type tracheids are generally produced into what remains of
the live crown. An abrupt earlywood to latewood transition should therefore be observed along the
length of the branch-free stem, and the passage from juvenile wood to mature wood should
accordingly remain abrupt (Larson 1973). Mature wood production could presumably even extend
into the live crown. Such an extension would, in turn, bring about a further decrease in the number
of growth rings identified within the juvenile wood core at the base of the live crown. This was
presumably the case for trees #369, #51 and #196 at the 0.91 m spacing for Douglas-fir (Figure 5.2).

Height growth and crown recession for western hemlock (Figure 5.3) and western redcedar
(Figure 5.4) were both much slower than that observed f(;r Douglas-fir (Figure 5.2). Reukema and
Smith (1987) observed very little crown lifting within the 3.66 m spacing for Douglas-fir prior to age
16 (same spacing trial plots sampled as in this study). In turn, very little crown lifting was observed
within the 3.66 m spacing for both western hemlock and western redcedar prior to age 20. By age
25, the base of the live crown for Douglas-fir approached 7 m. That for western hemlock and

western redcedar approximated 2 m.
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The larger tree crowns at the wider spacings for both western hemlock and western redcedar,
coupled with a shortened translocation pathway, apparently resulted in an extended period of juvenile
wood development. A definite juvenile wood transition zone was accordingly difficult to identify for
both species. Furthermore, all of the western redcedar trees selected for study originated from the
three wider spacings available. Slow growing trees were unavailable for analysis, as no large-scale

blowdowns had occurred within the 0.91 and 1.83 m spacings.

The juvenile wood transition zones for both western hemlock and western redcedar, as
depicted by the wider confidence bands, tended to be very gradual. Many of the whole-ring relative
density profiles established for western hemlock never attained a relatively stable period of
development that would otherwise have pinpointed the onset of maturity. Many of the profiles
analysed for western redcedar did not display a subsequent rise in whole-ring relative density
following the initial decrease in value from the pith. Even though a subsequent increase was
displayed by some of the slower growing trees, relatively stable values were seldom achieved.
Consequently, a large proportion of the samples analysed for both species supported the assumption
that only juvenile wood was present from pith to bark.

5.3.2 Diameter and Shape of Juvenile Wood Core

Figures 5.5, 5.6 and 5.7 illustrate the diameter and shape of the juvenile wood cores identified
for Douglas-fir, western hemlock and western redcedar, respectively. All crown profiles correspond
to measurements obtained on site (15:1 ratio for crown radius to stem radius at breast height). All
stems were profiled by relative height to facilitate comparisons between individual trees and spacings,
Each tree was arranged within each spacing from smallest hdr value to largest. All data points

correspond to those displayed as a function of ring number from pith in Figures 5.2, 5.3 and 5.4.

Allowing the live-crown-ratio to decrease to a level roughly less than 30 % will generally lead
to a reduction in diameter growth, whereas a ratio under 20 % will commonly see a reduction in
height growth (Smith et al. 1997). Most of the trees sampled from the narrowest spacings displayed

relatively low live-crown-ratios, along with small amounts of stem taper. The intensification of
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competition at these spacings accordingly led to smaller diameter juvenile cores. Even though the
development of mature wood was generally initiated at an earlier date, its distribution about the

juvenile wood, as a direct consequence of the poorer incremental growth, remained very thin.

The larger juvenile core diameters for each species were generally associated with the larger
crown dimensions at the wider spacings. In the case of Douglas-fir (Figure 5.5), the greatest amounts
of mature wood were likewise produced at the wider spacings (3.66 and 4.57 m). Given time and
assuming superior incremental growth was maintained, one could expect a substantial decrease in the
proportion of juvenile wood within such stems. The proportion of juvenile wood could conceivably

even, at some point, become lower than for trees growing at the narrower spacings.

Minimal amounts of mature wood were produced at the wider spacings for both western
hemlock (Figure 5.6) and western redcedar (Figure 5.7). A transition from juvenile wood to mature
wood was consistently difficult to identify for both species. Limited crown recession, coupled with
large volumes of crown foliage, often resulted in a very gradual increase in whole-ring relative density
below the base of the live crown, and in a subsequent gradual transition from juvenile wood to mature
wood. Nonetheless, with further crown recession, one could expect the eventual development of
relatively stable whole-ring relative density values. Such values were, on occasion, observed at the
narrower spacings for both species. An accelerated pattern of mature wood development at breast
height, similar to that displayed by Douglas-fir, could likewise be expected provided that superior

incremental growth was maintained over time.

Juvenile wood, when profiled by ring number from pith (Figures 5.2, 5.3 and 5.4), displayed
a higher degree of tapering with increasing height than when profiled by radial distance (Figures 5.5,
5.6 and 5.7). Such a trend can be explained by way of Figure 4.1 which illustrates ring width
development over time by species and spacing. Ring width development was initially subject to an
increase followed by a continual decrease to a point at which more-or-less constant values were
maintained. The initial increase in ring width was generally of greater duration at the widér spacings
where larger values were also attained. Minimum constant values were reached at an earlier age as
spacing decreased, and these values tended to be lower than those observed at the wider spacings.

Consequently, the first 15 growth increments considered as a whole for any profile in Figure 4.1 were
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significantly wider than the ensuing 15. As a decrease in the number of growth rings within the
juvenile wood core would reflect the outer rings only, the actual change in core dimension would be
tempered. Only a minor change in core dimension would therefore be displayed by a slow growing

tree due to the narrower growth rings produced throughout.

Mature wood, when profiled by ring number from pith, would also appear thicker relative to
juvenile wood. Since mature wood is essentially formed during a period of decreasing incremental
growth, the growth rings produced are much narrower than those observed within the juvenile wood
core. Its distribution about the juvenile core, when profiled as a function of radial distance, should

therefore appear very thin.

Juvenile wood, when profiled by radial distance, ranged in shape from highly tapering to
more-or-less cylindrical. At 0.91 m, the juvenile cores for Douglas-fir (F igure 5.5) appeared
relatively cylindrical. A slight increase in diameter was nonetheless observed toward the stump as
spacing increased. The juvenile cores for western hemlock (Figure 5.6) remained more-or-less
cylindrical for all spacings, essentially parallelling the contours of the individual stems. Perhaps
greater tapering would have been encountered had the 4.57 m spacing been available for sampling.
Western redcedar (Figure 5.7) continually demonstrated excessive tapering at stump level. Again,
it must be noted that only the wider spacings were available for analysis (2.74, 3.66 and 4.57 m), and

that a juvenile wood transition age remained difficult to identify for many of the samples collected.

A rapid decrease in juvenile wood core diameter was generally observed for western redcedar
from 0 to 10 % relative height. As previously discussed, crown recession, once initiated, will proceed
at a rate faster than height growth immediately following stand establishment. The juvenile ring count
at stump level should therefore be greater than that displayed at successive height intervals above.
Furthermore, there are stresses created by a tree’s weight and from increasingly strong winds in an
exposed environment that will generally alter incremental growth at the stump. Excessive ring width
swelling will take place, providing greater anchoring support and wind-firmness (Larson 1963).
Many of the trees sampled for western redcedar (especially within the 3.66 and 4.57 m spacings)
featured large amounts of buttressing. With wider than normal growth rings produced, the effect of

a greater number of juvenile growth rings at stump level, in terms of core diameter, was compounded.
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5.3.3 Juvenile Wood Taper Modelling

Kozak (1988) proposed a variable-exponent taper equation for modelling the shape of the
bole for a standing tree. A single, continuous function incorporating a changing exponent from
ground level to tree top was used to describe the neiloid, paraboloid and conic forms inherent to a
tree stem. The existence of similar tapering within the juvenile wood cores in this study (all three
species previously considered by Kozak) suggested the use of a variable exponent taper equation for

describing juvenile wood distribution.

The fitting of the variable-exponent taper equation to data for both dib and jwd produced
highly significant results (p = 0.0001) for all species. The partial regression coefficients and the
multiple coefficients of determination obtained are displayed for dib and jwd in Tables 5.11a and
5.12a, respectively (Appendix IT) . All coefficient of determination values correspond to estimations
based upon the original untransformed independent variable. Average bias and standard error of

estimate values are presented for dib and jwd in Tables 5.11b and 5.12, respectively (Appendix II).

The variable-exponent taper equation was most effective at modelling dib for Douglas-fir.
Higher coefficient of determination values would most likely have been observed for all species had
sampling been conducted within the live crown as well. The suggested model nonetheless provided
a very good fit, with average bias values for the most part less than 1 cm. The only exception was
for western redcedar, where a bias value of 1.17 cm was obtained at breast height. Due to excessive
buttressing in many of the trees sampled, a relatively higher standard error of estimate value (6.32 cm)

was recorded for the species at stump level.

The coefficient of determination values obtained for jwd were comparatively lower than those
listed for dib. Values of0.831, 0.811 and 0.923 were obtained for Douglas-fir, western hemlock and
western redcedar, respectively. Values of 0.863, 0.831 and 0.898 would have been obtained for jwd
had the unmodified version of Kozak’s taper equation been used. Choice of the better model would
ultimately require a much larger sampling of trees. Average jwd bias, for the most part, did not
exceed 1 cm. However, the values obtained were generally greater than those listed at corresponding

height intervals for dib. The same applied for the standard error of estimate, with values obtained for
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jwd largely greater than those obtained for dib. Missing data, originating from profiles where a

juvenile wood transition age could not be determined, was an important contributor to the above.

Variability for all species, in terms of jwd, was greatest at stump level and also as the base of
the live crown was approached. Such a trend points to the possibility of the suggested taper model
performing more poorly within certain spacings. As previously discussed, the base of the live crown
for an overtopped, small-crowned tree does not necessarily represent the full extent of mature wood
distribution. Some mature wood development may be observed within the live crown. Conversely,
the passage from juvenile wood to mature wood within a dominant, large-crowned tree may occur
at a significant distance below the base of the live crown. In either case, the base of the live crown

is not synonymous with the passage from juvenile wood to mature wood as was initially assumed.

Missing data were a major problem during the fitting of the jwd data set. Ideally, stem
analysis (destructive sampling) conducted on older trees that demonstrate greater amounts of mature
wood development would have yielded better results. Sampling above the base of the live crown
would, in turn, have been conceivable. Taper equations function best if 6 to 15 measurements are
obtained at well spread out intervals from ground level to tree top (Kozak 1988). The samples
obtained through stem analysis would also have been of better quality since increment boring, while
using climbing gear, would have been avoided. The possibility of repeated sampling at a specific
height position would also have eliminated the problem of missing data arising from damaged core

samples.

Sampling would likewise have been conducte%d\f(;n a greater number of tree stems. A total of
18 trees per species were available for testing in this ‘stilyxvdy. Kozak (1988) suggested that parameters
should be estimated from a minimum of about 60 to 100 trees that cover a wide range of heights and
breast height diameters. With more trees available, the performance of the taper model could then
have been evaluated as a function of initial spacing. The validation of the taper model would also
have been a possibility. The effects of a range of inflection points on the performance of'the equation
could furthermore have been investigated. Juvenile wood volume calculations would ultimately have

been conceivable.
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The fitted dib énd jwd variable-equation taper models are pictured within the left-hand column
of Figures 5.8, 5.9 and 5.10 for Douglas-fir, western hemlock and western redcedar, respectively.
A tree of average jwd, dbh, dib, height, crown width and live-crown-length (by spacing) was used
to descriptively assess the behaviour of both the modified (jwd) and unmodified (dib) versions of the
variable-equation taper model. The partial regression coeflicients listed in Tables 5.11a and 5.12a
were used for plotting. The mean crown width illustrated for each spacing is scaled to 15:1 (ratio
for crown radius to stem radius at breast height). The distribution of observed juvenile wood
thickness values are featured within the central column. Average stemwood relative density below
the base of the live crown is illustrated within the right-hand column. Stemwood relative density
zones equalling 0.03 were arbitrarily selected for gradient mapping. The average profiles illustrated
for each spacing, in both the right-hand and left-hand columns, are in direct proportion to one
another. All data were profiled by relative height to allow comparisons between the various spacings

and species sampled.

The predicted shapes of the juvenile wood cores compare well with the observed juvenile
wood thickness data, and also with each corresponding stemwood relative density profile. However,
the predicted profiles remain exploratory in nature. The predicted shapes are each based upon a tree
of average dimensions and do not necessarily reflect the variability of measurements observed within
each spacing. The possibility exists that the proposed model could perform better within some dbh
classes than others. Bias is also a concern, as juvenile wood diameter at each height position was
estimated by doubling the radial distance value corresponding to the juvenile wood transition age
defined. Sampling on a larger scale (minimum of two transition age estimates obtained per height

interval), along with a complete data set, would ultimately be required to establish reliable parameters.

Douglas-fir (Figure 5.8) displayed the most consistent vertical pattern of relative density
variation. Medium-density wood (0.42 to 0.48) was associated with the pith at all spacings. A more-
or-less cylindrical zone of low-density wood (<0.42) invariably surrounded this higher density core.
Greatest widths within this low-density wood zone were achieved at the 4.57 m spacing. High-
density wood (> 0.48) was continually displayed next to the bark. Its thickness was greatest at the
stump, and gradually tapered off as the base of the live crown was approached. The wider the

spacing, the further the point below the base of the live crown at which it faded. The wider spacings
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also displayed the most gradual transition from a low-density wood during early development, to a

high-density wood at maturity.

Greater variability was observed for western hemlock (Figure 5.9). Medium-density wood
(0.39 to 0.45) was associated with the pith at all spacings. This higher density inner-core was
invariably encased by low-density wood (<0.39). The diameter of this low-density cylinder increased
as spacing widened, with the transition from a low-density to a high-density wood (> 0.45) becoming
more gradual. A relative density exceeding 0.45 was observed next to the bark at the 0.91 m spacing
only. The deposition of high-density wood was greatest at the stump, and gradually tapered off with
increasing height. The greater the volume of crown foliage, the further below the base of the live

crown at which high-density wood blended into the low-density inner-core.

High-density wood (>0.36) for western redcedar (Figure 5.10) was invariably displayed next
to the pith and below the base of the live crown immediately next to the bark. Low-density wood
(£0.33) was found mostly at stump level, with the wider spacings displaying the largest volumes. The
transition between low and high density wood became more gradual with increased crown size. The
smaller the volume of crown foliage relative to length of branch-free stem, the further the downward
progression of high-density wood (next to the bark) along the stem.

The mean relative density values obtained for juvenile wood, mature wood, and from pith to
bark as a whole (calculated as a mean along the radius), are presented in Tables 5.13, 5.14 and 5.15
for Douglas-fir, western hemlock and western redcedar, respectively (Appendix IT). Only common
height intervals were listed, with values obtained at the base of the live crown omitted. The mean
juvenile wood relative density observed at common heights for Douglas-fir varied little by spacing.
Values for both western hemlock and western redcedar tended to decrease as spacing increased. A
slight decrease in mean juvenile wood relative density was observed with increasing height for
Douglas-fir. A similar decrease in value was observed for western hemlock, whereas a slight increase
in value was observed for western redcedar. Generally speaking, the transition from juvenile wood
to mature wood occurred at a progressively lower relative density with increasing height for all

species considered.
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A pattern of decreasing mean stemwood relative density was observed with increasing height
for Douglas-fir. A similar trend was reported for the species by Wellwood and Smith (1962), Jozsa
and Kellogg (1986), Megraw (1986), Di Lucca (1989) and Jozsa (1989). A pattern of decreasing
mean stemwood relative density was also observed for western hemlock, with a similar trend also
reported for the species by Krahmer (1966), Jozsa and Kellogg (1986) and Jozsa et al. (1998).
Mature wood development for both Douglas-fir (Figure 5.8) and western hemlock (Figure 5.9) was
initiated at stump level first (where the pith to bark ring count is greatest), and gradually worked its
way up along the stem in time with crown recession. The greater the volume of mature wood relative
to juvenile wood at any specific height, the greater the stemwood (pith to bark) relative density

subsequently recorded.

A pattern of increasing mean stemwood relative density was observed with increasing height
for western redcedar. A similar trend was reported for the species by Wellwood and Jurazs (1968)
and Jozsa and Kellogg (1986). Heavy stem tapering for western redcedar was displayed at the 3.66
and 4.57 m spacings by many of the faster growing trees sampled. The growth increments produced
at stump level were among the widest observed in this study. Less stem tapering was observed at the
2.74 m spacing, with a narrower growth increment produced throughout. Markedly slower radial

growth was displayed by all trees toward the base of the live crown.

An increasingly negative relationship over time for western redcedar (from growth ring 13
onward) was previously identified at breast height between ring width and whole-ring relative density
(Figure 4.19). Ifa somewhat similar relationship can be assumed for all height positions along the
branch-free stem, then a rapid decrease in ring width with increasing height should logically bring
about a corresponding rapid increase in whole-ring relative density. Mature wood development for
western redcedar was accordingly iniﬁated at the base ofthe live crown first, and gradually proceeded
in both the upward (in time with crown recession) and downward (in time with slower radial growth)
directions (Figure 5.10). Presumably, a certain minimum crown volume and live-crown-ratio had to

be attained in order to initiate the deVelopment.

A greater whole-ring relative density value, as suggested by the average stemwood relative

density profiles in Figures 5.8, 5.9 and 5.10, was definitely associated with the development of mature
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wood next to the bark. Jozsa et al. (1998) employed such trends to define a juvenile wood transition
age in western hemlock. Mature wood was defined as the portion of the outer bole displaying a
whole-ring relative density value greater than 0.43. From the perspective of the wood processing
industry, such relative density mapping clearly identifies the areas within a tree from which a stronger,
and therefore a higher-valued wood product can be obtained. Fundamentally, a demarcation point
based on a single whole-ring relative density value is insufficient to differentiate between juvenile

wood and mature wood.

The generally accepted definition for mature wood alludes to the development of relatively
stable values for a specific wood property (e.g. whole-ring relative density) following an initial period
of extreme variability. Yet, the precise level at which a more-or-less stable value is eventually
attained by a species may vary with genetic stock and by geographic site (Zobel and Sprague 1998).
Variation méy also exist within a tree according to height position (Tables 5.13, 5.14 and 5.15). A
wood property could presumably stabilise at a level lower than that dictated by an arbitrarily-set
transition value. Under these circumstances, mature wood could erroneously be mapped as juvenile
wood. The opposite could also happen, with high-density juvenile wood inadvertently mapped as

mature wood.

The shape of the juvenile core for very widely-spaced conifers, from stump level up to the
base of the live crown, was described by the BC Ministry of Forests (1999) as more-or-less
cylindrical. At a narrow spacing, the juvenile wood core gradually increased in diameter with
increasing height. A slight buttressing of the core was consistently displayed at stump level. Such
patterns of juvenile wood distribution were most likely derived using TASS (Tree and Stand
Simulator). Developed by Mitchell (1969, 1975), and upgraded by the BC Ministry of Forests
(Mitchell and Cameron 1985), TASS is a biologically oriented spatially explicit individual tree model
that assesses the effects of various cultural practises and environmental factors on the potential
growth and yield of even-aged, single-species, managed stands. TASS simulates the development
and interaction of individual tree crowns over time, and produces summaries of annual volume
increment along individual tree stems. TASS can also simulate the production of mature wood, by
assuming that its development invariably extends from 3.8 m below the base of the live crown,

downward. All incremental growth above this mark is classified as juvenile wood.
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Volume estimates for both juvenile wood and mature wood can subsequently be provided
with TASS for any period of stand development. In light of the results obtained in this study, such
calculations can be considered suspect. None of the trees profiled in Figures 5.5, 5.6 and 5.7
demonstrated a juvenile wood core that noticeably increased in diameter with increasing height.
Furthermore, a species difference undoubtedly existed relative to the location of the passage from
juvenile wood to mature wood along the stem. TASS consistently employed a value of 3.8 m below
the base of the live crown over the range of stocking densities it could process, and for the three
species considered in this study. waever, a value of 3.8 m mostly corresponded to the faster-
growing Douglas-fir trees only. Some of the slower growing Douglas-fir trees in this study
demonstrated a transition point extending into the live crown. The faster growing trees for both
western hemlock and western redcedar most frequently demonstrated juvenile wood development
from pith to bark, and this along much of the branch-free stem. Mature wood development for
western redcedar was apparently initiated at the base of the live crown first, and this only after a
minimum crown volume and live-crown-ratio had been attained. Its subsequent progression along

the branch-free stem seemingly progressed in both the upward and downward directions.

5.4 General Summary

The purpose of this portion of the study was to examine juvenile wood development within
second-growth stands established over a range of initial spacing intervals. The following discussion

summarises the principal results obtained.

The first objective was to determine a juvenile wood to mature wood transition point based

on whole-ring relative density trends from pith to bark:

- Model 1 provided a superior fit (F > 1) for 72 % of the profiles considered (82 % for
Douglas-fir, 68 % for western hemlock and 61 % for western redcedar).

- The confidence intervals obtained using Model 1 were, for the most part, much narrower in

width than those obtained using Model 2.
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- The transition to mature wood was mostly abrupt within the slower growing trees, and

generally became more gradual as the ratio of crown volume to branch-free stem increased.

- A mean juvenile wood transition age equalling 21.0, 21.5 and 26.0 years was determined at

breast height for Douglas-fir, western hemlock and western redcedar, respectively.

- A large proportion of the faster grown samples analysed for both western hemlock and

western redcedar supported the assumption that juvenile wood was present from pith to bark.

The second objective was to study the relationship between crown recession and mature wood

development along the stem. The following hypothesis was tested for each tree sampled:

H,,: the passage along a tree stem, from juvenile wood to mature wood, occurs at the base of the

live crown

Hypothesis 5.1 was not rejected whenever the base of the live crown coincided with the
maximum extent of mature wood development along the stem (outer growth increment at the base
of the live crown located within the boundary of the juvenile wood transition zone confidence
interval). Hypothesis 5.1 was rejected whenever the passage from juvenile wood to mature wood
occurred at a point below the base of the live crown, or at a point above it, (outer growth increment

at the base of the live crown exceeds the upper juvenile wood transition zone confidence band).

- Generally speaking for both Douglas-fir and western hemlock, the larger the volume of crown
foliage relative to length of branch-free stem, the lower the passage from juvenile wood to
mature wood below the base of the live crown. In the case of western redcedar, the larger

the volume of crown foliage relative to length of branch-free stem, the higher the passage.

- A transition point located at the base of the live crown, and often extending several metres
below, was displayed by many of the faster growing Douglas-fir trees. A transition point

extending above the live crown base was sometimes displayed by the slower growing trees.
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- The transition point for western hemlock was generally situated in the vicinity of the live
crown base for the slower growing trees, and ranged from several metres below to stump

level for the faster growing trees.

- A transition point along the stem was difficult to identify for western redcedar. Many of the
faster growing trees displayed very little subsequent increase in whole-ring relative density
following the initial decrease from the pith. Many of the slower growing trees displayed a |

subsequent increase, but seldom achieved a relatively stable value typical of mature wood.

A third objective was to define the shape of the juvenile wood core as a function of initial

spacing and stem taper. The following hypothesis was tested for each tree sampled:

H,,: the shape of the juvenile core, in terms of ring number from pith, is cylindrical from stump

level up to the base of the live crown

If the juvenile wood transition zone confidence bands for a tree did not overlap with
increasing height, then the identified juvenile wood transition ages were considered significantly
different, and Hypothesis 5.2 was rejected. An unchanging transition age was implied when transition

zone confidence bands remained overlapping. Hypothesis 5.2 was not rejected when this occurred.

- A gradual decrease in juvenile wood ring count was identified with increasing height. This
decrease progressed at a slightly greater rate for the slower growing trees, presumably due

to increased levels of crown recession.

- All juvenile cores, when profiled according to ring number from pith, demonstrated a higher

degree of tapering with increasing height than when profiled by radial distance.

- The juvenile cores illustrated for the slower growing Douglas-fir (profiled by radial distance)
were mostly cylindrical. Greater tapering was displayed toward the stump by the faster

growing trees.
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- The juvenile cores illustrated for western hemlock (profiled by radial distance) were
cylindrical for most trees, except for some of the larger stems which remained highly tapering

as they had yet to produce mature wood in any great quantity.

- Since very little mature wood had yet been produced for western redcedar, most juvenile
cores (profiled by radial distance) retained a highly tapering shape with excessive buttressing
displayed toward the stump.

- The earlier onset of crown recession at the narrower spacings led to a smaller diameter
juvenile core. Even though the production of mature wood was likewise initiated at an earlier

date, its production about the juvenile core remained thin due to poor incremental growth.

- Overall, the thickest mature wood was produced by the faster growing Douglas-fir. Minimal
amounts were produced at the wider spacings for both western hemlock and western

redcedar.

A fourth objective was to profile the shape of an average juvenile core by species and initial

spacing, and to compare the results obtained with corresponding relative density stem profiles.

- The fitting of the variable-exponent taper equation to data for both dib and jwd produced
highly significant results (p = 0.0001) for all species.

- Average bias values for dib and jwd were generally less than 1 cm for all height intervals
sampled. Average standard error of estimate values for dib and jwd were generally greatest

at stump level, and also as the base of the live crown was approached.

- Improving the jwd taper function would ultimately require a wider range of spacings, older
trees and a greater number of tree species. A much larger and complete data set (preferably
obtained via stem analysis) would be required, as well as a minimum of two juvenile wood

transition age estimates per height interval, and sampling above the base of the live crown.
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A medium-density (0.42 to 0.48) inner core for Douglas-fir was commonly surrounded by
low-density wood (< 0.42). Greatest widths within this zone were achieved by the faster
growing trees. High-density wood (> 0.48) was always displayed next to the bark. Its
thickness was greatest near the stump, gradually tapering toward the base of the live crown.

The wider the spacing, the further the point below the live crown base at which it faded.

A medium-density (0.39 to 0.45) inner core for western hemlock was generally surrounded
by low-density wood (<0.39). Greatest widths within this Zone were once again realised by
the faster growing trees. High-density wood (> 0.45) next to the bark was mainly displayed
at the 0.91 m spacing. The depositior; of high-density wood was greatest at the stump,
gradually tapering with increasing height. The greater the volume of crown foliage, the

further the point below the crown base at which it blended into the low-density inner section.

High-density wood (>0.36) for western redcedar was invariably displayed next to the pith.
Low-density wood (<0.33) was commonly found in large amounts at the stump. The wider
the spacing, the greater the amount of low-density wood produced. The smaller the ratio of
crown volume to stem size, the further the downward development of high-density wood

below the base of the live crown.

A pattern of decreasing mean stemwood relative density was observed with increasing height
for both Douglas-fir and western hemlock. A pattern of increasing mean stemwood relative

density was observed with increasing height for western redcedar.

Mature wood development for Douglas-fir and western hemlock was initiated at stump level
first, and gradually worked its way up the stem in time with crown recession. Mature wood
development for western redcedar was initiated at the base of the live crown first, and
gradually proceeded in both the upward (in time with crown recession) and downward (in

time with slower radial growth) directions.
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6. GENERAL CONCLUSIONS

This report describes the results of a non-destructive wood quality study conducted from
spacing trials based at the UBC Malcolm Knapp Research Forest in Haney, BC. Established in 1957,
these trials are among the oldest in the province from which the effects of cambial ageing, initial
spacing, stem taper and growth rate could be evaluated on second-growth wood formation. Initial
square spacings of 0.91, 1.83, 2.74, 3.66 and 4.57 m (3, 6, 9, 12 and 15 ft) were sampled,
representing initial stocking densities 0f 12076, 2986, 1332, 747 and 479 stems/ha, respectively. The
information obtained pertains to one site only (site-index 39.8 (50) for Douglas-fir, 32.6 (50) for

western hemlock and 32.9 (50) for western redcedar), and to trees aged 41 years and less.

Cambial age (ring number from pith) had a highly significant effect on the development of
practically each wood property considered. Cambial age was subsequently used as a covariate in all
regression and correlation analyses involving growth rate (ring width). Having disregarded cambial
age would have resulted in significant relationships for most wood properties, with inflated coefficient
of determination values. Highly significant relationships in past studies, when growth rate was related
to relative density, tracheid length or microfibril angle development, were frequently obtained as a

result of this indiscretion. Cambial age was often overlooked as an important contributor to variation.

6.1 Douglas-fir

The results obtained for Douglas-fir demonstrated that accelerated diameter growth had
relatively little impact on whole-ring relative density development. Pith to bark variability was, to a
large degree, a function of cambial age. An increasingly non-significant relationship was displayed
over time with ring width. A similar pattern of development was observed for trees growing at initial

spacings ranging from 0.91 to 4.57 m. Identical profiles were furthermore identified by taper class.
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Douglas-fir wood quality can therefore be considered robust in terms of the potential for modification
via stand density management. Relatively wide initial spacings could hypothetically be used to
produce large diameter sawlogs over a shortened rotation, and this without having an adverse effect

on whole-ring relative density development.

Nonetheless, certain differences in wood quality could arise between slow-grown and fast-
grown stems, ultimately having an impact on utilisation. A weak, significantly positive relationship
between microfibril angle and ring width was identified for Douglas-fir between growth rings 9 and
21. Despite the fact that whole-ring relative density development was not significantly affected by
initial spacing, larger microfibril angle values were nonetheless produced over a longer period at the
wider spacings. The differences observed could potentially translate into reduced levels of stiffness
and increased longitudinal shrinkage for lumber produced from the juvenile wood of these faster-

grown trees.

Slightly higher earlywood relative density values and slightly lower latewood relative density
values were associated with the wider growth rings during early development. Slightly lower
earlywood relative density values and slightly higher latewood relative density values were associated
with the wider growth rings toward the bark. In terms of whole-ring relative density, the effects of
such peaks were largely cancelled out. In terms of intra-ring relative density, a narrower range of
values was being displayed between minimum earlywood and maximum latewood relative density.
Greater intra-ring uniformity was subsequently achieved by the faster grovs}ing trees (hdr < 80) during
early development, and by the slower growing trees (hdr > 100) toward the bark.

Douglas-fir demonstrated the lowest overall shade tolerance, and the fastest rate for crown
recession. The subsequent rapid decrease in live-crown-ratio apparently had an important influence
on mature wood development. Generally speaking, the larger the volume of crown foliage relative
to length of branch-free stem, the lower the passage from juvenile wood to mature wood below the
base of the live crown. A reduction in diameter growth (hdr > 100) led to a smaller diameter juvenile
core surrounded by a very thin layer of mature wood that seemingly extended into the live crown.
Faster diameter growth (hdr < 80) typically yielded a larger diameter juvenile core, along with a much

thicker layer of mature wood concentrated in the lower branch-free stem.
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Given an extended rotation age, and with rapid incremental growth maintained, a substantial
decrease in the proportion of juvenile wood at the wider spacings is foreseeable. The proportion
could conceivably, at some point, even become lower than that displayed at the narrower spacings.
The transition from juvenile wood to mature wood was mostly abrupt for the slow-grown trees, and
generally gradual for the fast-grown stems. If lumber was to be produced from juvenile wood,

greater relative density uniformity by piece would ultimately be achieved by the fast-grown trees.

6.2 Western Hemlock

Ring width had little impact on whole-ring relative density for western hemlock, save for a
minor increase in the strength of the relationship during the mature wood portion of tree
development. Slight decreases in earlywood width, with correspondingly little change in latewood
width, were being displayed at this time as a function of decreasing ring width. An increasingly
negative relationship accordingly emerged for latewood proportion. Very little variability was

observed in terms of both earlywood relative density and latewood relative density.

Identical profiles of development, by initial spacing and taper class, were identified for
latewood width, earlywood relative density, latewood relative density, whole-ring tracheid length and
microfibril angle. Variability in each case was mostly related to ring number from pith. Identical
profiles of development for whole-ring relative density were identified by taper class only. Based
upon these results, western hemlock could be considered more robust than Douglas-fir in terms of
the ability to manipulate via stand density management. Relatively wide initial spacings could
hypothetically be used to increase volume production, and this without adversely affecting wood

quality. Stem taper could, in turn, be considered a poor indicator of overall wood quality.

However, it must be noted that trees from the 4.57 m spacing interval were unavailable for
sampling. Perhaps a more important increase in whole-ring relative density would have been noted
had a greater number of fast-growing trees been available for analysis. Most of the trees sampled
were representative of the suppressed (hdr > 100) and intermediate (80 < hdr < 100) taper classes

(as defined in this study). In a forest plantation management scenario, such trees would be likely
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candidates for removal during a low-thinning exercise. Trees from the dominant taper class (hdr <
80) would be representative of the wood quality potentially available at time of harvest if accelerated

diameter growth was maintained throughout stand development.

Intra-ring development for western hemlock varied little over time, with a gradual transition
invariably displayed from earlywood to latewood. The species demonstrated the greatest overall
shade tolerance and consequently, the slowest rate for crown recession. Extensive live-crown-ratios
were supported even at high stand densities. The faster the rate for crown recession it was presumed,
the greater the extent to which physiological gradients would be modified along the stem, and the
greater the variability that would subsequently emerge over time in terms of wood formation. The
greatest intra-ring relative density homogeneity, for all species considered, was subsequently

displayed from pith to bark over the range of spacings sampled.

Slower diameter growth for the western hemlock led to the production of a small diameter
juvenile core surrounded by a very thin layer of mature wood that seemingly extended from stump
level upward to the base of the live crown. Faster diameter growth yielded limited amounts of mature
wood concentrated at stump level. Generally speaking, the larger the volume of crown foliage
relative to length of branch-free stem, the lower the location of the passage from juvenile wood to
mature wood below the base of the live crown. A very gradual increase in whole-ring relative density
over time was displayed by the faster growing trees, hence the very gradual transition from juvenile
wood to mature wood. If lumber was to be produced from the juvenile wood of such trees, greater

relative density uniformity by piece would once again be achieved.

6.3 Western Redcedar

Overall, western redcedar presented the greatest potential for modifying wood quality via
stand density management. No identical profiles of development were identified for any of the wood
properties considered, suggesting great sensitivity in terms of the relationship between available
growing space and wood formation. Changes in earlywood width were strongly associated with ring

width development. The relationship between latewood width and ring width became somewhat
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stronger over time. The relationship between latewood proportion and ring width, in turn, became
increasingly negative. Slightly lower latewood relative density values were associated with the wider
growth rings during the early years of development. Slightly lower earlywood relative density values

were associated with the wider growth rings toward the bark.

Western redcedar accordingly displayed an increasingly negative relationship between whole-
ring relative density and ring width that became especially strong as mature wood was produced.
Generally speaking, accelerated diameter growth (3.66 and 4.57 m spacings, hdr < 80) led to very
little subsequent change in whole-ring relative density following the initial decrease in value from the
pith. A reduction in diameter growth (hdr > 100) led to a gradual increase in value over time.
Relatively stable whole-ring relative density values were primarily achieved by trees at the 0.91 m

spacing that demonstrated very little earlywood width development.

Heavy stem tapering was displayed by many of the faster growing trees sampled. The growth
rings produced at stump level were among the widest observed in this study. Markedly slower radial
growth was displayed toward the base of the live crown. Based on the increasingly negative
relationship identified bétween whole-ring relative density and ring width, a pattern of increasing
mean stemwood relative density was displayed with increasing height. This is in direct contrast to
both Douglas-fir and western hemlock, which both demonstrated greater stem cylindricality, and a
much weaker relationship between ring width and whole-ring relative density. In either case, a

decreasing mean stemwood relative density was typically displayed with increasing height.

A juvenile wood transition point was frequently difficult to identify for westerh redcedar.
Many of the faster growing trees never displayed a subsequent increase in wﬁole-ring relative density
following the initial decrease in value from the pith. Others displayed a subsequent increase in value,
but seldom achieved relatively stable values typical of mature wood. Furthermore, slow-growing

trees from the two narrower spacing intervals (0.91 and 1.83 m) were unavailable for sampling.

Mature wood development was initiated toward the base of the live crown first, and gradua]ly
proceeded in both the upward (in time with crown recession) and downward (in time with slower

radial grthh) directions. Presumably, a certain minimum crown volume and live-crown-ratio had
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to be attained in order to initiate the development. The smaller the volume of crown foliage relative
to length of branch-free stem, the further the downward progression of high-density wood (next to
the bark) along the stem.

Minimal amounts of mature wood were produced by the faster growing trees at the wider
spacings. If the subsequent timber was to be used for aesthetic purposes, or for reasons of
dimensional stability, insulation or durability, a relatively low stemwood relative density resulting
from a highly tapered stem would not present a serious disadvantage in terms of wood quality. Ifthe
principal management goal was to produce timber suitable for structural purposes, an important
reduction in stem taper (hdr > 80) would be required. In this study, such trees were mainly identified

at initial spacings of 2.74 m and less.

6.4 Kajaani FS-200 Optical Fibre Analyser

A precise depiction of mean whole-ring tracheid length development was provided for each
species using both image analysis and the Kajaani FS-200 Optical Fibre Analyser. Successive dips
and rises in whole-ring tracheid length development were commonly identified using both systems.
Significantly shorter tracheid lengths were nonetheless obtained at all sampling points using the
Kajaani FS-200 Optical Fibre Analyser. The system was shown to be inadequate for measuring
tracheid length variability on the basis of 12 mm increment cores. The length-weighted formula
applied to the Kajaani data (Kajaani Electronics Ltd. 1986) was judged ineffective for masking the
influence of the large number of folded and/or broken tracheids processed. Image analysis, though

extremely tedious, was considered a more reliable option for characterising tracheid length variability.

6.5 Future Work

Little information is available regarding earlywood tracheid diameter development for
Douglas-fir, western hemlock and western redcedar. Little concurrent information is available in

terms of latewood diameter development, both radially and tangentially. Such information, along
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with corresponding data on cell wall thickness and tracheid length, would account for much of the
variation in whole-ring relative density existing from pith to bark. This information would, in turn,
allow for the establishment of stronger links between the various identified patterns of wood

formation, and the various changes in crown morphology and competitive status displayed over time.

Little information is likewise available regarding intra-ring microfibril angle development.
Large amounts of variability undoubtedly exist as a function of species, cambial age, and perhaps even
growth rate. The limited data that is available most often comes in the form of single mean values
generated from a collection of growth rings. Intra-ring profiles are largely unheard of. Such
information would allow for the subsequent establishment of relationships between the various
patterns of microfibril angle development identified in a tree, with the various changes in crown

morphology and competitive status displayed over time.

These data would also allow for the subsequent evaluation of cell wall thickness as an
effective predictor of microfibril angle variability. Relationships could in turn be established as a
function of overall tracheid morphology by likewise incorporating the corresponding tracheid
diameter and tracheid length data into the prediction model. The use of cell wall thickness as a
surrogate measure for microfibril angle would be beneficial in future tree breeding programs, and to
wood quality research in general. Conducting microfibril angle measurement remains a time
consuming procedure when performed using optical means. Scanning technology is readily available

for the rapid and inexpensive measurement of cell wall thickness variability.

Further research on a broader scale, from a wider range of spacings and sites, and from
slightly older trees, will eventually be required to further the development of the relationships
established in this study. Even though the spacing trials at Haney offered the best and only available
site for analysing wood quality in an even-aged, evenly-spaced, single-species context, serious
limitations were nonetheless encountered in terms of sampling design. A maximum of 18 trees were
potentially available for sampling at most spacings. Many trees were missing, including the majority
of those originally planted at the 4.57 m spacing for western hemlock. Non-destructive sampling for
juvenile wood had to be employed on all standing trees, altogether excluding the 0.91 m spacing for

western redcedar, and the 1.83 m spacing for all species.
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Certain generalisations were made in this study regarding the location of the passage from
juvenile wood to mature wood along the branch-free stem. Mature wood development was found
largely traceable to changes in both crown morphology and stem shape over time. Whole-ring
relative density development, by species and height position, was generally found to stabilise at a
similar time period for trees growing under similar conditions. However, the ability to identify the
exact position of the passage from juvenile wood to mature wood was ultimately deemed infeasible.
A more precise definition than the one employed for defining and locating the base of the live crown
would be needed.

The existence of tapering within the juvenile core implied the use of a variable exponent taper
equation for describing juvenile wood distribution. The subsequent fitting of juvenile wood data to
a modified version of Kozak’s variable exponent taper equation (1988) was deemed exploratory from
the onset. A possible long-term objective would be the development of a taper model through which
juvenile wood diameter could effectively be predicted along a tree stem. This would enable the
modelling of juvenile wood development within uniformly-spaced, single-species, even-aged stands.
The only requirement would be obtaining measurements for tree height, height to the base of the live

crown, outside bark diameter at breast height and juvenile wood diameter at breast height.

The results of this study demonstrated the potential for incorporating the concept of juvenile
wood taper modelling into existing growth and yield models such as TASS. Ultimately, a very large
research effort would be required to provide an effective taper function. To date, taper models have
seldom been fitted to juvenile wood data. Improving the model proposed in this study would require
a greater number of tree species. Ideally, disc samples would be collected from older trees
(demonstrating greater amounts of mature wood development) via stem analysis. A minimum oftwo
juvenile wood transition age estimates would be obtained per height position sampled, and from 6 to
15 juvenile wood diameter measurements would be obtained at spread out intervals from ground level
to tree top. A éomplete data set would be required. A minimum of about 60 to 100 trees, covering
a wide range of tree heights and breast height diameters, would be sampled (Kozak 1988). With
more trees available, the performance of the taper model would then be evaluated as a function of
initial spacing. Validation ofthe taper model would follow. The effects of a range of inflection points

on the performance of the equation would also be investigated.
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Table 4.2 Basic tree statistics by species and taper class: DBH (diameter at breast height),
H (tree height), HBLC (height ot the base of the live crown), LCL (live-crown-length),
CW (crown width), LCR (live-crown-ratio) and HDR (height over diameter ratio).

species variable taper class
suppressed intermediate dominant
mean cv min  max mean cv min  max mean cv min  max
Douglas-fir DBH (cm) 23.4 280 154 315 36.1 69 318 391 439 88 375 497
H (m) 29.2 133 227 348 329 48 309 349 33.2 73 200 358
HBLC (m) 19.5 106 147 218 19.8 35 192 212 18.2 64 172 199
LCL (m) 9.7 325 47 168 13.1 122 97 147 150 218 91 178
CW (m) 31 321 22 58 51 98 43 59 6.2 167 42 74
LCR 0.325 229 0207 0.483 0.397 86 0314 0434 0.449 160 0314 0504
HDR 129.7 168 101.2 1720 915 75 812 997 759 40 702 791
western DBH (cm) 18.2 143 137 226 28.1 125 249 340 33.8 98 302 367
hemlock H (m) 220 70 192 245 253 63 239 278 225 38 216 230
HBLC (m) 112 151 79 140 11.3 53 102 118 86 35 83 89
LCL (m) 10.8 184 83 141 140 121 126 160 13.9 72 127 145
CW (m) 38 330 24 70 55 164 44 68 73 151 60 80
LCR 0.491 154 0393 0.633 0.552 69 0524 0608 0.618 42 0588 0636
HDR 121.9 104 1029 1438 905 67 818 972 66.8 67 627 715
western DBH (cm) 15.1 231 100 211 236 140 203 268 38.3 164 288 498
redcedar H (m) 18.8 145 154 229 207 68 189 220 234 56 210 254
HBLC (m) 15.3 115 128 180 136 74 128 149 100 180 71 130
LCL (m) 35 343 23 58 71 338 40 92 13.4 164 86 1686
CW (m) 20 261 12 29 43 256 28 52 55 145 34 89
LCR 0.184 218 0.129 0.257 0.336 289 0212 0.418 0.570 142 0.398 0.688
HDR 127.3 164 1050 159.0 884 90 821 995 62.3 133 510 782

cv : coefficient ofévariation
min : minimum value observed
max : maximum value observed
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Table 4.3a Mean values and variability for ring width (mm) by initial spacing and species.

species initial spacing
0.91m 183m 274m 3.66m 457m
Douglas-fir mean 27 31 37 46 53
(rings 4-33) cv (%) 67.5 79.7 72.1 48.8 51.7
min  max 01 8.4 0.2 114 0.3 115 14 93 0.5 116
western hemlock mean 27 26 32 46
(rings 4-30) cv (%) 57.9 63.6 51.0 45.5
min  max 03 88 0.2 68 03 78 06 93
western redcedar mean 17 29 47 6.1 6.3
(rings 5-27) cv (%) 89.9 68.6 50.8 333 377
min  max 01 6.1 02 85 0.8 10.1 19 103 11 121
cv : coefficient of variation
min  max : minimum and maximum values observed

Table 4.3b Repeated measures analysis of variance for ring width (mm) by initial spacing and species.

species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir spacing 4 14.60 573 0.0024
(rings 4-33) error 1 23 255
ring 29 723 116.86 0.0001 0.0001 0.0001
spacing * ring 116 0.18 2.84 0.0001 0.0001 0.0001
error 2 667 0.06 epsGG=0.1889 epsHF=0.2978
western hemlock spacing 3 8.48 527 0.0087
(rings 4-30) error 1 18 1.61
ring 26 1.68 12.68 0.0001 0.0001 0.0001
spacing * ring 78 0.12 0.89 0.7429 0.5819 0.6239
error 2 468 0.13 epsGG=0.1911 epsHF=0.3167
western redcedar spacing 4 3828 3424 0.0001
(rings 5-27) error 1 23 1.12
ring 22 460 66.45 0.0001 0.0001 0.0001
spacing * ring 88 0.30 433 0.0001 0.0001 0.0001
eror 2 506 0.07 epsGG=0.2517 epsHF=0.3983
df : degrees of freedom
MSE . mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept
P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor

epsHF  : Huynh and Feldt epsilon comrection factor
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Table 4.4a Mean values and variability for ring width (mm) by taper class and species.

species taper class
suppressed intermediate dominant
Douglas-fir mean .29 4.0 56
(rings 4-33) cv (%) 80.1 59.4 45.0
min  max 01 115 05 101 13 116
western hemlock mean 27 4.0 5.1
(rings 4-30) cv (%) 548 47.9 41.3
min  max 0.2 88 04 93 0.7 9.2
western redcedar mean 22 3.6 6.1
(rings 5-27) cv (%) 80.7 57.4 37.4
min  max 01 74 0.2 85 1.1 121
cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.4b Repeated measures analysis of variance for ring width (mm) by taper class and species.

species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir taper class 2 33.65 16.92 0.0001
(rings 4-33) error 1 25 1.99
ring 29 6.67 96.87 0.0001 0.0001 0.0001
taper class * ring 58 0.20 295 0.0001 0.0030 0.0008
error 2 725 0.07 epsGG=0.1627  epsHF=0.2212
western hemiock taper class 2 15.95 13.48 0.0002
(rings 4-30) error 1 19 1.18
ring 26 0.86 6.70 0.0001 0.0001 0.0001
taper class * ring 52 0.14 1.12 0.2717 0.3551 0.3406
error 2 494 0.13 epsGG=0.2046  epsHF=0.3235
western redcedar taper class 2 74.01 60.09 0.0001
(rings 5-27) error 1 25 1.23
ring 22 4.19 54.92 0.0001 0.0001 0.0001
taper class * ring 44 0.44 5.80 0.0001 0.0001 0.0001
emor 2 550 0.08 epsGG=0.2305  epsHF=0.3194
df . degrees of freedom
MSE . mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.5a Mean values and variability for earlywood width (mm) by initial spacing and species.

species initial spacing
091m 1.83m 274m 3.66m : 457m
Douglas-fir mean 1.8 21 26 31 37
(rings 4-33) cv (%) 80.3 95.7 87.1 60.0 60.9
min  max 00 74 00 85 01 89 08 7.2 03 93
western hemiock mean 21 1.9 25 39
(rings 4-30) ov (%) 75.0 78.7 620 51.6
min  max 0.3 941 01 6.2 01 85 03 97
western redcedar mean 14 24 3.9 53 5.1
(rings 5-27) cv (%) 101.4 759 548 37.9 43.4
min  max 00 54 01 84 0.5 93 15 97 0.0 938
cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.5b Repeated measures analysis of variance for earlywood width (mm) by initial spacing and

species.
species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir spacing 4 11.47 5.06 0.0045
(rings 4-33) error 1 23 227
ring 29 6.88 114.07 0.0001 0.0001 0.0001
spacing * ring 116 017 2.82 0.0001 0.0001 0.0001
error 2 667 0.06 epsGG=0.2280 epsHF=0.3854
western hemlock spacing 3 11.58 6.47 0.0037
(rings 4-30) error 1 18 1.79
ring 26 1.79 11.96 0.0001 0.0001 0.0001
spacing * ring 78 0.15 1.01 0.4691 0.4553 0.4620
emor 2 468 0.15 epsGG=0.1825 epsHF=0.2972
western redcedar spacing 4 3663 29.59 0.0001
(rings 5-27) error 1 23 1.24
ring 22 4.35 54.03 0.0001 0.0001 0.0001
spacing * ring 88 0.34 4.18 0.0001 0.0001 0.0001
error 2 506 0.08 epsGG=0.2683 epsHF=0.4340
df : degrees of freedom
MSE : mean square error
F : F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.6a Mean values and variability for earlywood width (mm) by taper class and species.

species taper class

suppressed intermediate dominant

Douglas-fir mean 20 2.8 3.9
(rings 4-33) cv (%) 95.1 737 53.4

min  max 00 89 0.2 86 0.6 93
western hemlock mean 2.0 3.3 4.3
(rings 4-30) cv (%) 67.7 58.5 47.7

min  max 01 91 0.2 9.0 03 9.7
western redcedar mean 1.8 3.0 5.1
(rings 5-27) cv (%) 89.7 62.1 420

min  max 00 66 01 8.1 0.0 938

cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.6b Repeated measures analysis of variance for earlywood width (mm) by taper class and

species.
species source df MSE F P>F adjusted P>F
G-G: H-F
Douglas-fir taper class 2 26.76 15.01 0.0001
(rings 4-33) error 1 25 1.78
ring 29 6.41 94.89 0.0001 0.0001 0.0001
taper class * ring 58 0.19 281 0.0001 0.0025 0.0005
error 2 725 0.07 epsGG=0.1886  epsHF=0.2669
western hemlock taper class 2 18.36 11.54 0.0005
(rings 4-30) emor 1 19 1.59
ring 26 0.85 5.82 0.0001 0.0001 0.0001
taper class * ring 52 0.18 1.24 0.1258 0.2727 0.2424
error 2 494 0.15 epsGG=0.1946  epsHF=0.3016
western redcedar taper class 2 71.31 55.05 0.0001
(rings 5-27) error 1 25 1.30
ring 22 3.98 4547 0.0001 0.0001 0.0001
taper class * ring 44 0.51 5.78 0.0001 0.0001 0.0001
error 2 550 0.09 epsGG=0.2493  epsHF=0.3529
df : degrees of freedom
MSE ! mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F . probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.7 Linear regression equations and correlation coefficients for earlywood width (mm)
calculated yearly as a function of ring width (mm) for Douglas-fir.

ring number n a b r r SEe
from pith
3 22 -1.1132 1.0067 bl 0.95 0.90 0.5334
4 29 -1.6742 1.0451 il 0.94 0.89 0.5595
5 29 -1.2953 0.9333 b 0.92 0.84 0.6607
6 29 -0.9193 0.9140 bl 0.96 0.91 0.5364
7 29 -0.7047 0.8732 bl 0.96 0.91 0.5858
8 29 -0.8976 0.8711 ol 0.99 0.98 0.3446
9 29 -0.8499 0.8297 bl 0.97 0.95 0.5002
10 29 -0.6035 0.8323 b 0.98 0.97 0.3598
11 29 -0.3998 0.7870 b 097 0.94 0.4728
12 29 - -0.5110 0.7920 e 0.98 0.96 0.3743
13 29 -0.5695 0.8028 il 0.98 0.97 0.3259
14 29 -0.5516 0.7880 i 0.98 0.97 0.3187
15 28 -0.3349 0.7694 bl 0.98 0.97 0.2933
16 28 -0.3720 0.7791 el 0.99 0.98 0.2272
17 29 -0.2379 0.7323 bl 0.98 0.96 0.2866
18 29 -0.1103 0.6803 bl 0.99 0.97 0.2331
19 29 0.1701 0.6762 bl 0.98 0.95 0.2718
20 29 -0.1242 0.6545 il 0.97 0.95 0.2700
21 29 -0.0867 0.6212 bl 0.99 0.98 0.1578
22 29 -0.1031 0.6394 e 0.99 0.98 0.1337
23 29 -0.1239 0.6441 bl 0.98 0.95 0.1998
24 29 -0.2022 0.6931 bl 0.97 0.94 0.2185
25 29 -0.0952 0.6686 il 0.99 0.98 0.1149
26 29 -0.1929 0.6807 b 0.97 0.95 0.1753
27 29 -0.1643 0.6727 e 0.98 0.96 0.1358
28 29 -0.0954 0.6110 bl 0.98 0.96 0.1213
29 29 -0.1081 0.6303 bl 0.97 0.95 0.1351
30 29 -0.0661 0.6132 bl 0.97 0.94 0.1558
31 29 -0.1022 0.6197 el 0.97 0.95 0.1625
32 29 -0.1474 0.6565 el 0.98 0.96 0.1583
33 29 -0.0957 0.6152 e 0.97 0.94 0.1929
n : number of observations
a : intercept estimate
b : siope estimate
r : correlation coefficient
r : coefficient of determination
SEg : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
** : relationship significant at P < 0.01

. relationship significant at P < 0.001
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Table 4.8 Linear regression equations and correlation coefficients for earlywood width (mm)
calculated yearly as a function of ring width (mm) for western hemiock.

ring number n a b r r? SEg
from pith
3 15 - -0.8720 0.9324 oo 0.90 0.82 0.7216
4 24 -1.0494  0.9420 0.91 0.83 0.6477
5 24 -1.2714 1.0513 ol 0.95 0.90 0.6726
6 24 -0.6321 0.9388 ol 0.94 0.89 0.5212
7 24 -1.7177 1.1694 wrx 0.98 0.95 0.4147
8 24 -0.7361 0.9775 bl 0.98 0.97 0.2543
9 24 -0.8334 1.0308 bl 0.96 0.93 0.3168
10 24 -0.2389 0.8916 wax 0.97 0.94 0.2862
11 24 -0.3615 0.9036 b 0.98 0.96 0.2956
12 24 -0.4366 0.9264 bl 0.97 0.95 0.3807
13 24 -0.4984 0.9355 ol 0.98 0.96 0.3384
14 24 -0.4945 0.9581 whx 0.98 0.95 0.3616
15 24 -0.3266 0.9375 il 0.99 0.98 0.2277
16 24 -0.2480 0.8725 ol 0.98 0.96 0.3178
17 24 -0.1983 0.8531 e 0.98 0.96 0.2740
18 24 -0.5059 0.9471 o 0.98 0.97 0.2645
19 24 -0.5818 0.9671 ol 0.98 0.97 0.3468
20 24 -0.6899 0.9831 bl 0.98 0.97 0.2902
21 24 -0.5825 0.9543 bl 0.99 0.99 0.2107
22 24 -0.4997 0.9561 ol 0.99 0.99 0.2210
23 24 -0.4337 0.9326 ol 0.98 0.96 0.2505
24 24 -0.4897 0.9236 whE 0.98 0.96 0.3310
25 23 -0.5367 0.9848 bl 0.99 0.99 0.2425
26 23 -0.4872 0.9397 o 0.99 0.98 0.2055
27 23 -0.4133 0.9288 e 0.99 0.98 0.2262
28 22 -0.4155 0.9251 ol 0.99 0.98 0.2328
29 22 -0.4020 0.9258 bl 0.99 0.98 0.2699
30 22 -0.4424 0.9199 ol 0.99 0.97 0.3040
31 18 -0.4543 0.9423 el 0.98 0.97 0.3635
32 16 -0.3441 0.8933 ol 0.98 0.96 0.3092
33 11 -0.1786 0.7985 o 0.94 0.89 0.3690
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
2 : coefficient of determination
SE¢ : standard error of estimate

. non-significant relationship

. relationship significant at P < 0.05
. relationship significant at P < 0.01

. relationship significant at P < 0.001

185



Table 4.9 Linear regression equations and correlation coefficients for earlywood width (mm)
calculated yearly as a function of ring width (mm) for western redcedar.

SE : standard error of estimate

ns : non-significant relationship

* : relationship significant at P < 0.05
** : relationship significant at P < 0.01
»* - relationship significant at P < 0.001

ring number n a b r r? SEe
from pith
3 17 -2.4923 1.1677 ol 0.83 0.68 0.6939
4 23 -1.0273 0.9712 ol 0.92 0.84 0.5472
5 30 -0.4867 0.9117 el 0.95 0.91 0.4276
6 30 -0.5055 0.9279 hex 0.97 0.94 0.3904
} 7 30 -0.3495 0.8870 i 0.98 0.96 0.3405
| 8 30 -0.6557 0.9620 ol 0.99 0.97 0.3409
9 30 -0.2465 0.9055 ol 0.98 0.97 0.3230
\ 10 30 -0.6063 0.9537 o 0.99 0.99 0.2563
3 11 30 -0.1881 0.8671 wax 0.99 0.98 0.2777
‘ 12 30 -0.3602 0.9266 bl 0.99 0.98 0.3064
13 30 -0.5734 0.9576 bl 0.99 0.98 0.2664
14 30 -0.3420 0.9292 wx 0.99 0.98 0.3272
15 30 -0.2646 0.9410 b 1.00 0.99 0.2004
16 30 -0.1613 0.8945 el 0.99 0.98 0.2846
17 30 -0.2224 0.9182 b 1.00 0.99 0.1820
18 30 -0.2138 0.9204 bl 1.00 1.00 0.1684
19 30 -0.2728 0.9428 oo 1.00 1.00 0.1733
20 29 -0.3370 0.9554 wax 1.00 1.00 0.2068
21 29 -0.2768 0.9416 ol 1.00 1.00 0.1977
22 29 -0.3113 0.9546 ol 0.99 0.99 0.3005
23 28 -0.2830 0.9256 b 1.00 0.99 0.1813
24 28 -0.2530 0.9129 ol 1.00 0.99 0.1739
25 28 -0.1840 0.8780 el 1.00 1.00 0.0955
‘ 26 28 -0.1292 0.8482 i 1.00 0.99 0.1043
27 28 -0.2025 0.8990 el 0.99 0.99 0.1517
28 23 -0.2753 0.9215 bl 0.99 0.99 0.1571
29 24 -0.2872 0.9410 i 0.99 0.99 0.1780
30 22 -0.3517 0.9490 ok 1.00 0.99 0.1475
31 21 -0.2880 0.8981 el 1.00 0.99 0.1395
32 21 -0.2736 0.8910 b 0.99 0.98 0.2237
33 18 -0.2536 0.8726 e 0.99 0.99 0.1746
n . number of observations
a : intercept estimate
b : slope estimate
| r : correlation coefficient
‘ 2 coefficient of determination
\
|
\
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Table 4.10a Mean.values and variability for latewood width (mm) by initial spacing and species.

species initial spacing
0.91m 1.83m 274m 366m 457 m
Douglas-fir mean 0.9 1.0 1.1 15 1.6
(rings 4-33) ov (%) 57.4 59.5 49.8 36.8 431
min  max 01 26 01 3.0 0.2 27 05 30 02 36
westem hemlock mean 0.7 08 07 0.7
(rings 4-30) cv (%) 39.2 54.2 57.4 50.6
min  max 02 14 01 20 01 25 02 23
western redcedar mean 0.3 05 0.8 0.8 ' 0.9
(rings 5-27) cv (%) 56.2 49.8 487 419 39.2
min  max 01 08 01 1.2 03 19 03 19 03 18
cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.10b Repeated measures analysis of variance for latewood width (mm) by initial spacing and

species.
species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir spacing 4 3.61 595 0.0019
(rings 4-33) ermror 1 23 0.61
ring 29 0.91 32.51 0.0001 0.0001 0.0001
spacing * ring 116 0.03 1.21 0.0761 0.2454 0.2020
error 2 667 0.03 epsGG=0.1937 epsHF=0.3080
western hemlock spacing 3 043 2.00 0.1498
(rings 4-30) emor 1 18 0.21
ring 26 0.16 5.16 0.0001 0.0001 0.0001
spacing * ring 78 0.03 0.82 0.8651 0.6930 0.7763
emor 2 468 0.03 epsGG=0.2630 epsHF=0.5115
western redcedar spacing 4 2.96 22.36 0.0001
(rings 5-27) enor 1 23 0.13
ring 22 0.44 35.77 0.0001 0.0001 0.0001
spacing * ring 88 0.02 1.36 0.0239 0.0912 0.0304
error 2 506 0.01 epsGG=0.4335 epsHF=0.8950
df . degrees of freedom
MSE . mean square efTor
F : F statistic for testing the hypothesis that all parameters are zero except for the intercept
P>F : probability of getting a greater F statistic than that observed if the hypothesis is true

epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.11a Mean values and variability for latewood width (mm) by taper class and species.

species taper class

suppressed intermediate dominant

Douglas-fir mean 0.9 1.3 17
(rings 4-33) cv (%) 60.8 434 37.9

min  max 01 3.0 0.2 3.0 05 3.6
western hemlock mean 0.7 0.8 0.8
(rings 4-30) cv (%) 52.1 53.4 49.8

min  max 01 20 01 25 03 23
western redcedar mean 0.4 0.7 0.8
(rings 5-27) cv (%) 55.9 53.3 42.4

min  max 01 12 01 17 0.3 1.9

cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.11b Repeated measures analysis of variance for latewood width (mm) by taper class and

species.
species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir taper class 2 7.97 15.62 0.0001
(rings 4-33) emror 1 25 0.51
ring 29 0.81 29.99 0.0001 0.0001 0.0001
taper class * ring 58 0.05 1.93 0.0001 0.0553 0.0294
error 2 725 0.03 epsGG=0.2114  epsHF=0.3110
western hemlock taper class 2 0.32 1.38 0.2767
(rings 4-30) error 1 19 0.24
ring 26 0.13 3.95 0.0001 0.0007 0.0001
taper class * ring 52 0.02 0.64 0.9753 0.8219 0.9034
error 2 494 0.03 epsGG=0.2632  epsHF=0.4699
western redcedar taper class 2 5.18 28.63 0.0001
(rings 5-27) error 1 25 0.18
ring 22 0.39 29.71 0.0001 0.0001 0.0001
taper class * ring a4 0.01 1.01 0.4525 0.4472 0.4518
error 2 550 0.01 epsGG=0.4341  epsHF=0.7807
df : degrees of freedom
MSE . mean square efror .
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.12 Linear regression equations and correlation coefficients for latewood width (mm)
calculated yearly as a function of ring width (mm) for Douglas-fir.

ring number n a b r r? SEg
from pith
3 22 0.8225 0.0260 ns 0.1 0.01 0.3723
4 29 1.6742 -0.0451 ns -0.12 0.02 0.5595
5 29 1.2952 0.0667 ns 0.16 0.03 0.6607
6 29 0.8019 0.0939 * 0.39 0.15 0.4335
7 29 0.8135 0.1209 ** 0.47 0.22 0.4911
8 29 0.8976 0.1288 i 0.69 0.47 0.3445
9 29 0.6256 0.1953 ool 0.79 0.62 0.4049
10 29 0.6036 0.1677 e 0.78 0.60 0.3598
11 29 0.3998 0.2130 bl 0.74 0.54 0.4728
12 29 0.5110 0.2080 e 0.79 0.63 0.3743
13 29 0.5695 0.1972 wrx 0.79 0.63 0.3260
14 29 0.3689 0.2586 il 0.93 0.86 0.2121
15 28 0.2702 0.2531 bl 0.92 0.85 0.2244
16 28 0.3720 0.2209 el 0.90 0.81 0.2272
17 29 0.2217 0.2601 ol 0.95 0.91 0.1664
18 29 0.1103 0.3197 ol 0.94 0.88 0.2331
19 29 0.0913 0.3603 il 0.95 0.90 0.2115
20 29 0.1242 0.3455 faa 0.92 0.84 0.2700
21 29 0.0727 0.3898 ol 0.98 0.96 0.1309
22 29 0.1031 0.3606 bl 0.97 0.94 0.1337
23 29 0.1240 0.3559 o 0.93 0.87 0.1998
24 29 0.2022 0.3069 ool 0.87 0.76 0.2185
25 29 0.0952 0.3314 b 0.96 0.92 0.1149
26 29 0.1929 0.3193 b 0.89 0.80 0.1752
27 29 0.1643 0.3273 e 0.93 0.86 0.1358
28 29 0.0954 0.3890 b 0.95 0.91 0.1213
29 29 0.1081 0.3697 bl 0.93 0.86 0.1351
30 29 0.0661 0.3868 bl 0.93 0.87 0.1558
31 29 0.1022 0.3803 > 0.93 0.87 0.1625
32 29 0.1474 0.3435 il 0.93 0.86 0.1583
33 29 0.0795 0.4025 b 0.95 0.90 0.1590
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
r? : coefficient of determination
SE. : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
**  relationship significant at P < 0.01
**  relationship significant at P < 0.001
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Table 4.13 Linear regression equations and correlation coefficients for latewood width (mm)
calculated yearly as a function of ring width (mm) for western hemlock.

ring number n a b r r SEg
from pith
3 15 0.8720 0.0676 ns 0.15 0.02 0.7216
4 24 1.0396 0.0554 ns 0.14 0.02 0.5946
5 24 0.8391 0.0468 ns 0.16 0.03 0.5566
6 24 0.4391 0.0861 ns 0.32 0.10 0.4098
7 24 1.4206 -0.1022 ns -0.39 0.15 0.3838
8 24 0.7361 0.0225 ns 0.12 0.01 0.2543
9 24 0.8334 -0.0308 ns -0.10 0.01 0.3168
10 24 0.2389 0.1085 * 0.42 0.18 0.2862
11 24 0.2920 0.1044 ** 0.60 0.36 0.2276
12 24 0.5662 0.0271 ns 0.16 0.02 0.2918
13 24 0.4984 0.0645 ns 0.31 0.10 0.3384
14 24 0.5565 0.0093 ns 0.06 0.00 0.2568
15 24 0.3266 0.0625 * 0.41 0.17 0.2277
16 24 0.2480 0.1275 > 0.56 0.31 0.3178
17 24 0.1966 0.1474 whx 0.67 0.45 0.2677
18 24 0.5059 0.0529 ns 0.29 0.08 0.2645
19 24 0.5899 0.0287 ns 0.16 0.03 0.3523
20 24 0.6899 0.0169 ns 0.10 0.01 0.2902
21 24 0.5825 0.0457 ns 0.38 0.15 0.2107
22 24 0.4997 0.0439 ns 0.35 0.12 0.2210
23 24 0.3848 0.0924 b 0.54 0.29 0.2492
24 24 0.3695 0.1444 o 0.71 0.50 0.2656
25 23 0.4264 0.0769 ** 0.52 0.27 0.2554
26 23 0.4872 0.0603 * 0.46 0.21 0.2055
27 23 0.4133 0.0712 * 0.49 0.24 0.2262
28 22 0.4155 0.0749 * 0.50 0.25 0.2328
29 22 0.4020 0.0742 * 0.51 0.26 0.2698
30 22 0.4424 0.0801 * 0.45 0.20 0.3040
31 18 0.4543 0.0577 ns 0.32 0.1 0.3635
32 16 0.2619 0.1687 * 0.57 0.33 0.4402
33 11 0.1698 0.3434 * 0.58 0.33 0.7023
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
2 : coefficient of determination

SE: : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
*  relationship significant at P < 0.01
*=* - relationship significant at P < 0.001

190




Table 4.14 Linear regression equations and correlation coefficients for latewood width (mm)
calculated yearly as a function of ring width (mm) for western redcedar.

ring number n a b r r? SEe
from pith
3 17 2.4923 -0.1677 ns 0.21 0.04 0.6939
4 23 1.0273 0.0288 ns 0.07 0.00 0.5472
5 30 0.4867 0.0883 ns 0.29 0.08 0.4258
6 30 0.5402 0.0718 ns 0.30 0.09 0.3837
7 30 0.3495 0.1130 ** 0.53 0.29 0.3405
8 30 0.6557 0.0380 ns 0.24 0.06 0.3409
9 30 0.2465 0.0945 bl 0.51 0.26 0.3230
10 30 0.6063 0.0463 * 0.37 0.14 0.2563
11 30 0.1881 0.1329 i 0.73 0.53 0.2777
12 30 0.3880 0.0617 bl 0.47 0.23 0.2562
13 30 0.6144 0.0313 ns 0.30 0.09 0.2682
14 30 0.3256 0.0666 bl 0.59 0.35 0.2456
15 30 0.2646 0.0590 bl 0.60 0.36 0.2004
16 30 0.1613 0.1055 bl 0.69 047 0.2846
17 30 0.2224 0.0818 bl 0.77 0.60 0.1820
18 30 0.2138 0.0796 ool 0.81 0.65 0.1684
19 30 0.2613 0.0556 el 0.79 0.62 0.1429
20 29 0.3535 0.0379 ol 0.58 0.34 0.2027
21 29 0.3016 0.0502 el 0.64 0.41 0.2006
22 29 0.2637 0.0698 b 0.71 0.51 0.1851
23 28 0.2830 0.0744 bl 0.70 0.49 0.1813
24 28 0.1889 0.1245 ol 0.87 0.75 0.1269
25 28 0.1869 0.1215 ol 0.92 0.84 0.0939
26 28 0.1302 0.1516 bl 0.90 0.80 0.1039
27 28 0.1905 0.0966 bl 0.83 0.69 0.1083
28 23 0.2753 0.0785 ** 0.61 0.37 0.1571
29 24 0.2872 0.0590 > 0.53 0.28 0.1780
30 22 0.3517 0.0510 b 0.55 0.30 0.1475
31 21 0.2880 0.1019 bl 0.82 0.67 0.1395
32 21 0.2369 0.1096 b 0.83 0.68 0.1496
33 18 0.2192 0.1307 i 0.89 0.80 0.1276
n : number of chservations
a : intercept estimate
b . slope estimate
r : correlation coefficient
2 . coefficient of determination

SEg : standard error of estimate

ns : non-significant relationship

* : relationship significant at P < 0.05
** . relationship significant at P < 0.01
== - relationship significant at P < 0.001
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Table 4.15a Mean values and variability for latewood proportion (%) by initial spacing and species.

species initial spacing
0.91m 1.83m 274m 3.66m 457 m
Douglas-fir mean 415 424 374 36.4 343
(rings 4-33) cv (%) 41.1 35.5 322 26.3 29.4
min  max 6.7 93.0 10.8 91.1 130 758 13.6 59.2 136 781
western hemlock mean 311 38.8 285 19.3
(rings 4-30) cv (%) 55.1 51.0 57.2 50.6
min  max 6.4 67.3 9.5 780 55 784 55 573
western redcedar mean 29.6 232 20.1 148 16.3
(rings 5-27) cv (%) 50.0 51.6 39.7 47.8 46.7
min  max 6.4 653 6.4 56.7 6.8 474 4.0 4038 43 394
cv : coefficient of variation
min  max : minimum and maximum values observed

Table 4.15b Repeated measures analysis of variance for latewood proportion (%) by initial spacing

and species.
species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir spacing 4 0.11 1.21 0.3354
(rings 4-33) emror 1 23 0.09
ring 29 0.11 24.40 0.0001 0.0001 0.0001
spacing * ring 116 0.00 084 0.8780 0.7014 0.7702
error 2 667 0.00 epsGG=0.2484 epsHF=0.4359
western hemlock spacing 3 0.80 7.87 0.0015
(rings 4-30) error 1 18 0.10
ring 26 0.08 6.73 0.0001 0.0001 0.0001
spacing * ring 78 0.01 1.12 0.2352 0.3377 0.3016
error 2 468 0.01 epsGG=0.2446 epsHF=0.4556
western redcedar spacing 4 0.46 8.24 0.0003
(rings 5-27) error 1 23 0.06
ring ‘22 0.07 12.33 0.0001 0.0001 0.0001
spacing * ring 88 0.02 M 0.0001 0.0001 0.0001
error 2 506 0.01 epsGG=0.4124 epsHF=0.8227
df : degrees of freedom
MSE . mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true

epsGG

epsHF  : Huynh and Feldt epsilon correction factor

: Greenhouse and Geisser epsilon correction factor
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Table 4.16a Mean values and variability for latewood proportion (%) by taper class and species.

species taper class

suppressed intermediate dominant

Douglas-fir mean 41.8 371 33.6
(rings 4-33) cv (%) 38.6 29.2 26.8

min  max 6.7 930 108 78.1 136 574
western hemlock mean 32.3 256 18.8
(rings 4-30) cv (%) 56.2 62.1 48.6

min  max 6.1 784 55 780 55 57.3
western redcedar mean 26.8 22.5 16.0
(rings 5-27) cv (%) 51.0 44.2 46.6

min  max 6.4 653 6.4 56.6 40 443

cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.16b Repeated measures analysis of variance for latewood proportion (%) by taper class

and species.
species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir taper class 2 0.24 297 0.0694
(rings 4-33) error 1 25 0.08
ring 29 0.10 21.84 0.0001 0.0001 0.0001
taper class * ring 58 0.00 0.79 0.8741 0.6862 0.7441
error 2 725 0.00 epsGG=0.2479  epsHF=0.3858
western hemlock taper class 2 0.53 3.18 .0.0464
(rings 4-30) error 1 19 0.17
ring 26 0.04 3.13 0.0001 0.0047 0.0004
taper class * ring 52 0.02 1.32 0.0760 0.2088 0.1537
error 2 494 0.01 epsGG=0.2620  epsHF=0.4667
western redcedar taper class 2 0.84 1475 0.0001
(rings 5-27) error 1 25 0.06
ring 22 0.07 12.60 0.0001 0.0001 0.0001
taper class * ring 44 0.03 557 0.0001 0.0001 0.0001
error 2 550 0.01 epsGG=04129  epsHF=0.7208
df . degrees of freedom
MSE . mean square error
F . . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon comection factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.17 Linear regression equations and correlation coefficients for latewood propdrtion (%)
calculated yearly as a function of ring width (mm) for Douglas-fir.

ring number n a b r r SEg
from pith
3 22 33.9460 -0.0218 * -0.46 0.21 6.8240
4 29 54.3700 -0.0438 ** -0.55 0.30 10.1880
5 29 36.9700 -0.0123 ns 017 0.03 11.3800
6 29 37.4500 -0.0192 bl -0.50 0.25 6.3800
7 29 38.8090 -0.0181 * -0.40 0.16 8.9480
8 29 48.8150 -0.0281 el -0.76 0.57 6.1370
9 29 49.1840 -0.0243 el -0.66 0.43 7.3430
10 29 39.8740 -0.0157 bl -0.50 0.25 7.2590
11 29 41.5390 -0.0185 * -0.40 0.16 10.1300
12 29 41.7990 -0.0169 . ** -0.57 0.32 5.8570
13 29 45.9750 -0.0241- b -0.60 0.36 6.8410
14 29 47.2290 -0.0242 bl -0.67 0.45 5.8660
15 28 42.5770 -0.0210 > -0.57 0.32 6.6050
16 28 42.8290 -0.0222 bl -0.68 0.46 4.9180
17 29 45.4830 -0.0277 e -0.63 0.39 7.0240
18 29 44.8650 -0.0182 ns -0.32 0.10 10.6430
19 29 48.2000 -0.0244 * -0.45 0.21 8.6200
20 29 45.3550 -0.0160 ns -0.31 0.10 8.0960
21 29 48.3000 -0.0188 * -0.41 0.17 6.8310
22 29 49.3700 -0.0272 b -0.51 0.26 6.3000
23 29 58.6000 -0.0498 > -0.51 0.26 12.1450
24 29 59.1199 -0.0660 ** -0.55 0.30 12.6370
25 29 48.0190 -0.0371 ** -0.49 0.24 7.7450
26 29 54.3840 -0.0495 b -0.57 0.32 7.5190
27 29 59.0816 -0.0728 bl -0.74 0.55 6.4310
28 29 57.2680 -0.0558 * -0.55 0.30 8.1980
29 29 52.4140 -0.0417 ns -0.34 0.12 9.5690
30 29 57.2600 -0.0638 * -0.42 0.18 14.0040
31 29 59.6470 -0.0645 ** -0.48 0.23 12.9960
32 29 64.1460 -0.0850 bl -0.66 0.44 11.0500
33 29 61.3520 -0.0656 ** -0.55 0.30 12.0090
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
2 coefficient of determination

SEg: : standard error of estimate
ns : non-significant relationship
* . relationship significant at P < 0.05
** - relationship significant at P < 0.01
=+ - relationship significant at P < 0.001
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Table 4.18 Linear regression equations and correlation coefficients for latewood proportion (%)
calculated yearly as a function of ring width (mm) for western hemlock.

ring number n a b r : r SEe
from pith
3 15 63.9330 -0.0636 ns -0.36 0.13 22.7800
4 24 52.2189 -0.0312 ns -0.27 0.07 17.0660
5 24 37.1900 -0.0252 * -0.44 0.19 10.3530
6 24 28.0870 -0.0159 ns -0.30 0.09 8.2560
7 24 45.0300 -0.0469 il -0.71 0.50 7.5700
8 24 35.6030 -0.0322 > -0.58 0.34 6.1460
9 24 40.0192 -0.0494 * -0.47 0.22 10.1170
10 24 19.1820 -0.0054 ns -0.11 0.01 6.1630
11 24 26.4880 -0.0173 * -0.42 0.18 5.9740
12 24 31.0950 -0.0257 * -0.43 0.19 9.4390
13 24 31.8700 -0.0253 * -0.46 0.21 8.4330
14 24 38.5170 -0.0483 el -0.65 0.42 9.3220
15 24 34.5000 -0.0444 b -0.63 0.40 8.9000
16 24 39.2700 -0.0420 * -0.44 0.19 14.5380
17 24 30.1500 -0.0226 ns -0.35 0.12 10.0380
18 24 47.7300 -0.0669 ** -0.58 0.34 14.1240
19 24 46.4500 -0.0519 ** -0.53 0.28 16.6310
20 24 57.1030 -0.0799 bl -0.72 0.52 12.6580
21 24 58.3000 -0.0820 il -0.78 0.61 12.4970
22 24 54.8550 -0.0818 wwx 0.77 0.59 12.8300
23 24 52.8400 -0.0794 bl -0.70 0.48 14.2760
24 24 50.2680 -0.0551 * -0.50 0.25 17.1130
25 23 47.4110 -0.0470 * -0.52 0.27 15.5220
26 23 55.6600 -0.0800 b -0.72 0.52 13.56320
27 23 55.4530 -0.0831 i -0.70 0.49 15.0760
28 22 55.1690 -0.0814 wx -0.69 047 15.7780
29 22 48.0140 -0.0582 b -0.67 0.45 14.0950
30 22 48.9480 -0.0588 rxx -0.70 0.48 12.1000
31 18 48.1910 -0.0540 * -0.60 0.36 15.4390
32 16 50.3420 -0.0714 > -0.73 0.53 11.9650
33 11 37.1100 0.0191 ns 0.11 0.01 24.1490
n : number of cbservations
a . intercept estimate
b : slope estimate
r : correlation coefficient
2 coefficient of determination

SE: : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
= relationship significant at P < 0.01
=+ - relationship significant at P < 0.001

195




“Table 4.19 Linear regression equations and correlation coefficients for latewood proportion (%)
calculated yearly as a function of ring width (mm) for western redcedar.

ring number n a b r r? SEe
from pith
3 17 98.9440 -0.1171 * -0.50 0.25 17.8800
4 23 39.6330 -0.0231 ns -0.21 0.04 13.9910
5 30 25.2580 -0.0087 ns -0.13 0.02 9.3230
6 30 24.6500 -0.0094 ns -0.18 0.03 8.7920
7 30 22.2177 -0.0046 ns -0.13 0.02 6.5810
8 30 27.2860 -0.0173 ** -0.56 0.31 5.7140
9 30 23.4800 -0.0140 * -0.42 0.17 6.2200
10 30 28.6540 -0.0197 o -0.65 0.42 4.9720
1 30 21.1800 -0.0064 ns 0.27 0.07 5.0310
12 30 24.0210 -0.0152 ** -0.54 0.29 5.2550
13 30 35.1500 -0.0302 el -0.79 0.62 6.3140
14 30 30.1600 -0.0252 e -0.67 0.44 7.4650
15 30 23.7530 -0.0200 el -0.62 0.38 6.3530
16 30 20.1050 -0.0098 * -0.41 0.17 5.5570
17 30 30.0300 -0.0281 rrx -0.70 0.49 7.7670
18 30 28.7840 -0.0255 ol -0.77 0.59 6.1710
19 30 33.8667 -0.0330 bl -0.85 0.72 6.6100
20 29 36.3170 -0.0322 e -0.82 0.67 8.6220
21 29 36.3800 -0.0361 i -0.83 0.69 8.0150
22 29 40.5860 -0.0477 e -0.81 0.66 9.1610
23 28 33.3850 -0.0337 bl -0.82 0.67 5.5850
24 28 39.3960 -0.0485 ol 0.73 0.53 9.6790
25 28 42.0290 -0.0599 i -0.78 0.61 8.6060
26 28 40.9430 -0.0659 i -0.72 0.52 8.7190
27 28 43.1170 -0.0687 ol -0.80 064 8.5290
28 23 42.0280 -0.0681 b -0.65 0.43 12.0000
29 24 38.1980 -0.0524 bl -0.80 0.63 7.5390
30 22 37.2540 -0.0457 ool -0.84 0.70 5.7420
31 21 36.7740 -0.0378 rrx -0.68 0.46 7.9860
32 21 36.0820 -0.0354 > -0.55 0.30 10.4510
33 18 34.2600 -0.0293 * -0.53 0.28 8.7800
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
2 : coefficient of determination

SEg : standard ervor of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
* : relationship significant at P < 0.01
=+ - relationship significant at P < 0.001
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Table 4.20a Mean values and variability for earlywood relative density by initial spacing and species.

species initial spacing
0.91m 1.83m 274m 3.66m 457 m
Douglas-fir mean 03 03 03 03 03
(rings 4-33) cv (%) 15.4 13.7 9.7 10.1 89
min  max 0.23 0.44 0.24 045 0.25 0.40 0.25 0.41 0.27 0.42
western hemiock mean 04 04 04 04
(rings 4-30) cv (%) 85 9.1 10.0 9.1
min  max 0.29 0.44 0.30 048 0.29 0.45 0.28 0.43
western redcedar mean 03 0.3 0.3 0.3 0.3
(rings 5-27) cv (%) 11.9 9.5 99 9.8 8.0
min  max 0.20 0.34 0.22 0.32 0.19 0.31 0.20 0.32 0.20 0.30
cv : coefficient of variation
min  max : minimum and maximum values observed

Table 4.20b Repeated measures analysis of variance for earlywood relative density by initial spacing

and species.
species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir spacing 4 0.09 0.63 0.6492
(rings 4-33) error 1 23 0.14
ring 29 0.07 10.17 0.0001 0.0001 0.0001
spacing * ring 116 0.01 1.65 0.0001 0.0332 0.0094
error 2 667 0.01 epsGG=0.2268 epsHF=0.3825
western hemlock spacing 3 024 277 0.0714
(rings 4-30) error 1 18 0.08 )
ring 26 0.04 6.91 0.0001 0.0001 0.0001
spacing * ring 78 0.01 1.19 0.1469 0.2554 0.1704
error 2 468 0.01 epsGG=0.3401 epsHF=0.8085
western redcedar spacing 4 0.13 1.44 0.2530
(rings 5-27) error 1 23 0.09
ring 22 0.03 7.55 0.0001 0.0001 0.0001
spacing * ring 88 0.01 335 0.0001 0.0001 0.0001
error 2 506 0.00 epsGG=0.3285 epsHF=0.5773
df . degrees of freedom
MSE : mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept
P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.21a Mean values and variability for earlywood relative density by taper class and species.
|

species taper class
| suppressed intermediate dominant
1
|
| Douglas-fir mean 0.31 0.31 0.31
|
| (rings 4-33) cv (%) 14.4 9.8 93
min  max 0.23 0.45 0.25 0.41 0.25 0.42
western hemlock mean 0.37 0.36 0.36
(rings 4-30) cv (%) 101 95 7.6
min  max 0.28 0.48 0.29 0.46 0.30 0.42
western redcedar mean 0.27 0.26 0.25
(rings 5-27) cv (%) 11.3 7.5 9.5
min  max 0.20 0.34 0.22 0.30 019 0.32
cv : coefficient of variation
min  max : minimum and maximum values observed

Table 4.21b Repeated measures analysis of variance for earlywood relative density by taper class

and species.
species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir taper class 2 0.02 0.15 0.8652
(rings 4-33) error 1 25 0.14
ring 29 0.06 8.42 0.0001 0.0001 0.0001
taper class * ring 58 0.01 218 0.0001 0.0094 0.0024
ermor 2 725 0.01 epsGG=0.2406  epsHF=0.3700
western hemlock taper class 2 0.01 0.05 0.9514
(rings 4-30) error 1 19 0.12
ring 26 0.02 464 0.0001 0.0001 0.0001
taper class * ring 52 0.00 0.79 0.8484 0.6997 0.7973
error 2 494 0.01 epsGG=0.3296  epsHF=0.6878
western redcedar taper class 2 024 288 0.0748
(rings 5-27) error 1 25 0.08
ring 22 0.02 545 0.0001 0.0001 0.0001
taper class * ring 44 0.02 570 0.0001 0.0001 0.0001
error 2 550 0.00 epsGG=0.3357  epsHF=0.5285
df : degrees of freedom
MSE . mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept
P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.22 Linear regression equations and correlation coefficients for earlywood relative density

calculated yearly as a function of ring width (mm) for Douglas-fir.

ring number n a b r r2 SEe
from pith
3 22 0.4238 -0.0098 * -0.47 0.23 0.0280
4 29 0.3738 -0.0045 ns -0.26 0.07 0.0257
5 29 0.3516 -0.0039 ns 0.17 0.03 0.0374
6 29 0.2523 0.0068 * 0.41 0.17 0.0286
7 29 0.2355 0.0082 whx 0.60 0.36 0.0239
8 29 0.2594 0.0058 ** 0.54 0.29 0.0229
9 29 0.2632 0.0040 * 0.39 0.15 0.0253
10 29 0.2776 0.0016 ns 0.20 0.04 0.0215
11 29 0.2820 0.0007 ns 0.06 0.00 0.0248
12 29 0.2789 0.0021 ns 0.10 0.01 0.0211
13 29 0.2957 -0.0010 ns -0.10 0.01 0.0211
14 29 0.2963 0.0000 ns 0.00 0.00 0.0293
15 28 0.3129 -0.0031 ns -0.27 0.07 0.0244
16 28 0.3177 -0.0038 ns -0.28 0.08 0.0273
17 29 0.3072 0.0002 ns 0.01 0.00 0.0336
18 29 0.3273 -0.0049 ns -0.25 0.06 0.0372
19 29 0.3385 -0.0080 * -0.40 0.16 0.0324
20 29 0.3245 -0.0042 ns -0.23 0.05 0.0319
21 29 0.3415 -0.0072 ns -0.32 0.11 0.0352
22 29 0.3169 -0.0029 ns -0.18 0.03 0.0236
23 29 0.3578 -0.0159 ** -0.58 0.34 0.0322
24 29 0.3390 -0.0106 ns -0.36 0.13 0.0349
25 29 0.3428 -0.0143 b -0.50 0.25 0.0299
26 29 0.3677 -0.0225 il -0.62 0.39 0.0310
27 29 0.3635 -0.0203 ** -0.53 0.28 0.0325
28 29 0.3799 -0.0267 bl -0.58 0.34 0.0370
29 29 0.3624 -0.0226 ** -0.51 0.26 0.0343
30 29 0.3765 -0.0286 bl -0.67 0.45 0.0321
31 29 0.3774 -0.0270 ol -0.62 0.38 0.0381
32 29 0.3617 -0.0157 * -0.44 0.20 0.0364
33 29 0.3574 -0.0170 ** -0.54 0.29 0.0318
n : number of cbservations
a : intercept estimate
b : slope estimate
r : correlation coefficient
12 coefficient of determination
SEg: : standard error of estimate

. non-significant relationship

. relationship significant at P < 0.05
: relationship significant at P < 0.01

: relationship significant at P < 0.001
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Table 4.23 Linear regression equations and correlation coefficients for earlywood relative density
calculated yearly as a function of ring width (mm) for western hemiock.

ring number n a b r r2 SEe
from pith
3 15 0.4349 -0.0070 ns -0.29 0.09 0.0375
4 24 0.4505 -0.0081 ns -0.37 0.14 0.0306
5 24 0.4124 -0.0042 ns -0.31 0.10 0.0249
6 24 0.4012 -0.0040 ns -0.22 0.05 0.0288
7 24 0.4209 -0.0068 ns -0.37 0.13 0.0276
8 24 0.3922 -0.0044 ns -0.22 0.05 0.0269
9 24 0.3732 -0.0034 ns -0.14 0.02 0.0257
10 24 0.3745 -0.0063 ns -0.35 0.12 0.0206
11 24 0.3703 -0.0036 ns -0.17 0.03 0.0330
12 24 0.3570 0.0003 ns 0.02 0.00 0.0362
13 24 0.3558 -0.0023 ns -0.14 0.02 0.0285
14 24 0.3602 -0.0001 ns 0.00 0.00 0.0307
15 24 0.3528 0.0012 ns 0.05 0.00 0.0398
16 24 0.3934 -0.0093 ns -0.34 0.12 0.0427
17 24 0.3650 -0.0046 ns -0.19 0.04 0.0378
18 24 0.3775 -0.0091 ns -0.39 0.16 0.0322
19 24 0.3711 -0.0050 ns -0.26 0.07 0.0366
20 24 0.3688 -0.0059 ns -0.26 0.07 0.0367
‘ 21 24 0.3989 -0.0081 * -0.44 0.19 0.0316
22 24 0.3776 -0.0065 ns -0.29 0.08 0.0407
‘ 23 24 0.3818 -0.0108 ns -0.40 0.16 0.0419
24 24 0.3779 -0.0049 ns -0.19 0.04 0.0450
25 23 0.3688 -0.0005 ns -0.03 0.00 0.0376
26 23 0.3738 -0.0049 ns -0.24 0.06 0.0341
| 27 23 0.3696 -0.0019 ns -0.10 0.01 0.0328
| 28 22 0.3813 -0.0066 ns -0.30 0.09 0.0379
| 29 22 0.3689 -0.0040 ns -0.23 0.05 0.0375
30 22 0.3575 0.0000 ns 0.00 0.00 0.0337
3 18 0.3508 0.0027 ns 0.19 0.04 0.0300
32 16 0.3632 0.0025 ns 0.09 0.01 0.0499
.33 11 0.3727 -0.0008 ns -0.03 0.00 0.0373
n . number of ohservations
a : intercept estimate
b : slope estimate
r : correlation coefficient
. coefficient of determination

SEg : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
**  relationship significant at P < 0.01
=+ . relationship significant at P < 0.001
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Table 4.24 Linear regression equations and correlation coefficients for earlywood relative density

calculated yearly as a function of ring width (mm) for western redcedar.

ring number n a b r r SEe
from pith
3 17 0.3988 -0.0117 ns -0.33 0.1 0.0292
4 23 0.3602 -0.0079 ns -0.36 0.13 0.0268
5 30 0.2667 0.0020 ns 0.14 0.02 0.0212
6 30 0.2652 0.0019 ns 0.17 0.03 0.0188
7 30 0.2545 0.0029 ns 0.28 0.08 0.0188
8 30 0.2565 0.0012 ns 0.15 0.02 0.0184
9 30 0.2609 0.0006 ns 0.06 0.00 0.0228
10 30 0.2582 0.0007 ns 0.08 0.01 0.0196
1 30 0.2680 -0.0014 ns -0.18 0.03 0.0169
12 30 0.2501 0.0009 ns 0.12 0.01 0.0171
13 30 0.2657 -0.0013 ns -0.17 0.03 0.0203
14 30 0.2890 -0.0050 ** -0.49 0.24 0.0238
15 30 0.2896 -0.0053 * -0.46 0.21 0.0267
16 30 0.2731 -0.0032 * -0.38 0.15 0.0198
17 30 0.2736 -0.0038 ns -0.33 0.1 0.0290
18 30 0.2678 -0.0036 * -0.45 0.20 0.0208
19 30 0.2607 -0.0026 ns -0.32 0.10 0.0249
20 29 0.2631 -0.0025 ns -0.36 0.13 0.0246
21 29 0.2777 -0.0051 ** -0.50 0.25 0.0290
22 29 0.2770 -0.0075 > -0.58 0.34 0.0283
23 28 0.2516 -0.0022 ns -0.18 0.03 0.0284
24 28 0.2612 -0.0048 ns -0.32 0.10 0.0303
25 28 0.2665 -0.0079 * -0.47 0.22 0.0265
26 28 0.2778 -0.0146 ** -0.56 0.31 0.0304
27 28 0.2861 -0.0167 e -0.65 0.43 0.0319
28 23 0.2645 -0.0099 * -0.45 0.20 0.0303
29 24 0.2549 -0.0056 ns -0.33 0.1 0.0308
30 22 0.2472 -0.0029 ns -0.23 0.05 0.0239
31 21 0.2464 -0.0022 ns -0.156 0.02 0.0293
32 21 0.2512 -0.0045 ns -0.29 0.08 0.0264
33 18 0.2520 -0.0034 ns 0.14 0.02 0.0298
n : number of observations
a : intercept estimate
b : slopeestimate
r : correlation coefficient
2 coefficient of determination
SE: : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
** : relationship significant at P < 0.01
= - relationship significant at P < 0.001
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Table 4.25a Mean values and variability for latewood relative density by initial spacing and species.

species initial spacing
0.91m 183 m 274m 3.66m 457 m
Douglas-fir mean 0.7 0.7 0.7 07 0.7
(rings 4-33) ov (%) 9.8 8.1 7.6 80 8.8
min  max 0.53 0.83 0.53 082 0.57 0.85 0.55 0.81 0.52 0.83
western hemiock mean 0.6 0.6 0.6 0.6
(rings 4-30) cv (%) 59 7.1 7.4 6.0
min  max 0.49 0.68 0.46 0.70 0.47 0.70 0.47 0.66
western redcedar mean 0.5 0.5 0.5 0.5 05
(rings 5-27) cv (%) 10.6 7.0 7.6 9.1 9.1
min  max 0.39 0.62 0.44 0.64 0.41 062 0.42 0.63 0.42 0.64
cv : coefficient of variation
mln max : minimum and maximum values observed

Table 4.25b Repeated measures analysis of variance for latewood relative density by initial spacing

and species.
species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir spacing 4 0.02 0.77 0.5550
(rings 4-33) error 1 23 0.03
ring 29 0.03 13.49 0.0001 0.0001 0.0001
spacing * ring 116 0.00 1.09 0.2591 0.3746 0.3620
error 2 667 0.00 epsGG=0.1442 epsHF=0.2108
western hemlock spacing 3 0.05 1.60 0.2251 '
(rings 4-30) error 1 18 0.03
ring 26 0.01 272 0.0001 0.0069 0.0002
spacing * ring 78 0.00 1.21 0.1227 0.2391 0.1559
error 2 468 0.00 epsGG=0.3250 epsHF=0.7407
western redcedar spacing 4 0.04 1.02 0.4186
(rings 5-27) error 1 23 0.04
ring 22 0.02 3.18 0.0001 0.0009 0.0001
spacing * ring 88 0.01 260 0.0001 0.0001 0.0001
error 2 506 0.00 epsGG=0.4410 epsHF=0.9218
df : degrees of freedom
MSE . mean square efror
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept
P>F . probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor

epsHF  : Huynh and Feldt epsiton correction factor
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Table 4.26a Mean values and variability for latewood relative density by taper class and species.

species taper class

suppressed intermediate  dominant

Douglas-fir mean . 068 . 071 0.69
(rings 4-33) cv(%) = 89 82 8.3

min  max ) 0.53 0.83 0.52 085 0.55 0.83
western hemlock mean 0.60 0.58 0.57
(rings 4-30) ov (%) 65 7.8 50

min  max 0.46 0.70 0.47 0.70 0.50 0.66
western redcedar mean 0.51 0.53 0.52
(rings 5-27) ov (%) 9.2 67 9.0

min  max _ 0.39 0.62 0.43 0.64 0.41 0.64

cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.26b Repeated measures analysis of variance for latewood relative density by taper class

and species.
species source df MSE F P>F adjusted P>F
G-G H-F
Douglas-fir taper class 2 0.04 1.48 0.2477
(rings 4-33) emror 1 25 0.03
ring 29 0.03 14.71 0.0001 0.0001 0.0001
taper class * ring 58 0.00 216 0.0001 0.0240 0.0111
error 2 725 0.00 epsGG=0.1733  epsHF=0.2394
western hemlock taper class 2 0.07 234 0.1236
(rings 4-30) error 1 19 0.03
ring 26 0.01 177 0.0116 0.0767 0.0226
taper class * ring 52 0.00 0.93 0.6197 0.5467 0.5989
error 2 494 0.00 epsGG=0.3479  epsHF=0.7609
western redcedar taper class 2 0.06 1.53 0.2355
(rings 5-27) error 1 25 0.04
ring 22 0.01 213 0.0021 0.0262 0.0061
taper class * ring 44 0.01 273 0.0001 0.0002 0.0001
emror 2 550 0.01 epsGG=0.4231  epsHF=0.7492
df : degrees of freedom
MSE . mean square efror
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.27 Linear regression equations and correlation coefficients for latewood relative density
calculated yearly as a function of ring width (mm) for Douglas-fir.

| ring number n a b r r2 SEe
from pith
3 22 0.6507 -0.0075 ns -0.38 0.14 0.0295
4 29 0.6161 -0.0009 ns -0.04 0.00 0.0336
5 29 0.6563 -0.0044 ns -0.21 0.04 0.0332
6 29 0.7112 -0.0089 * -0.40 0.16 0.0388
7 29 0.6245 0.0030 ns 0.17 0.03 0.0390
8 29 0.6889 -0.0048 ns -0.23 0.05 0.0506
9 29 0.7627 -0.0134 e -0.72 0.51 0.0344
10 29 0.7446 -0.0107 ol -0.62 0.38 0.0361
‘ 11 29 0.7352 -0.0082 ** -0.48 0.23 0.0368
| 12 29 0.7493 -0.0104 ** -0.50 0.25 0.0424
| 13 29 0.7406 -0.0079 * -0.44 0.20 0.0346
1 14 29 0.7297 -0.0075 * -0.39 0.16 0.0392
15 28 0.7162 -0.0081 * -0.39 0.15 0.0407
| 16 28 0.7150 -0.0056 ns -0.26 0.07 0.0444
| 17 29 0.7189 -0.0068 . ns -0.31 0.09 0.0416
| 18 29 0.7272 -0.0040 ns -0.16 0.02 0.0502
‘ 19 29 0.7034 0.0050 ns 0.16 0.03 0.0541
| 20 29 0.6868 0.0075 ns 0.21 0.04 0.0619
21 29 0.6757 0.0121 * 0.42 0.18 0.0434
22 29 0.6861 0.0060 ns 0.19 0.04 0.0440
23 29 0.6846 0.0085 ns 0.21 0.04 0.0572
24 29 0.6875 0.0171 * 0.42 0.18 0.0465
25 29 0.6814 0.0243 b 0.47 0.23 0.0548
26 29 0.6803 0.0266 ** 0.58 0.34 0.0403
27 29 0.6461 0.0439 b 0.69 0.48 0.0465
28 29 0.6541 0.0365 ol 0.61 0.37 0.0478
29 29 0.6361 0.0492 faal 0.65 0.42 0.0513
30 29 0.6041 0.0543 b 0.66 0.43 0.0636
31 29 0.6040 0.0473 bl 0.68 0.47 0.0557
32 29 0.6596 0.0295 ** 0.52 0.27 0.0552
33 29 0.6610 0.0234 * 0.41 0.17 0.0623
n : number of chservations
a . intercept estimate
b : slope estimate
r : correlation coefficient
rr  : coefficient of determination

SEg : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
** : relationship significant at P < 0.01
w* - relationship significant at P < 0.001
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Table 4.28 Linear regression equations and correlation coefficients for latewood relative density
calculated yearly as a function of ring width (mm) for western hemlock.

ring number n a b r r2 SEe
from pith
3 15 0.5978 -0.0074 ns -0.31 0.10 0.0367
4 24 0.6023 -0.0066 * -0.46 021 0.0199
5 24 0.6264 -0.0096 > -0.52 0.27 0.0316
6 24 0.6057 -0.0051 ns -0.33 0.11 0.0232
7 24 0.6485 -0.0136 ** -0.63 0.39 0.0267
8 24 0.6336 -0.0126 ** -0.55 0.30 0.0266
9 24 0.6269 -0.0104 ns -0.34 0.12 0.0308
10 24 0.5863 0.0010 ns 0.04 0.00 0.0348
1 24 0.6127 -0.0075 ns -0.38 0.15 0.0292
12 24 0.6474 -0.0157 faal -0.66 0.44 0.0312
13 24 0.6176 -0.0061 ns -0.31 0.09 0.0325
14 24 0.6259 -0.0123 * -0.46 0.21 0.0403
15 24 0.5669 -0.0022 ns -0.08 0.01 0.0464
16 24 0.5564 0.0027 ns 0.10 0.01 0.0468
17 24 0.6066 -0.0055 ns -0.21 0.04 0.0417
18 24 0.6354 -0.0114 * -0.45 0.20 0.0343
19 24 0.6061 -0.0096 ns -0.40 0.16 0.0432
20 24 0.6201 -0.0100 ns -0.39 0.15 0.0394
21 24 0.6099 -0.0043 ns -0.26 0.07 0.0300
22 24 0.6261 -0.0101 ns -0.38 0.14 0.0470
23 24 0.6247 -0.0100 ns -0.34 0.11 0.0479
24 24 0.6024 -0.0068 ns -0.26 0.07 0.0447
25 23 0.6193 -0.0058 ns -0.29 0.09 0.0381
26 23 0.6276 -0.0105 * -0.51 0.26 0.0307
27 23 0.6089 -0.0053 ns -0.26 0.07 0.0349
28 22 0.6162 -0.0056 ns -0.20 0.04 0.0511
29 22 0.5929 -0.0028 ns -0.16 0.02 0.0397
30 22 0.5994 -0.0027 ns -0.13 0.02 0.0404
31 18 0.5842 0.0048 ns 0.15 0.02 0.0690
32 16 0.5983 0.0000 ns 0.00 0.00 0.0365
33 11 0.6200 -0.0049 ns -0.13 0.02 0.0492
n . number of observations
a intercépt estimate
b : slope estimate
r : correlation coefficient
2 coefficient of determination

SEg : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
* : relationship significant at P < 0.01
w+ - relationship significant at P < 0.001
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Table 4.29 Linear regression equations and correlation coefficients for latewood relative density
calculated yearly as a function of ring width (mm) for western redcedar.

ring number n a b r r2 SEe
from pith
3 17 0.5455 -0.0075 ns -0.20 0.04 0.0326
4 23 0.4840 0.0006 ns 0.03 0.00 0.0332
5 30 0.5872 -0.0146 ** 0.57 0.32 0.0309
6 30 0.6052 -0.0162 ** -0.55 0.30 0.0418
7 30 0.6121 -0.0166 whx -0.61 0.38 0.0406
8 30 0.5887 -0.0122 > -0.55 0.30 0.0411
9 30 0.6027 -0.0125 * -0.42 0.18 0.0542
10 30 0.6102 -0.0142 rax -0.64 0.41 0.0376
1 30 0.56784 -0.0100 ** -0.53 0.28 0.0357
12 30 0.5252 0.0001 ns 0.00 0.00 0.0460
13 30 0.5354 -0.0007 ns -0.05 0.00 0.0382
14 30 0.5141 -0.0001 ns -0.01 0.00 0.0350
15 30 0.4652 0.0106 > 0.52 0.27 0.0445
16 : 30 0.4841 0.0094 ** 0.48 0.23 0.0438
17 30 0.5041 0.0077 * 0.41 0.17 0.0459
18 30 0.4998 0.0038 ns 0.21 0.04 0.0525
19 30 0.5030 0.0027 ns 0.18 0.04 0.0449
20 29 0.5109 -0.0022 ns -0.17 0.03 0.0465
21 29 0.5145 0.0009 ns 0.06 0.00 0.0496
22 29 0.5122 0.0019 ns 011 0.01 0.0457
23 28 0.5206 0.0013 ns 0.07 0.00 0.0451
24 28 0.5143 0.0017 ns 0.10 0.01 0.0366
25 28 0.5309 0.0014 ns 0.06 0.00 0.0395
26 28 0.5278 0.0026 ns 0.09 0.01 0.0376
27 28 0.5375 0.0006 ns 0.03 0.00 0.0396
28 23 0.5323 0.0072 ns 0.27 0.07 0.0390
29 24 0.5331 0.0054 ns 0.22 0.05 0.0459
30 22 0.5400 0.0005 ns 0.03 0.00 0.0340
31 21 0.5377 0.0011 ns 0.04 0.00 0.0479
32 21 0.5447 0.0030 ns 0.12 0.01 0.0441
33 18 0.5313 -0.0025 ns -0.07 0.00 0.0451
n : number of chservations
a : intercept estimate
b : slope estimate
r : correlation coefficient
. coefficient of determination

SEe : standard error of estimate

ns : non-significant relationship

* : relationship significant at P < 0.05
**  relationship significant at P < 0.01
= - relationship significant at P < 0.001
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Table 4.30a Mean values and variability for whole-ring relative density by initial spacing and species.

species initial spacing
091m 1.83m 274m 366m 457m
Douglas-fir mean 04 0.5 0.5 0.5 04
(rings 4-33) cv (%) 134 16.4 137 13.4 12.8
min  max 0.32 0.58 0.33 0.66 0.33 0.61 0.34 0.60 0.34 0.60
westemn hemlock mean 04 0.5 04 04
(rings 4-30) cv (%) 11.7 10.7 12.1 10.3
min  max 0.33 0.56 0.36 0.60 0.31 0.58 0.32 0.50
western redcedar mean 0.3 03 0.3 03 0.3
(rings 5-27) ov (%) 14.3 124 10.3 10.2 9.2
min  max 0.23 0.43 0.25 0.42 0.23 0.39 0.23 0.38 0.23 0.36
cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.30b Repeated measures analysis of variance for whole-ring relative density by initial spacing

and species.
species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir , spacing 4 0.05 0.31 0.8704
(rings 4-33) error 1 23 0.18
ring 29 0.23 34.15 0.0001 0.0001 0.0001
spacing * ring 116 0.01 1.17 0.1271 0.2572 0.1961
error 2 667 0.01 epsGG=0.2849 epsHF=0.5366
western hemlock spacing 3 0.70 521 0.0091
(rings 4-30) error 1 18 0.13
ring 26 0.05 6.55 0.0001 0.0001 0.0001
spacing * ring 78 0.01 1.31 0:0486 0.1846 0.1167
error 2 468 0.01 epsGG=0.2569 epsHF=0.4924
western redcedar spacing 4 0.4 3an 0.0179
(rings 5-27) error 1 23 0.1
ring 22 0.03 5.56 0.0001 0.0001 0.0001
spacing * ring 88 0.02 3.59 0.0001 0.0001 0.0001
error 2 506 0.01 epsGG=0.3709 epsHF=0.6938
df . degrees of freedom
MSE . mean square error
F . F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F + probability of getting a greater F statistic than that observed if the hypothesis is true

epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsiton correction factor
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Table 4.31a Mean values and variability for whole-ring relative density by taper class and species.

species taper class

suppressed intermediate dominant

Douglas-fir mean 0.46 0.46 0.44
(rings 4-33) cv (%) 14.9 13.5 12.7

min max 0.32 0.66 0.33 061 0.34 0.60
western hemlock mean 0.44 0.41 0.40
(rings 4-30) cv (%) 12.7 12.1 86

min  max 0.31 0.60 0.33 0.56 0.32 048
westermn redcedar mean 0.33 0.32 0.29
{rings 5-27) ov (%) 137 9.2 99

min  max 0.23 043 0.26 042 0.23 0.39

cv : coefficient of variation

min max : minimum and maximum vaiues observed

Table 4.31b Repeated measures analysis of variance for whole-ring relative density by taper ciass

and species.
species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir taper class 2 0.10 0.59 0.5595
(rings 4-33) emor 1 25 0.16
ring 29 0.21 30.70 0.0001 0.0001 0.0001
taper class * ring 58 0.01 1.10 0.2866 0.3532 0.3311
error 2 725 0.01 epsGG=0.2959  epsHF=0.5004
western hemiock taper class 2 0.26 1.25 0.3094
(rings 4-30) emor 1 19 0.21
ring 26 0.02 335 0.0001 0.0030 0.0002
taper class * ring 52 0.01 1.08 0.3299 0.3804 0.3661
error 2 494 0.01 epsGG=0.2588  epsHF=0.4578
western redcedar taper class 2 0.93 9.84 0.0007
(rings 5-27) emror 1 25 0.09
ring 22 0.04 6.15 0.0001 0.0001 0.0001
taper class * ring 44 0.03 5.69 0.0001 0.0001 0.0001
error 2 550 0.01 epsGG=0.3758  epsHF=0.6234
df : degrees of freedom
MSE  mean square error
F : F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.32 Linear regression equations and correlation coefficients for whole-ring relative density
calculated yearly as a function of ring width (mm) for Douglas-fir.

ring number n a b r r SEe
from pith
3 22 0.4952 -0.0145 > -0.56 0.31 0.0345
4 29 0.5111 -0.0160 > -0.56 0.31 0.0366
5 29 0.4900 -0.0121 * -0.41 0.16 0.0440
6 29 0.4123 -0.0044 ns -0.20 0.04 0.0403
7 29 0.3929 -0.0018 ns -0.13 0.02 0.0312
8 29 0.4664 -0.0092 ** -0.48 0.23 0.0430
9 29 0.4941 -0.0119 b -0.60 0.36 0.0424
10 29 0.4498 -0.0077 * -0.45 0.21 0.0407
11 29 0.4635 -0.0097 * -0.43 0.19 0.0494
12 29 0.4646 -0.0083 ** -0.52 0.27 0.0320
13 29 0.4940 -0.0133 rex -0.59 0.35 0.0380
14 29 0.4914 -0.0115 > -0.56 0.31 0.0375
15 28 0.4804 -0.0125 bl -0.59 0.35 0.0367
16 28 0.4927 -0.0143 bl -0.63 0.40 0.0365
17 29 0.4900 -0.0119 * -0.41 0.17 0.0524
18 29 0.5009 -0.0110 ns -0.32 0.10 0.0643
19 29 0.5133 -0.0121 * -0.39 0.15 0.0513
20 29 0.4951 -0.0073 ns -0.24 0.06 0.0528
21 29 0.5122 -0.0085 ns 0.34 0.12 0.0391
22 29 0.5183 -0.0153 * -0.44 0.20 0.0442
23 29 0.5320 -0.0173 * -0.46 0.21 0.0478
24 29 0.5203 -0.0151 ns -0.35 0.12 0.0505
25 29 0.5122 -0.0156 * -0.39 0.15 0.0444
26 29 0.5440 -0.0216 * -0.47 0.22 0.0444
27 29 0.5387 -0.0188 * -0.39 0.15 0.0444
28 29 0.5357 -0.01561 ns -0.28 0.08 0.0508
29 - 29 0.5077 -0.0043 ns -0.06 0.00 0.0618
30 29 0.5004 -0.0056 ns -0.09 0.01 0.0630
31 29 0.5026 -0.0060 ns -0.12 0.01 0.0556
32 29 0.5306 -0.0144 ns -0.32 0.10 0.0488
33 29 0.5280 -0.0142 ns -0.28 0.08 0.0585
n : number of observations
a : intercept estimate
b : slopeestimate
r : correlation coefficient
2 : coefficient of determination
SE¢ : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
* : relationship significant at P < 0.01

: relationship significant at P < 0.001
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Table 4.33 Linear regression equations and correlation coefficients for whole-ring relative density
calculated yearly as a function of ring width (mm) for western hemiock.

ring number n a b r r2 SEe
from pith
3 15 0.5231 -0.0173 * -0.56 0.31 0.0421
4 24 0.5225 -0.0124 ns -0.38 0.15 0.0454
5 24 0.4910 -0.0112 * -0.45 0.21 0.0423
6 24 0.4620 -0.0085 ns -0.30 0.09 0.0435
7 24 0.5140 -0.0174 ** -0.57 0.32 0.0401
8 24 0.4683 -0.0123 * -0.45 0.21 0.0331
9 24 0.4607 -0.0145 * -0.43 0.19 0.0329
10 24 0.4182 0.0071 ns -0.30 0.09 0.0279
11 24 0.4341 -0.0086 ns -0.34 0.11 0.0391
12 24 0.4378 -0.0085 ns 0.31 0.10 0.0460
13 24 0.4387 -0.0099 * -0.40 0.16 0.0385
14 24 0.4560 -0.0135 * -0.50 0.25 0.0401
15 24 0.4249 -0.0085 ns -0.30 0.09 0.0438
16 24 0.4561 -0.0142 * 0.42 0.18 0.0513
17 24 0.4673 -0.0179 * -0.51 0.26 0.0491
18 24 0.4860 -0.0232 > -0.59 0.35 0.0484
19 24 0.4712 -0.0175 bl -0.58 0.33 0.0492
20 24 0.4996 -0.0252 bl -0.64 0.41 0.0497
21 24 0.5128 -0.0227 el -0.74 0.55 0.0392
22 24 0.4980 -0.0238 b -0.68 0.47 0.0481
23 24 0.4899 -0.0250 el -0.69 0.47 0.0452
24 24 0.4841 -0.016%08 * -0.48 0.23 0.0536
25 23 0.4689 -0.0100 ns -0.37 0.14 0.0505
26 23 0.5054 -0.0235 b -0.69 0.47 0.0435
27 23 0.4959 -0.0208 > -0.57 0.33 0.0524
28 22 0.5070 -0.0248 > -0.59 0.35 0.0625
29 22 0.4754 -0.0163 > -0.59 0.35 0.0490
30 22 0.4695 -0.0130 * -0.45 0.20 0.0505
31 18 0.4654 -0.0104 ns -0.31 0.10 0.0695
32 16 0.4714 -0.0078 ns -0.19 0.04 0.0694
33 11 0.4722 -0.0053 ns -0.14 0.02 0.0515
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
? : coefficient of determination

SE¢ : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
= relationship significant at P < 0.01
** - relationship significant at P < 0.001

210




Table 4.34 Linear regression equations and correlation coefficients for whole-ring relative density
calculated yearly as a function of ring width (mm) for western redcedar.

ring number n a b r r SEe
from pith
3 17 0.5483 -0.0302 * -0.53 0.28 0.0421
4 23 0.4045 -0.0093 ns -0.35 0.12 0.0324
5 30 0.3329 -0.0025 ns -0.12 0.01 0.0304
6 30 0.3334 -0.0030 ns -0.18 0.03 0.0274
7 30 0.3280 -0.0021 ns -0.15 0.02 0.0252
8 30 0.3347 -0.0050 * -0.44 0.19 0.0225
9 30 0.3338 -0.0054 ns -0.35 0.12 0.0298
10 30 0.3598 -0.0088 * -0.54 0.29 0.0301
11 30 0.3310 -0.0048 * -0.46 0.21 0.0198
12 30 0.3138 -0.0034 ns -0.33 0.1 0.0215
13 30 0.3585 -0.0094 bl -0.68 0.46 0.0276
14 30 0.3553 -0.0101 i -0.64 0.41 0.0321
15 30 0.3425 -0.0092 b -0.60 0.37 0.0311
16 30 0.3242 -0.0052 * -0.40 0.16 0.0300
17 30 0.3521 -0.0105 el -0.69 0.48 0.0296
18 30 0.3383 -0.0093 el -0.73 0.53 0.0254
19 30 0.3379 -0.0094 bl 0.72 0.52 0.0290
20 29 0.3473 -0.0096 faa -0.76 0.58 0.0313
21 29 0.3608 -0.0125 bl -0.76 0.58 0.0352
22 29 0.3616 -0.0156 bl -0.79 0.62 0.0326
23 28 0.3407 -0.0104 ek -0.61 0.38 0.0320
24 28 0.3568 -0.0149 bl -0.65 0.42 0.0372
25 28 0.3735 -0.0211 bl -0.76 0.58 0.0324
26 28 0.3754 -0.0263 bl -0.75 0.56 0.0322
27 28 0.3921 -0.0307 bl -0.82 0.68 0.0347
28 23 0.3740 -0.0247 ** -0.64 0.41 0.0454
29 24 0.3632 -0.0193 b -0.69 0.47 0.0386
30 22 0.3546 -0.0154 ok 0.71 0.51 0.0291
31 21 0.3487 -0.0119 * -0.52 0.27 0.0386
32 21 0.3573 -0.0153 > -0.56 0.31 0.0403
33 18 0.3454 -0.0125 ns -0.30 0.09 0.0476
n : number of cbservations
a : intercept estimate
b : slope estimate
r : correlation coefficient
rr  : coefficient of determination

SEe : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05
* : relationship significant at P < 0.01
=+ relationship significant at P < 0.001
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Table 4.35 Mean earlywood and latewood tracheid length (mm) and standard deviation values
obtained for Douglas-fir at breast height, by initial spacing, and on every third growth
increment from the pith, via image analysis.

spacing  tracheid ring number from pith

3 6 9 12 15 18 21 24 27 30 33

091m earlywood mean 181 214 257 292 319 344 329 358 371 386 3.83
std 018 023 025 033 027 032 032 027 029 031 037

latewood mean 1.89 253 304 325 335 350 357 362 371 395 405
std 019 027 025 029 029 034 035 019 033 033 036

% 42 153 155 103 46 18 79 11 0.0 23 54
n 240 240 240 240 200 200 160 120 160 120 120

366m earlywood mean 193 223 256 281 303 333 348 369 380 391 397
std 013 019 022 036 032 036 037 033 034 026 023

lJatewood mean 168 219 269 292 313 335 343 364 374 390 4.01
std 018 028 028 02 031 028 030 027 030 028 027

% -145 -19 4.9 37 32 03 -1.2 -1.5 -16 -0.3 0.9
n 240 240 240 240 240 240 240 240 240 240 240
ek ns *RhA *hk kR ns ns ns * ns ns

457m earlywood mean 2.04 232 260 294 313 340 347 376 361 4.01 396
std 023 032 027 036 040 031 036 032 036 034 037

latewood mean 1.88 220 253 292 305 346 352 378 397 411 422
std 022 024 0.21 027 040 042 035 035 027 030 033

% -8.3 -53 -24 -0.9 -2.8 1.9 1.5 0.5 9.1 23 6.3
n 240 240 240 240 240 240 240 240 200 200 200
Rk ik Lid ns * ns ns ns Rk ke fokw

std : standard deviation
n : number of tracheids sampled (same value for both earlywood and latewood at respective growth increment)
% : percentage tracheid length difference from earlywood to latewood
ns : non-significant difference in tracheid length
* : significant difference in tracheid length at P < 0.05
** . significant difference in tracheid length at P < 0.01
=+ : significant difference in tracheid length at P < 0.001
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Table 4.36 Mean earlywood and latewood tracheid length (mm) and standard deviation values
obtained for western hemlock at breast height, by initial spacing, and on every third growth
increment from the pith, via image analysis.

spacing tracheid ring number from pith

3 6 9 12 15 18 21 24 27 30 33

091m earlywood mean 170 197 235 264 288 291 306 3.09 288 301 313
std 015 019 023 023 029 027 043 034 018 021 042

latewood mean 175 204 250 271 292 299 315 315 320 308 3.16
std 015 018 023 030 036 030 030 035 018 023 029

% 26 35 59 24 14 28 29 1.8 10.2 25 0.9
n 240 240 240 240 240 160 120 120 40 40 120

274m earlywood mean 161 195 239 264 285 302 303 30t 319 315 2.83
std 013 029 022 025 021 019 037 055 033 034 0.64

latewood mean 175 217 242 266 285 310 325 3.07 323 324 343
std 0.18 023 019 026 022 022 031 043 028 033 025

% 79 10.3 13 0.7 -0.1 28 6.8 1.7 11 27 17.3
n 240 240 240 240 200 120 160 120 80 80 80
whk Ll g ns ns ns ok *hk ns ns ns ek

366m earlywood mean 154 178 210 249 262 282 3.07 316 317 298 3.19
std 016 015 020 021 025 023 028 025 025 045 036

latewood mean 165 204 237 259 266 289 307 317 322 310 328
std 0.14 020 024 025 027 02 029 028 036 035 032

% 71 1341 11.2 4.0 1.2 25 -01 0.3 18 40 27
n 240 240 240 240 240 200 200 200 200 200 200

std : standard deviation
n : number of tracheids sampled (same value for both earlywood and latewood at respective growth increment)
% : percentage tracheid length difference from earlywood to latewood
ns : non-significant relationship
* : relationship significant at P < 0.05
* - relationship significant at P < 0.01
*=* . relationship significant at P < 0.001
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Table 4.37 Mean earlywood and latewood tracheid length (mm) and standard deviation values
obtained for western redcedar at breast height, by initial spacing, and on every third growth
increment from the pith, via image analysis.

spacing tracheid . ring number from pith

3 6 9 12 15 18 21 24 27 30 33

274m earlywood mean 146 190 216 231 243 255 267 272 286 294 295
std 019 017 020 027 025 026 024 027 028 024 033

latewood mean 155 194 225 238 252 267 280 277 284 294 305
std 0.16 0.25 0.20 0.25 0.22 0.25 0.25 0.21 0.25 0.22 0.27

% 6.2 25 36 28 33 43 4.7 19 -06 0.2 3.2
n 240 240 240 240 240 240 200 120 120 80 80

366m earlywood mean 150 179 206 223 236 249 252 257 273 275 276
std 018 026 020 022 024 025 024 020 024 023 025

latewood mean 160 193 216 236 246 256 257 265 281 288 292
std 014 021 017 022 024 028 026 029 028 032 029

% 6.1 7.3 47 . 57 42 28 1.6 31 31 46 53
n 240 240 240 240 240 240 240 240 240 240 120

457m earlywood mean 154 176 201 220 234 239 239 256 273 273 260
std 028 018 017 024 022 020 024 031 027 027 019

latewood mean 160 186 211 221 234 241 248 262 282 287 277
std 021 021 024 021 022 021 020 037 028 028 021

% 32 53 49 0.4 0.3 0.6 36 21 33 48 6.2
n 240 240 240 240 240 240 240 200 160 200 80

std : standard deviation

n : number of tracheids sampled (same value for bath earlywood and latewood at respective growth increment)
% : percentage tracheid length difference from earlywood to latewood

ns : non-significant relationship

* : relatlonship significant at P < 0.05

** . relationship significant at P < 0.01

*+ . relationship significant at P < 0.001
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Table 4.38 Mean earlywood and latewood tracheid length (mm) and standard deviation values
obtained for Douglas-fir at breast height, by initial spacing, and on every third growth
increment from the pith, via the Kajaani FS-200 Optical Fibre Analyser.

spacing  tracheid ‘ring number from pith

3 6 9 12 15 18 21 24 27 30 33

091m earlywood mean 146 181 206 218 236 243 234 236 246 256 245
std 015 013 016 021 012 026 028 009 025 025 042

latewood mean 151 211 235 238 245 251 248 238 240 248 259
std 012 o012 012 012 011 016 016 0.11 017 015 027

366m earlywood mean 153 191 213 214 222 232 236 238 246 245 245
std 014 022 016 018 021 014 017 015 018 010 0715

latewood mean 140 191 211 225 217 226 234 239 236 252 243
std 007 013 013 019 011 007 010 004 022 008 010

457m earlywood mean 148 176 199 213 203 230 223 235 222 243 232
std 009 027 017 023 033 024 026 025 018 010 031

latewood mean 150 182 205 220 223 232 228 235 235 237 233
std 0.22 0.12 0.11 0.16 0.28 0.17 0.15 0.23 0.21 0.06 0.27

n 6 6 6 6 6 6 6 6 5 5 5

std : standard deviation
n : number of trees sampled (same value for both earlywood and latewood at respective growth increment)




Table 4.39 Mean earlywood and latewood tracheid length (mm) and standard deviation values
obtained for western hemlock at breast height, by initial spacing, and on every third growth
increment from the pith, via the Kajaani FS-200 Optical Fibre Analyser.

spacing tracheid ring number from pith

3 6 9 12 15 18 21 24 27 30 33

091m earlywood mean 144 155 196 213 230 226 238 232 225 222 217

std 007 017 010 019 026 021 038 009 0.45
latewood mean 159 176 197 211 222 230 237 236 243 217 241
std 013 013 018 026 035 030 034 029 0.35

n 4 6 6 6 6 4 3 3 1 1 2

2.74m earlywood mean 131 147 1.76 189 197 212 226 199 240 224 182
std 007 020 014 031 022 021 042 055 025 028 035

latewood mean 141 173 193 199 202 210 228 226 239 228 230
std 009 012 009 013 018 016 030 040 033 011 013

366m earlywood mean 126 140 167 181 175 195 202 209 206 180 205
std 018 008 013 021 029 020 019 0712 034 033 027

latewood mean 132 162 191 192 176 192 197 214 204 200 203
std 024 017 018 016 030 006 017 016 027 027 026

n 3 6 6 6 6 5 5 5 5 5 5

std : standard deviation
n : number of trees sampled (same value for both earlywood and latewood at respective growth increment)
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obtained for western redcedar at breast height, by initial spacing, and on every third growth
increment from the pith, via the Kajaani FS-200 Optical Fibre Analyser.

Table 4.40 Mean earlywood and latewood tracheid length (mm) and standard deviation values
spacing tracheid ring number from pith

3 6 9 12 15 18 21 24 27 30 33

2.74m earlywood mean 129 149 163 173 180 205 215 197 210 220 205

std 013 017 021 020 010 019 025 031 023 030
latewood mean 139 164 189 196 204 215 218 230 235 224 237
std 0.11 013 021 023 014 017 019 024 018 022

n 1 6 6 6 6 6 5 3 3 2 2

366m earlywood mean 089 143 155 172 174 185 179 180 197 204 197
std 023 011 0.04 017 018 029 027 022 027 027 018

latewood mean 133 163 178 191 186 197 199 208 220 218 218
std 009 011 012 022 031 026 024 019 027 023 012

457m earlywood mean 064 131 156 158 170 175 170 183 198 196 19

std 020 014 017 0.14 015 019 023 006 011 0.02
latewood mean 1.04 156 177 176 194 189 187 202 217 218 214
std 012 017 018 0.11 017 019 029 026 020 004

n 1 6 6 6 6 6 6 5 4 5 2

std : standard deviation
n : number of trees sampled {(same value for both earlywood and latewood at respective growth increment)
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Table 4.41a Mean values and variability for whole-ring tracheid iength (mm) by initial spacing and
species (image analysis).

species initial spacing
0.91m 1.83m 274 m 366m 457m
Douglas-fir mean 324 3.16 322
(rings 3-33) cv (%) 20.0 22.0 225
min  max 1.73 4.24 165 4.06 1.69 4.36
western hemlock mean 2.74 2.84 2.66
(rings 3-33) cv (%) 19.1 20.3 21.9
min  max 1.66 3.69 162 3.80 142 3.55
western redcedar mean 2.50 2.37 2.33
(rings 3-33) cv (%) 20.0 18.1 17.9
min  max 1.27 3.21 1.37 3.08 1.19 317
cv : coefficient of variation

min  max : minimum and maximum values observed

Table 4.41b Repeated measures analysis of variance for whole-ring tracheid length (mm) by initial
spacing and species (image analysis).

species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir spacing 2 0.1 0.50 0.6151
(rings 3-33) error a 15 0.23
ring 10 863 57941 0.0001 0.0001 0.0001
spacing * ring 20 0.06 3.89 0.0001 0.0003 0.0001
errorb 150 0.01 epsGG=0.4890 epsHF=0.8509
western hemlock spacing 2 0.55 234 0.1307
(rings 3-33) error a 15 0.24
ring 10 530 207.44 0.0001 0.0001 0.0001
spacing * ring 20 0.04 1.49 0.0930 0.1839 0.1427
error b 150 0.03 epsGG=0.3848 epsHF=0.6031
western redcedar spacing 2 0.55 3.91 0.0431
(rings 3-33) error a 15 0.14
ring 10 343 19558 0.0001 0.0001 0.0001
spacing * ring 20 0.03 147 0.1004 0.2067 0.1749
error b 150 0.02 epsGG=0.3161 epsHF=0.4638
df . degrees of freedom
MSE . mean square error
F - F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F : probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.42 Linear regression equations and correlation coefficients for whole-ring tracheid length
(mm, image analysis) calculated on every third growth ring from the pith as a function
of ring width (mm) for Douglas-fir, western hemlock and western redcedar.

species ring number n a b r r? SEe
from pith
Douglas-fir 3 13 1.93 -0.0051 ns -0.06 0.00 0.15
6 17 2.36 -0.0142 ns -0.17 0.03 0.15
9 17 2.98 -0.0463 b -0.68 0.46 0.15
12 17 3.28 -0.0479 * -0.56 0.32 0.19
15 17 3.47 -0.0594 ns -0.47 0.22 0.24
18 18 3.54 -0.0283 ns -0.27 0.07 0.21
21 18 3.64 -0.0420 ns -0.32 0.11 0.21
24 18 3.7 -0.0050 ns -0.04 0.00 0.18
27 18 3.69 0.0353 ns 0.22 0.05 0.17
30 18 3.82 0.0507 ns 0.29 0.09 0.18
33 18 3.88 0.0414 ns 0.28 0.08 0.18
western 3 11 1.86 -0.0368 ns -0.52 0.27 0.09
hemlock 6 18 2.28 -0.0591 * -0.54 0.29 0.15
9 18 2.56 -0.0605 * -0.48 0.23 0.13
12 18 2.80 -0.0475 * -0.49 0.24 0.14
15 18 2.98 -0.0576 ns -0.45 0.20 0.18
18 18 3.09 -0.0450 ns -0.36 0.13 0.19
21 18 3.19 -0.0372 ns -0.31 0.10 0.23
24 18 3.25 -0.0474 ns -0.34 0.12 0.26
27 18 3.30 -0.0249 ns -0.21 0.05 0.22
30 18 3.49 -0.1234 b -0.72 0.51 0.25
33 13 3.38 -0.0817 ns -0.37 0.14 0.28
western 3 6 1.69 -0.0511 ns -0.35 0.12 0.15
redcedar 6 18 2.00 -0.0207 ns -0.18 0.03 0.16
9 18 2.23 -0.0194 ns -0.22 0.05 0.13
12 18 247 -0.0332 ns -0.36 0.13 0.16
15 18 2.68 -0.0476 ns -0.46 0.21 0.15
18 18 2.75 -0.0421 ns -0.44 0.19 0.17
21 18 2.67 -0.0196 ns -0.26 0.07 0.20
24 18 2.93 -0.0700 ** -0.60 0.36 0.19
27 18 2.95 -0.0561 ns -0.44 0.19 0.19
30 18 2.96 -0.0376 ns -0.39 0.15 0.18
33 18 3.00 -0.0391 ns -0.34 0.12 0.21
n : number of observations
a : intercept estimate
‘b : slope estimate
r : correlation coefficient
2 coefficient of determination
SE¢ : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05

: relationship significant at P < 0.01
. relationship significant at P < 0.001
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Table 4.43 Mean earlywood microfibril angle and standard deviation values observed by species and
initial spacing, at breast height, and on every third growth increment from the pith.

Douglas-fir

spacing - ring number from pith

3 6 9 12 15 18 21 24 27 30 33

091m mean 266 233 200 182 178 173 166 171 166 169 162

std 38 4.1 37 42 45 4.0 39 45 39 37 39
3.66 m mean 245 215 220 207 220 210 211 204 200 200 198

std 42 36 39 37 4.1 38 39 35 35 39 37
4.57m mean 243 231 230 237 237 219 225 205 200 187 1738

std 4.4 4.1 46 45 50 4.3 45 44 4.1 39 42

western hemlock

spacing ring number from pith

3 6 9 12 15 18 21 24 27 30 33

091 m mean 300 292 234 214 205 209 193 202 190 182 169

std 4.5 34 4.2 37 38 6.1 4.3 4.2 50 4.5 3.1
274 m mean 299 283 260 233 229 211 201 188 203 190 17.7
std 4.5 4.1 44 57 55 4.2 53 57 5.1 4.6 28

3.66-m ‘mean 296 280 249 225 237 206 197 198 190 178 189
std 44 50 4.6 4.3 4.8 4.2 4.6 4.8 5.1 5.1 57

western redcedar

spacing ring number from pith

3 6 9 12 15 18 21 24 27 30 33

274m mean 365 339 342 309 293 260 260 260 261 h 257 262
std 5.1 5.1 55 6.3 54 5.8 6.5 6.0 7.0 6.8 7.9

.3.66m mean 380 386 366 362 353 346 324 347 334 310 344
std 59 47 5.6 62 50 7.2 7.1 7.5 7.9 6.4 7.0

4.57m mean 377 385 370 340 333 33.2 34.0 317 321 304 303
std- 47 6.1 4.6 53 52 4.7 6.0 58 50 6.2 4.3

std : standard deviation
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Table 4.44a Mean values and variability for microfibril angle by initial spacing and species.

species initial spacing
091m 183 m 274m 366m 457 m
Douglas-fir mean 18.7 21.2 218
(rings 3-33) cv (%) 20.3 97 13.9
min  max 12.3 298 179 264 139 299
western hemlock mean 222 225 222
(rings 3-33) cv (%) 22.3 230 233
min  max 14.0 33.2 12.2 328 13.6 329
western redcedar mean 29.1 349 340
(rings 3-33) cv (%) 204 15.1 14.3
min  max 201 425 220 43.1 234 443
cv : coefficient of variation
min  max : minimum and maximum values observed

Table 4.44b Repeated measures analysis of variance for microfibril angle by initial spacing and species.

species source df MSE F P>F adjusted P>F
GG H-F
Douglas-fir spacing 2 171.44 10.75 0.0013
(rings 3-33) error 1 15 15.95
ring 10 80.05 2436 0.0001 0.0001 0.0001
spacing * ring 20 13.71 417 0.0001 0.0002 0.0001
emor 2 150 329 epsGG=0.4654 epsHF=0.7904
western hemlock spacing 2 9.79 0.11 0.9000
(rings 3-33) error 1 15 92.26
ring 10 28982 59.84 0.0001 0.0001 0.0001
spacing * ring 20 4.06 0.84 0.6647 0.5993 0.6601
error 2 150 484 epsGG=0.5286 epsHF=0.9590
western redcedar spacing 2 63534 387 0.0441
(rings 3-33) error 1 15 164.09
ring 10 172.31  20.80 0.0001 0.0001 0.0001
spacing * ring 20 10.68 1.29 0.1964 0.2634 0.2289
error 2 150 8.28 epsGG=0.4174 epsHF=0.6755
df . degrees of freedom
MSE : mean square error
F - F statistic for testing the hypothesis that all parameters are zero except for the intercept

P>F . probability of getting a greater F statistic than that observed if the hypothesis is true
epsGG  : Greenhouse and Geisser epsilon correction factor
epsHF  : Huynh and Feldt epsilon correction factor
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Table 4.45 Linear regression equations and correlation coefficients for microfibril angle calculated
on every third growth ring from the pith as a function of ring width (mm) for Douglas-fir,
western hemlock and western redcedar.

species ring number n a b r r? SEg
from pith
Douglas-fir 3 13 24.06 0.1659 ns 0.10 0.01 2.65
6 17 21.03 0.2607 ns 0.28 0.08 1.65
9 17 18.66 0.4751 * 0.52 0.27 224
12 17 16.39 0.7319 * 0.58 0.34 273
15 17 14.92 1.2006 bl 0.73 0.63 2.48
18 18 17.33 0.7124 * 0.57 0.32 2.19
21 18 16.60 1.0320 ** 0.55 0.30 2.82
24 18 17.22 0.8114 ns 043 0.19 2.33
27 18 17.15 0.7525 ns 0.33 0.1 2.27
30 18 16.36 1.0345 ns 0.42 0.18 2.37
33 18 156.57 0.9093 ns 0.40 0.16 2.66
western 3 1 30.17 0.0227 ns 0.01 0.00 2.31
hemlock ‘6 18 28.95 -0.0809 ns -0.05 0.00 2.93
9 18 25.95 -0.3070 ns -0.12 0.01 3.12
12 18 19.48 0.7653 ns 0.37 0.14 3.12
15 18 21.41 0.3133 ns 0.13 0.02 3.78
18 18 22.32 -0.4885 ns -0.21 0.04 3.68
21 18 17.83 0.6192 ns 0.36 0.13 3.23
24 18 18.88  0.2653 ns 0.13 0.02 3.95
27 18 18.85 0.2561 ns 0.12 0.02 3.96
30 18 17.85 0.2014 ns 0.08 0.01 3.88
33 13 19.74 -0.4392 ns -0.13 0.02 4.06
western 3 6 27.76 1.5840 ns 0.47 0.22 3.40
redcedar 6 18 26.14 1.4983 * 0.49 0.24 3.92
9 18 27.05 1.2881 * 0.48 0.23 3.54
12 18 29.34 0.6846 ns 0.26 0.07 468
15 18 25.81 1.1069 ns 0.41 0.17 4.03
18 18 20.37 1.7967 ** 0.62 0.38 4.57
21 18 26.24 0.7813 ns 0.34 0.1 6.11
24 18 23.86 1.9692 ** 0.61 0.37 5.21
27 18 25.61 1.8693 ns 0.46 0.21 .5.85
30 18 27.61 0.5266 ns 0.18 0.03 5.74
33 18 27.70 0.7770 ns 0.26 0.07 5.41
n : number of observations
a : intercept estimate
b : slope estimate
r : correlation coefficient
r : coefficient of determination
SEg : standard error of estimate
ns : non-significant relationship
* : relationship significant at P < 0.05

. relationship significant at P < 0.01
. relationship significant at P < 0.001
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APPENDIX II

SUPPLEMENTARY RESULTS FOR CHAPTER 5.

223




pouILLIBlep 8q JOU PINOD POOM BINJBL PUB sjiuaAn| usamiaq juiod uomisuesy @
1> 8Nn[eA 4 81aym sase0 siousp sieassiul bay Buissiw : SION
[EAISIUI BOUBPIUOD % 66 - 1D
sjewlsa Jo Jous prepuels @ 338
i0ie alenbs ueaw : IS
wopsayy jo seaibap @ Jp

s0¢ 85’} b4 sge 00 9 0ck Z ¥ 4% 66 90 250 ¥'C o'kl A N4 Ll o8l
vZ'i siec Q1 Gg6L 00 8y g8 g 96 99 L0 gL'l A4 ] L e 6L o9l
A" 12121 T L9l L9 (A4 [ 6 Svi '8 vl 1% L2 it 1 °2) A4 ovi
181 606 ¢l Lee 0l 8y 9L L S0l L9 60 182 LT 98 14 N4 €C 0cl
6b'l 88y vl 68 00 6'L 9Ll 43 11 L 0L 8z'c y'e £6 L Sy 4 00l
gh'L 109 02 Ve Lt 9’9 g6l gl €6l 61L 81 <04 4 oGl [«4 0's 8c 08
Sy’ 8zt ¢ €oe 02l tv¥ L'e 6l 18l 2¢L 0L 9z¢ s e] 174 L'S 8¢ 09
191 6e¢C T 0. 086 15994 08l 0z L1ge Vsl L VL g'q o8l 14 LG 0% ot
<Ll 124 T4 L2 80L ge 89l 6l oL 0Ll €1 007¢ LS el | A 99 1 el
oe'} 86’k 62 6Ly 002 €6 60e e b0 Sv¥Z Gl €5l [AVA G'LZ (5 Vi o9t £0 961
pANS €0'L 6 09L 09 (4 oLl L el €8 Al 0.0 34 0l 43 29 8l 0L
99l Sl 6 0gZ 00 S9 401 L ¢Sl 59 0¢ 880 £34 601 el 89 6L 09l
oZ'L .0 6 £€0C L® 144 gyl L gel gL 91 290 14" 06l 1 €9 LZ ovl
95’1 0L bl g6L €6 144 gyl ZL g¢l 9L 01 890 4] o¢l 9l 69 €C 0cl
gel ceo 9l oeZ Lol 9l 96l 143 6L 29 80 ¥co §'G 8Ll L L9 °r4 00l
oI ¢6'0 0C L6l €8 1 oyl 8l g6l L6 'l €40 L'y ocl €C €L 62 09
oge 50 ¢l 8.l €0l L L'yl ¢l L€l L0 90 FARY] gy 611 ol WA 4% oy
6Ll 980 ¢ g6L 22 61 oot (44 LGl €L 80 L0 oy A% 14 gL gt el
8Z'tL SL0 vl yoz +v9o (A 14" A" Gl 66 gl 630 L'y 4" L S8 9t €0 1S
{wo) (wo) sBuu (w)
L-2SIN 01X Jaddn semo| Buu Jaddn  jemo| ~01X  Und woy Buw yibuel ywo.b punoib
/€-3SW ¢-ISN 4P 10 33g uomsuesn Jp 12 335 |-3SN eouelsip  uolisues  p 800 o} woubiey s
enjen-4 Jesul| - € [gpow Jeauy| pajuswibas - Z [ppow onespenb pajuawbas - | japow

‘s|apow Jeaur| ajduwis pue seauy pauswbas ‘oneipenb payuswbes jo uosuedwo) (Buioeds w 160)
Jiy-sejbnoq Joy (wo) ypd wouy ssuelsip pue sbull Ymolb Jo 1squinu se passaldxa auoz Uolisuel) POOM ainjew-sjiusAnr |G d|qe ]

224




P3UILLIIBP 8 10U PIRCD POOM BiNJeLu pue ajiuaAnf usamiad jujod uopisues) :

M

1> 8njeA 4 e1aym saseo ajouap siensdu; Jybisy Buissiu ;. SION
[eARUL BOUBPIUOD % 66 1 1D
alewWISe JO Joua prepuels @ 338 |
lo419 arenbs uesw : 3QIN |
wopaaly Jo ssaubep 1 4p
i €ge ¢ x * x M Z » x * 6l x M ol L'S Sl 802
9Lt 1N T 4 M * x M € * » * £6°0 x » Ll LS 9l 002
L0°1 6.1 Ol gz 90 gy oLl 8 vl 06 A 19 A4 oLl €l 29 6l 08l
4ouh V1ol S A 00z 09 1'e o€l oL 6vL 60l 60 18°0 A 621 14 04 (¥4 o9l
9Ll &'l €l g6l 604 0T 0'st L Lol g€ 80 801l £G 0L Ly L9 4 ol
rA A" eLL 9l 9ve ¥l ¢ 08l 148 £6L ¢S 0} V2L ¢9 eLl 02 €L 9c 0ch
fA 4! 2150 A A ovZ 6¢L S¢T €6l Sl L0z 0Ll 860 860 Ay 88l [£4 L8 x4 ool
851 €0z 9l €9 80L 9¢ o8l vl ggl s¥L 0L 82'L 0L g9l jora 6 6c 08
0zt (0153 N 74 oo 211 i€ o't iz L8z 96l S 60°L |2 9Te Gz 88 4% 09
FANS 621 L2 og9e 2vL €6 1’62 74 60¢ 6L 6T 0L 6L 0se 82 £6 pe ot
el A% 1 oge 68L OF §'LZ 14" 00 L2 61 660 S8 09e 82 2oL ge el %
€Ll 00’k 8¢ x * x ¥ 74 Lee €¥Z €T 880 L6 062 6e VL 8¢ €0 gee ™
621 960 6 M » x . 8 zglk 8L vl L0 g9 oGt o] L9 9l L02
6L} 980 6 L0 00 S99 gyt L 60z 16 e TLo (3 oSl bl €L L 00C
0 §80 Tl g6z <20 8'g oel oL PGl 90l Lt 80 99 o€l 14" 98 0z 09l
el 680 €l 6ve 1L L€ L8l 1% p0z 9st Ll 890 84 08t =] 6'6 9 ozl
ozl 5T Ll 887 8% 8y g8l gl 0z 82L 81 £L1e 8. 991 (674 104 12 oot
A 65’1 9l 1'e2 8vlk  vT 6'61 14" 96k L9 €0 0.0 £8 6L (¥4 oL 62 08
09t oL gl 89l veL 80 LG 14 veL LG 90 €0t 08 0Ll jora 601l 0t 09
a8 Lo €2 Le L6l 0¢ ¥'se 1z oez Q2 01 850 L6 (1] 74 |74 rAY Le oy (%A
(wo) (wo) sbut (w)
L-3SIN 201X Jeddn  Jemol Buu Jaddn  Jemo| L0LX  und woy Bup ybus; ywwoib punoJb
/23S ¢3S P 10 33g  uopisuesy yp 10 336 1-JSIN souelslp  uolysuel))  4p 8i05 e} woy by en
anjea-4 Jesuy| - ¢ [apowt Jeaul| paawbes - Z [apow oneJpenb pajuawbas - | @pow

“(panuRUOD) s|Bpow Jeaul) ajdwis pue Jeaujj pajuswbas ‘oespenb pajuswbes jo uosuedwod “(Bueds w 160)
Jij-sebnoq 1o (Wo) yud woJy aoue)sip pue sbuls ymoub Jo Jequinu se passaidxe suoz UONISUBI] POOM aINjeW-a[IUBANT LG 3|qe |



paUILLISIEP 24 10U PINGD POOM 8JnjeW pue ajiuaanf usamiaq julod uofisuel; :

1> anjeA o aseym sased ajouap sieasdiul 1ybiey Buissiw @ 810N

{BAJBJUI BOUSPYUOD % 66 © I'D

ajewWnse Jo Jold piepuels © 338

Jousd arenbs ueaw : SN

wopaaiy jo sealbep @ jp
or'L L0 T G6L 6€L €1 L9t 0L GGl G¢€l S0 €50 9y Syl 147 6t 0z L'yl
05’ 690 |1 Syl 86 ol (A 6 gyl ¥2l S0 8v0 6¢ 9'¢tl 14’ Sy Iz oyl
192 66L €l SG6L Vil 60 Gel L 9G6L 2T¢ 90 9.0 144 144" Ll 1S €2 0zl
90t (512 . 4 vyvz 61k 6T 1’81 4% g6l 8¢l S0 L£0 Ly gyl Ll €6 jor4 (10] %
rAd* 0.0 8 G6Z 66 A Ll 9 L2 Lyl €2 6v0 LS 141 Ll 09 x4 08
YL 16C 1T Zez LzL 8¢ 1'0c 6l gic 89 01 891 LS 08l 44 19 62 09 O
85°1L 80k 1T 90¢ ¥SL 9¢€ oec 6L g€z T0Z 60 890 69 0z 2 gL [ ov ﬂ

€Ll L 92 265 00 L9 8ve ¥C 12 60 G1L €01 9 ovz 2 69 % 0c

0L oL 22 Z¥s 8L 9t 08z 02 60c 6V &L 20 L9 6.2 82 0L Ge el 69¢
10k €0 P * * x x 4 ~ » . Y0 * x 14 6'6 (¥4 (0213
Tl 60 L x * . * L gez eyl 02 €10 68 98l 9l 001 74 09l
rAN 8 €€0 L 99z 00 ¥9 (o4 6 ovze €. S1 0€0 0oL 60z Ll 601 124 oyl
v 6¥0 Vi * x x . 14" ¥Zz 98, 60 820 66 soz St €Ll sC 0Zi
16°} 990 8l 66 9vlL LT €0C 9l 90z ¥l 80 #£0 001 061 (174 (4 1z (1)4] %

€0l 0.0 02 gce v6 96 i 8l g6l L¢l S1 890 6. L9l ¥ LTl 62 08 18€
(wo) (wo) sbuu (w)

L-3SN ~0LX Jaddn Jemol Buu Jaddn  emo| ~01x  und woy Buu Yyibus;  ymwoib punoib
/€IS €SN P 10 335 uonisuen Jp 10 33¢ |-3SW @oouelsip uonisues  Jp 8400 o} woyybiey een
anjea-4 Jeaul| - € [epow Jeaulj pajuswibes - Z |apow snespenb pajuawbas - | Bpow

“(panuuoo) sippow Jeaul| ajdwis pue Jeaul| pajuswbas ‘oneipenb pajuswbas Jo uosuedwo) “(Buloeds w 1L6°0)
Jy-sejbnoq 103 (wo) yyd wouy souesip pue sbull Ywmosb Jo Jaquinu se passaidxa SUOZ UOISUEBI) POOM SINEW-S|IUSANT LG SIqB L



pauIuLIelap 8 10U PINOD POOM BINJEW PUe BjiuaAN| usamiaq jiod uoyisuesy @,
1S enfeA 4 aieym saseo ajousp sieassiul bley Buissiw : S1ION
[BAIBJUI BDUBPHUOD % G 1D
slewnse Jo Joua prepuels : 338
Josse ajenbs ueaw : JSIN
wopasyy jo ssaubep :  4p

el G0 Ol * » * x (o]% » * * €10 * x 4 96 8l S'6l
88l 0.0 ¢ L6l 98 el L'yl 4 z8L vZL €1 €0 98 €6l el 0] 0z 08l
0L 20 8 g Ly 14 o€l 9 8L 2ZSL L0 €20 (4] 891 Zl ¥oL 44 o9l
002 860 ¢l L 90L 91 oyl L lSL 2% 80 80 68 6€l gl €Tl jord ovi
1ZA" 690 ¢! 68 I 9 0'SlL 0] g/l 8¢k 60 S50 €01 86l 8l relL 14 ozl
rAN" oL €l gl Vv gL oie 11 26 66, €1 €60 €ZL K44 (44 o4 41 oe 08
ozt 904 L2 ove OvL 67 ovZ S¢ €8z 961 1T 880 o€l 6'€C 8c A1 €€ 02
6L (A 74 GeZ 6G0L L€ (A} 144 €61 TSk 01l 150 601 rAVA 8c A1 e el
So'L Si'L S2 66 1L0C 8¢ 08z €¢ oo 02 01 0.0 L€l ove Lz €8l oy €0 €9
~
20t 650 ¢ * N * * 4 x * * 850 x x ol 69 Sl 661 H
oLt 890 9 86L 2¢C (4> ol 14 M » M 290 * » €l 96 61 (0¢]}
Z'l Sy0 Ol ZeT 89 o¢ oSl 8 L 02 €1 9e0 L'l 4" 14" yoL 44 ol
6€’L 180 ¥ o9l ¥4 07¢ L 4% vvi 96 oy o vi 0ClL 9l 90l €T ozl
el 980 ¢l 09K 9§ ¥ 80!l b pGL 8oL Lt 90 Ll L'el ll il 14 0oL
LLL 69'L T €T L6 0¢ o9l (074 L6l €21 81 St 96 ol i AN 8C 08
62’1 890 ¥l yoe 61 TV (A ¥4 Zl gy 88l Vvl €50 601 8'Lg 1z €Cl 8z 09
P01 151 12 ¢gey 00 1el (o:18 61 62z 9vL 0T S¥l S g8l ¥Z 144" oe (V4
ra? oL'L 02 L6 €L ¥V oz 8l vec 92 9l 880 6¢l 092 14 S'GlL ze 07¢
€0’} 8L 92 yeyr ¥9L 08 6'2¢ 144 zee 8ve V¢ Sl 6yl 062 6¢ PLL oe €0 oe
(wo) (wo) sbuu (w)
1-3SN ~0LX Jaddn  Jamo| Buu Jaddn  Jemo) ~01x  und woy Buu ylibus; ymoib punoib
/€3S €3S P 1°0 33g uopisues; 4p 10 33¢ 1-3SIN eouejsip  uofisues  Jp 8J02 ey woyybiey 23
anjea-4 leauy - € |epowl Jeauy pajuawbas - Z iopow onelpenb pajuawebes - | [ppow

‘sjopow Jeaul| a|dwis pue sesuj| pajuswbas ‘oneipenb pajuatubss jo uosuedwo) ‘(Bureds w 99°'¢)
Jy-sejbnoq Joj (wo) ypd wiosy souelsip pue sbuu ymoib jo jaquinu se poessaldxa auoz uoljisuel} poom aINjew-a|IusAN g'G djqel




PaUILLIBISP & JOU PINCO POOM BJnjew pue ajiueanf usamieq julod uolsues} @
LS onjeA 4 a1sym sased ajousp sieassiul Jybiey Buissiw @ S1ON
[eAIBIUl BOUBPYUOD % 66 © 1D
ojewsa Jo Jous piepuels : 338
Jouss asenbs uesws : 3ISW
wopaaJ) Jo sealbep :  Jp

] Wwo ¢l . » . x €l * * x Se0 x » Sl (4 €T ovi
L) 20 LI g¢ee S 2§ §2Zz Sl 102 €91 60 €20 ol 28l gl el 14 oci
951 (% 2 VIS 4 68l 1L LT o€l Zl Vvl 6L G0 820 18 o€l <1 PEL oz 00l
yANN 280 i e 8v 1’9 o8t Zl 90z 66 LI vL0 1ot 28l ol geL 8C 08
0L 6.0 LI iee 19 1S oLl 6 00z st T 9.0 )] oLl Sl Lel (> 09
2s’L 160 92 §Z¢ LYl €V 9'€T ¥C 1'2C 641 04 090 [Afe]3 002 14 LEL e oY
LL'L L L2 g'le €€l Sv 92 G¢ yoc 9L 2TT W €2 0ce o4 29l o1 (04
65°L 174 N 74 9le €61 6¢ | A%4 44 9¢t 641 Vv 8.0 eCh 802 62 89l e el
¥6'L e 8l vee 96 L2 0ee 9l 12 002 €4 690 SZ X 44 6c WA gt €0 99
90'L 2.0 Ol €9 <l ¥'S gcl 8 oL ¥8 8l 890 L9 | &4" ol 68 L €6l 00
el 8e0 ¢l g8l 06 A4 6€l L 691 VI €1 20 (W2 ol (A8 1'6 8l o8t n
8e’l 6L'L LI ovL 89 9l 0l 6 61z 64 €2 980 06 691 147 1oL 0z 09l
gLl L 8l 61 G ST L9l 9l 991 Lt €1 860 S'L g€l ol L0l T ovlL
8e'C 7 VA ] 4 A ¢ o9l 1% 1gl 6¢€L 01 €L0 08 09l 8l oLl °14 (4%
08l 6¥Z 2 g€ye 027l 67 1’8l 6l 06L 9vL L1 8e’L 68 g9l 6l rAn 9C 0oL
€81l vz €2 6¢€C ¥l 8T 1’8l ¥4 g0 TSl €L Ak 06 6.1 12 VL 14 08
65°L 91z ¥ oie 2T ¥T Lol 44 vyoL €2k 0l o9g'L v'8 144" 44 61l 62 09
el vy L2 €2 268 67T ol AR <14 gz S¢Sl 9§ oe’t 86 98l <74 A4’ Ie (184
¥ 6l 1€ 96t v T¢ 06l 62 ozz 0¥t 02 &St 88 08l 62 Lc o1 el
85’1 8L’k &2 66 <29 C¢ 82 ¢€¢ o 0L 0l SL0 L0 06l (01 €6l 9 €0 V9
(wo) (wo) sbuu (w)
1-3SW £01X Jaddn  Jamo| Buy Jaddn Jamo| ~0LX  und woy Buu yibus] ymwwoib punoi6
/€3S €3S P ke 33g  uopisuen 4p 10 33g |-3SW eduelsip uomsuen Jp 2102 oy wouy by 88y
anjea-4 Jeaul| - ¢ {epows Jeau| pajuswbas - g |spow onespenb pajuswbas - | epow

“(panunuod) sjepow Jeaul| ajdwis pue Jesul| pajuswibos ‘onespenb pajuswbes jo uosuedwo) ‘(Buoeds w 99°c)
Jy-sejbnoq Joy (wo) yyd woly souelsip pue sbul ymoub jo Jaquinu se passaidxa auoz uoljisues} POOM aINJEW-3|IUSANC Z°G dlqeL




paUILLBISP &4 JOU PNOO POOM SIMEL PUE SjiusAN usamiaq julod uonisues) @
LS anjeA 4 a1aym sased ajouap sensiul Jybley Buissiw @ 910N
[eAsd)UI 8OUBPHUOD % 66 & 1D
alewnsa Jo Jous prepuels © 338
Joue asenbs uesw @ IS
wopasyy jo seaibep @ 4p

€0'L €90 G * * * x S x x * 190 x » 14 2 (174 o8l

8z’ ¥zo L1 * * M * 1] Sic 98, L0 60 o4’ ooz ¥l rA 44 ovlL

el S¥0 L1 ey LWL 83 08l 6 g0z L9l 80 €0 ol 4] ol Sl 12 och

62'L 980 /I 19 09k $#C 0z St g0 01 80 190 (4 L8l 44 0l 0e 08

oe'L oL 9l ¥eZ 90L O0OF€ 0ll 14 vyeL 9vL Tl 9zl oL 0Ll 44 8'glL e 09

SP'L 060 ¢ 6l 602 LT rA AN V4 €8 L€ VI 290 8l 0eC 144 8l 9€ oY

r4 9L Ve oz 0L ¥T 09l 44 vee 99 L} i 9L 00 62 68l A 0c

gL ¢60 VT 12y 9l 6t gie 22 6ie V9T VL ¥.0 vl 062 0 LT 34 €0 69

Ge'l 280 ¢ 2 69 ¥T Vi Z g€z 2% LT €50 4] (o] 8 €l £6 (¥4 (0F:]8 o

oL §/0 S g6z v 14> 24" € €2C €6 8¢ G650 89 8'GlL 8 €6 [44 09l ﬂ

15t 190 9 L8l €1 [rd oel ¥ 9L ¢ 01} (140 9L ovl 4" 9'6 124 ovl

161 IS0 8 * * . X 8 €L Lyl 90 €0 i 09l 4} S'6 14 oclL.

el vL0 LI 182 9L L€ vie St 'l 891 0l 650 c8 06l 9l L6 74 ool

ol gyl Sl 86c 2% ¢ 0’61 €l 06L ¢S 60 601 L8 tAVA % 8l S0l 14 0e

62l gs’L 12 692 L6 1384 08l 6l oglL 9vi 80 YAl €L €9l 6l €0l oe 09

e Wil 02 e 02 €T 89l 8l oL vyl 80 OLL 9L 09l (174 901 e oy

o'l 8T W 0ze Ssv¥L TV €eC < vyee 9L Tl 7" g8 002 144 el €e 02

0s'1L oL 2T gve 86k  07¢ 0o 02 Zye 86l 0C €60 ¥6 00 L2 8ClL e el

oc'L Gs'L  ¥2 gie 8¢ SV AN A4 g€ee €L St g’ 141" €0 0¢ LS 6€ €0 19
(wo) (wo) sbui (w)

1-aSN ~0LX Jaddn  Jsamo| Bun Jaddn semo| ~01X yyd wouy Bul yibus| ywoib punoJb
/€3S €-aSN P o] 33 uomsues Jp 10 336 |-3SIN eouelsip uonisuesy  4p al0d [0y woybiey ean
anjea-4 Jeauy| - € [ppow Jeau)| pajuswbes - g jppow oijespenb pajuswdes - | [epow

“(panunuoo) s|epow Jeauj| ajdwis pue Jeaui| pajuswbas ‘Onespenb pajuawbaes jo uosuedwo) ‘(Buoeds w 99'¢c)
Jy-sebnoq Joy (wo) yud wouy aouessip pue sbul ymwmoib jo Jaquinu se possaidxa auoz uoRisues} POOM aINJBW-3|IUSAN Z°G dlqeL




paUILLBISP 9 JOU PINOD POOM anjew pue aliusan usamiaq juiod LONSUEY) :

LS anjeA 4 218um saseo ajousp seassiul by Buissiw © SION
[EAISJUI BOUBPHYUOD % G6 - 1D
olewse Jo Jous psepuels . 338
Jolje asenbs ueaw : JSW
wopaaly Jo seaubep ©  Jp
ev'l €€0 1L €8 8¢ 96 g6l 6 e ey L1 €20 Sl 08l 9l LEL 44 Szl
el 950 2l x * * * 4% x x * 0S0 » . 8l Sl €C ool
el 80 €l 92 vvlL 8¢ 50C 4 vez 84 VL 020 St 102 Ll GGl 74 ovi
»0'L 050 €1 YvZ Lvl 2T 96} L Zec 89l G 8v'0 144" 002 6l Ll Z 02l
ee’l oo ¥l ooz 9L 2¢ (¥ [4* .2 16t 60 020 tA 4" 60c 8l 08l 62 08
0L 0 Gl ovZ 80L |I|€ Ll €l 02 06 L0 S¥O rAVA" S0C €2 1’02 1 09
(A% 50 €2 FArA > T 4 4 oee Iz 09C L0Z €1 8p0 €Ll ¥'ee 92 6L A4S oy
ge'L vO'L €2 1Z¢ €0 8¢ A4 1z 96 veZ Gl €80 Ll g9z 62 €02 Ge 0c
80'L 950 €2 9¢c ¢€¥C 07¢ '8¢ (%4 64 ¢€ve 60 ¢SO0 6L 1’92 62 602 o€ el
8Lt 180 ¥¢C gec 81z 67T 8.LC 44 g6 6¢ I 690 96l L'92 0e L'ee JA> €0 ¥9
<
oLt S0 Gl x * x * Sl 88l ¢€vl Il (3 4] 901 S9lL ol 611 0c €Ll B
90'L 950 Pl €6 LT [4°] oyt 4} 6vL 68 ¥ €50 06 61 Sl 6¢Cl (¥4 ogl
T S60 8l 96 ¥9 SV o9t 9l 6L 9¢L 9L 9.0 ¥0L ogL Ly 0zl 44 oyl
002 i Gl oz L2 €T 0Ll €l i LvL L0 20 601 09l 6l 87Cl 574 ool
T 060 9l L9 €6 oy o8t 14’ zgoz 8¢Sk L 1.0 €Cl 08l 12 L'yl 8¢ 08
SL°L ocz ¥2 08z 0¢L 9¢ soc 2 €9 061 LT 00¢C €€l 902 2 LSl 0e 09
9Ll oLy ¢ oge 92k L9 €6c 02 Zsc LviZ 0L 960 144" 1€ 92 €9l ze (104
el 960 22 §6Z LIl €€ 98l (174 g 66 ¥I 980 rA%" 68k 92 9/l Ge 0¢
A" A R ¥ 4 Lie TIT 0 1414 61 €0 LG 'L €60 (WA (0274 8¢C L8l g€ el
so'L €90 &C por <C¢elb 08 8'6Z jord €ge L¢C L' 090 L8 06z 62 [ ¥4 YA €0 (44
(wo) (wo) sbuu (w)
L-3S 01X Jaddn  semol Buu Jaddn  Jemo L01x  und woly Buu yibug] ywwoib punoib
/€3S €-3SIN 4P 10 335 uonisues Jp 10 335 |-3SIN Souelsip  uonisues  jp 8I0o e} woy by  ean
anjea-4 Jeaul| - € |ppow Jeauy pajuawbas - Z [epow onespenb pajuswbas - | [ppow

‘sjopow seaul| a|dwis pue Jeaul| pajuswbas ‘oyespenb paswbas jo uosuedwo) ‘(Buoeds w /Gv)
Jy-sejbnoq Joy (wo) yyd woiy souessip pue sbuu ymoub jo sequinu se poessaidxa auoz UOI}SUBI} POOM SINJEW-BIIUDANP €°G d|qe



pauIULSap 8q 10U PINOd POOM aINjew pue ajiusan| usamiaq juiod uoisues} &
1> aneA 4 aseum sased ajousp siesiul Jybiey Buissiw : SON
[eAIBJUI BOUBPIUOD % 66 © 1D
ajewnsa Jo Joua piepuels : 38
joJs9 aJenbs uesw : IS
wopaay; jo ssaubep :  4p

601 oZ0 6 * * * » 6 x * * ¥20 « * 14" ozt 44 09l

oL’ SC0 ML €6 78 8¢ gol 6 G6L 0GL LI €20 ool [AVA" Ll eel 92 (14}

9e'T 8.0 vl sz viL 12T o9l A} 18l SvL 60 €£0 ool €9l (174 GeL x4 001

[ 0S50 8l 9¢€Z ¥l 1T z6L 9l 80z 7L 60 620 L 06l €C (24" 6C (03]

8Ll v.0 €T gl 8y 84 (1 ¥4 (4 €y L/l 91 €90 oel 0l ¥ AR 4 LSl (0% 09

€81 LWL 6l g6z VL 8T g€z Ll Ly 76l €L 190 144 02z kT €9l 4> o

v €0 €l ooce /S GG 6Ll L 80z 09 'L ¥90 L2 141 Ll WA €€ 0¢

€Ll gv'0 2 682 28 9C gez 02 vz 861 90 820 6€l A 4 A1 Ge €l —
SL't G690 61 g€z ZTo 8 00z Ll oez €L ¥iL 950 Lel oz ez 1’61 A €0 €L B
A} wo 9 . . * M 9 » . * €e0 » x (] 58 8l 09l

r4A €50 8l . » * x At x x x €p'0 » x 8l S'6 44 oy

181 €L0 Ol . . M » o]} voL 2L 60 80 ¥i 144" ] 8'6 74 (1)(1]3

€0l 0co 8 * » * x 8 * x x 610 * x o]} L0 8 (0F°]

sl 980 0! x * x » o » " " 950 * x 6 61 (14 09

raAl 69L €l . x . M €l ¢€9L 60 21 82l L6 9tl L 8L 1€ oy

€0’ 8¥'0 Ol 09 9% 8t gLl 8 g6l &gl [y JA QY oLl (VAN 14 144" Ve 0¢

85l il €2 gge L2l 0¢ o6l (%4 602 S ¥L 9.0 S'LL o8l oz oYl Ge el S9

(wo) (wo) sbuu (w) .
L-3SIN ~0bX Jaddn semol Buu Joddn  Jemoy L0x  und woy Buu yibua  ymwoib punoib
/€-3SN €SN JP 10 33g uopsues jp 10 338 }-3S  eduelsip  uolisuesn  Jp 8J00 [e0}  wouibley sen
anjen-4 Jeaul| - € [ppow Jesui| pajuswbas - Z 1apot oeipenb pajuswbes - | [ppow

“(panuRUOD) s[epow Jeau)) ajduis pue Jesul| pajuswbas ‘onespenb pajuswbas jo uosuedwo) (Buioeds w /G'Y)
Ji-sejbnoq Joy (wo) ynd woiy souesip pue sbul ywmolb Jo sjequinu se passaidxa auoZz UOIISUBS} POOM BINjJeW-B|IUSANP €°G 3lqel




PaUILLIBISP aq JOU PiNOO POOM BINJEW Pue sjiuaanf usamjed juiod uonisues &
1S aneA 4 aJaum sased ajouap sienssiul ybey Buissiw @ 810N
[EAJBJUI BOUBPIUOD % G6 © IO
ojeLwNse Jo Joua piepuels ¢ 338
Joua asenbs ueaw : IS
wopaay} jo seaubep . Jp

01 0 S . M . . 14 M » M €0 . . 4" LT |4 ovi
og'l 2o 6 x » » M 6 M M » olo . * 6 gel 44 0t
60°L o0 L 96, 86 Ll LT °] 18l 6¢€l (V1 .80 il 09l Zl gal 74 0e
181 gl'L 61 69l 61l [ vyl Li V'L 9¢€l 80 §9°0 o't 1415 (44 £'gl 6c 09
8i’l o 8 96l v'6 LC €0 9 2.l LeL 60 620 el L'GlL €l Lgl e (k4
Ll €80 9 g'lc L0l LT €9l 174 g9 L€l [ S9'0 67cl 102 14 89l €e 0¢
[49% 160 &2 8. 87l L'e gle | ¥4 L€ G8l [} 160 g/l 8'0C LZ 1Z¢ € €0 62
¢ 960 £ » M » . L L'SL 67l S0 820 19 oyl 6 'L gl €6l
8.1 090 ¥ * * . M € . . M ¥£0 . . Zi 0'6 6l 08l 3
19 €90 9l 6'sC 19 9y o9l i S0 G'b Lc 950 L8 09l gl 601 Zc o9l B
[4s % 160 €l M » * M el M M x 0s0 * M VAS gLl €C ovi
oe’L 880 vl p'ec v6 (A ol 4} g6l 8Pl [ S9'0 8’6 LLL 8l £7clL j°r4 0l
yci 190 61 [A° AN AN A 6l Ll 6Ll VY€l L 6¥°0 ¥6 9'GlL 61 87¢clL 9c 00l
gce LV L ose 87l 67¢ 681 Sl oLe L9 A 8.0 ¥oL g8l (¥4 6°¢Cl 8c 08
6L gee L2 L'ge 86 1 4] 6'¢C 14 €€T L9l 91 FA A L' 002 °r4 A 4" A 09
PASNR S.0 €2 g9z LIl S¢€ o6l ¥4 vizc 99l L g0 00l 0’6l 44 oyl €e oy
a0l [ A 74 L€ G8lL L€ 74 €C €vyc 68 €I o'l o'l N %4 82 oyl 1> 0?¢
(2] el 92 gege ¢l LG 0eC ¥Z 2eC Toe 7 4% Vi LT 82 6'vl ot el
[A0N% 260 2 l'oy 61L €8 06c [44 28c +veC T 160 6'El 8'sZ o174 c'LL g€ €0 8L
(wo) (wo) sbuu (w)
1-3SN 01X Joddn semoj Buu Jaddn Jemo) L01x  und woy Buu ybua; ywwoib punosf
/€3S €3S P 10 33g uonisues yp 10 338 |-3SIN  ©eouelsip  uonisuen  jp 8100 ey woywbiey o8
anjea-4 Jeaul| - € [ppow Jeauy pajuswbas - Z [spow seJpenb pajuawibes - | [ppow

‘(penunuoo) sjopow Jeau|| ajdwis pue Jesul| peyuswbes ‘onespenb pajuswbes jo uosuedwo) ‘(Buioeds w /G')
Ji-sejbnoq 404 (wo) yid woyy souelsip pue sbul ymoib Jo Jequinu se possaldxa auoz UoH)ISUBJ) POOM 2INJEW-BJIUSANL €°G d|qe L




paulLLIBIep 8q 10U PINCO POoM aINjew PUe ajiuaanf usamiaq juiod uonisues; :

1S anjeA 4 asaum sased ajousp sieasalul Jybisy Buissiw : 810N
[eAJBJUI 0UBPYUOD % G6 - 1D
ajewnsa Jo Joua prepuels : 338
10J1 aienbs uesw : IS
wopseyy jo ssaibep ©  Jp
€6l oL v x » * x 14 . x * S8'0 . x rA? 8's L B¢t
PR 626 ¥ » . M M 14 x . x 5} . * 14" 89 8l 0ci
€2 (AR gl S0 Z¢ 8’8l S 90z 69 60 0S50 89 88l 141 Vi 12 00t
0L vo 21 (=) RS A A 4 4 61z 0l 861 8¢l 01 ov'o L9 8Ll 9l 1'g 14 08
€'l o 2l '8l SvlL 80 €9l ol L4 TSL 90 S€0 9S y9l A" 6L [°r4 09
€0l Ge0 Sl XA A A 06t €l Z6L L. S0 €0 g9 A1 8l ve L2 oy
ee’l lve 6l Z20c 86 8y ooz /L sezc €6l 0Ol 85’1 64 ¥yiz S¢ L'oL 43 el €4S
N
12 9¢0 Sl 81z T8 A oSt ¢l €9L L¢L 90 0€0 oG oGt Ll 8L 144 08 B
SOl 090 Ol 08 09 8% (UFAR 8 oLz ViIL LY 150 Vi €6l 6l 1’6 0e oY
oz'L 980 ¢ yec Tl Ve €L 0z 0zz €St 9l ¢L0 A o8 24 L6 €€ (04
101 8L €2 80 <. €e 0wl 1z 6L Vsl 91 L) L9 S8l 174 6 12> €l
8L 050 61 gl 6.1 €T gec Ll L8 ¢l ¢l o o 0'sC 14 ¥6 8¢ €0 ¥0S
€0’} PLL €L x x x » 4’ * * » 69t x » ol tA4 44 08
1’ L 8l 6vZ S v LGl ol 69L 61t 21 T Al 8¢ 144" /74 LS 74 0C
SL'L soz Ll g0y 00 L0l o8l Sl 9zZz vel T 8l 144 o8l (4 19 x4 €l
8zl 080 /I 12 66 87¢C 091 Sl yeL 92l 9l 290 (124 o9l 6l 0L 62 €0 b
(wo) (wo) sbuu (w)
1-3S ~0IX Jeddn  Jemo| Buu Jaddn  Jemo S0ix  und woy Bui yibue; ymwoib punosb
/€-3SN €IS 4P 10 335 uomisues 4p 10 338  }-3SIN Souelsip  uomisues  Jp 8l00 [0}  woybiey e8q
anjeA-4 Jeaui| - € [apow Jeauy| pajuswibes - Z [ppow ojepenb pajuswbes - | {epow

‘sjapouw Jeaul| ajdwis pue Jesulj pajuswbas ‘oespenb pajuawbes jo uosuedwo) ‘(Buoeds w 16°0)
yoo[way uisisam Joj (wo) ynd wouy souelsip pue sbuu ymolb jo sequinu se passaidxa auoz uolysues} POOM 3INJBW-I|IUSAN. °'G dlqel



paUILLIBIEP 84 JOU PINOD POOM BINjewl Pue sjiuaan| usemiaq Juiod uonisuel) @
1> enjeA 4 aJaym saseo sjouap sieasayul ybiey Buissiw : SION
[BAJSJUI SOUSPYU0D % G6 © I'D
9JBLLIISS JO Jousa plepue)s : 38
Jjou alenbs ueaw : IS
wopaayy jo ssaubsp ©  Jp

JA XA 680 8 6L <21 LY yal 9 29l 8¢l g0 geo 44 (0341 143 09 € ool

29l 42 . 4" 9/l g6l 9l oyl Zl ogL 97¢ 20 690 by 158 4% 6l ¥'9 144 08

60¢C (074 . 4" L'eC L€l £ L8 4 €6l 29l L0 S0 €S gLl 8l g9 14 09

Lt sl 6l g6 <27l 4 o6l Ll yic 99l A el 0'S 06l €C 29 o€ (004

1" Zr Ll 0'ge 656l 44 | 4°T4 6 8vec 270C 1 880 'S X4 [44 9'9 e 0¢

0z’ €6l 8l eye L€l 67 0374 gl z62 88l ST o'l 9’9 0'¥Z 4 vl e £l

o'l Wl €2 €l €9l LG 8'9C (¥4 L'ie L0 &¢T e’ 8¢ 6'6C 9c 'L X €0 1eL

01 60 6 L'¥c 66 0e oLl L gglL LSl 90 o0 LY (VAN Zl ] oz - oci

65’1 ar'c Ol \'i¢ 90l 9¢ g8l 8 L6l 99 80 gss'L *R] [:]" Ll 19 44 001

eyl 660 ¢l Z'ic €7l 0¢ L9l Zi 9.l 06l 90 690 1 4°] €9l 6l 8'9 14 0g

o'l et Gl sz 2% 0¢ 8’8l el 66L 09l 60 180 €S 6Ll [44 g9 LZ 09

o'l eLL 12 €62 L¥l G€ 0'ze 6l oec Lgl ol 01 €9 8'0C %4 0L 0ot [0k 4

o'l 201 T gle L8l (> (0)°14 44 8¢c L8l ol 860 8’6 8'0C 8c oL Ve 0?¢ 299

201 ge0 € M M * M € . . M G0 M » L g'g Sl ovl

Lee gL'e 14 x M M » v » . M 60 M . 9l 09 (414 0oL

o9s’L o <2l A 74 10 ve 8'9l oL €8l vyl 60 090 £G €9l Ll 6'9 € (0X°]

6c’L ge0 2l ST SL 6¢ 08l o] vyelL 99 L0 120 g'g (03°] 6l ¢l 274 09

871 Wwo vl oz 60l 7¢ o'l Zl 80¢ ¢S el 0e0 oy osglL [#4 Vi 0e 4R 4

4% ov'0 61 X 43 * WA 'l ool yAS 66c |72 € 9e’0 (A4 06l 44 gL A 0¢

o'l 190 02 2Ll 801 Sl ovi 8L 9Ll vl €1 cro 6¢ (031" 9c Z'L €€ el

0s'L 20 2 €2 1ol 6¢ 29l 0C L8k 6%l 60 gco L'y 89l 62 6 g€ €0 099
(wo) {wo) sbuil (w)

L-IS ~0IX Jaddn Jemo) Buy Jaddn  Jemo| ~01X  Uud woy Buu yibus; umoub punosb

/€3S €3S P 10 335 uomsuen o 19 335 |-3SW eouelsip  uomsuen  Jp 2100  [el0} woyWbiey 88n

anjea-4 Jesu| - € [epow Jeaul| pejuswbas - Z [apow ofjespenb pajuawbes - | [ppow

“(panunuod) sjepouw Jesuy) ajdwis pue Jeaul| pajuswbes ‘onespenb pajuswibas yo uospedwod ‘(Buioeds w 16°0)
yoojway use)sem 4o} (wo) ypd wouy soue)sip pue sbul Yymosb Jo sequinu se passaldxe aUOoZ UOHISUBL} POOM SIMBW-BIUSANT 'S SIqeL

234




pauILL}ep 8q JoU PINod POOM aINJEW Pue ajiuaAn] usamiaq juiod uonisuel) :

1> 8n[eA 4 a/eum sased ajouap sfeassiul )by Buissiw : S10N
[BAJBJUI BOUBPHUOD % 66 - I'D
SjewIisa Jo Joue piepuels . 338
J019 8lenbs ueaw © JSIN
wopaayy jo ssaubep :  p
8e'lL Lot » » * x 14 x * x 800 » x oL S8 (174 Sl
[AA 4 00'L 14 cee €L i el 4 06l <26l 60 St0 V. (VA" 43 [A°] 74 0oL
op'L G660 ¢ » " . x 4 » M * 8¢'0 * » L €6 oC 08
€0'L €20 €l g1 29 S 06l b g0z LLL L0 220 9L 1’61 8l ¥'6 14 09
8z'L G0 Sl g6 89L 07T oie €l Sl 061 90 120 SL A4 iz L6 0e (14
el €€0 Ll x * x x Ll gLl L 620 08 0se LT €0l €c 0¢ wy
20T (10N AA A AN % | VA § 96l Sl 6vZ 06l V¥ 0sS0 8L 02 [T oLl e el B
GL'y Wwo Ll €ee LS 29 o8l Sl 88 T.LL 82 S€0 801 0ee KT el =) €0 L2
14 98'L ¥l €9 Ll 1944 o/l 2l 0eC 0Ll 67¢ 62l 08 oLl 8l 8'6 74 6L
oLt 660 €l L'6c 87T 09 09l [ 00z ¢Sl 1’ S§80 99 09l €l 86 14 09
25l sye vl vor 00 9t 0’6l Zl 8.2 0€l 9¢ 122 S8 yoe & L6 6c 0c
A" gL €l 8¢ &7 X4 18l L 02c 96l gL 860 [ A '8l vZ 6'8 o€ €1l
8Ll 'L 6 96l ¥9L L0 08l L e s9L €l 290 €L L1'6L 1z 96 e €0 €C
89l gge 2l 6vc <¢€¢€l 8¢ L'¥2 ol 6.2 €61 1¢ 1€¢C 89 9¢C S 0L 6c el St
(wo) (wo) sbuu (w)
1-3SN ~01X Joddn  Jamo Buu Jaddn  Jamoj ~0lx  uud woy Buu yibus;  ymosb punoib
/€3S €IS P 10 33g uonisuesy Jp 10 338 1-3SIN 8duejsip  uonisues; Jp 8J0d [elo}  woubey son
anjeA-4 Jeaul| - € opow Jeauy| pajuswbas - Z japow JieJpenb pajuswibes - | [ppow

‘sjopow Jeaul| ajduwis pue Jesul| pajuswbas ‘onjelpenb psjuswbas jo uosuedwo) (Buoeds w y/°2)
Yoo WY usa)sam Joy (wo) yjd woly aouejsip pue sbul ymosb Jo Jequinu se passaldxa auoz Uoisuel} pPOOM aINjew-aiusAnf GG ajqe)



PAUILLISIAP S JOU PINOD PO BINJEW PUE ajjuaAn usamaq juiod uonisues) @
LS enjeA 4 818Um sased ajouap siensiul ybiay Buissiw : SION
[eAJBJUI BOUBPIUOD % G6 1D
olEWSS JO JoL2 piepue)s @ 38
Joua eienbs ueaw @ IS
wopsay) Jo sealbep :  Jp

620

pL0 » L S8 V4 €L

NON L »* » * * * * »

€0’ 690 2l * » * » L vic 98L 0T 190 L'6 0'€Z Gl S6 14 08 29

Sy (1] T 4 1'6L 68 14 ovi Zl 9yl 0L 80 9.0 *24 8'Cl Sl 89 (44 (1]

14" 10 9l o8c VS 14°] oLl 14" 122 66k S 9.l €9 06l (174 Ll 14 09

G6'lL /50 Ol * * * * * gL 6%L L0 620 (] Sol 4 0L 8c ot

oe't XM, 14 69 LI 6¢ 0¥ Tl 6/ 66 61 1oL 6'S 6'€C 124 Vi 1€ 0¢

801 s60 Il oty P¢€ L6 ovz st l'lZ €8l €27 880 09 0€e 174 9L 1€ €l

80l 150 vl vz 661 81 ez ¢l 1’2 602 S €50 S'G ove 9C 1’6 e €0 19

s’ v’y 0Ol 66 §9 (B4 o9l 8 ovZ vl i’y S6L0 €S 09l 8l 06 °14 08

6L'1L 0s0 ¢l g9 00 6'8 0L 1 ove 06l €¢ V0 0L 86l 8l 68 L2 09

St 160 €1 L6 68l §C a4 b yez 9l Ll 6.0 8'S 0sg (¥4 Z8 oe oy

¥s'L A X ANA Ley L€l L9 6. Sl L0e €€ 8} el 9/ 0.2 1z o'g €€ 02

€6} 20C €l pLlS €6 96 €0¢e b 9¢c vsC 81 01 97 06z S 98 115 el
£80G1°1 A5 S T4 688t 'L 16G°L €C 6l ¥5L2 L6l 6164 LblLL 289 6619'€C 0€ G626 o€ €0 114

(wo) (wo) sbuu (w)

-39S ~01X Jaddn  Jamo| Buu . Joddn Jemo| L01x  ynd oy Buy yibusy  ymwwoib punoJb
/€3S ¢-aSN P 10 33g uomsues Jp 10 338 }-3SIN Ssouelsip  uonisuen  jp 8100 [0 twonybley sl
anjea-4 Jeaul| - € {apow Jeaul| pajuswbas - Z [ppow onespenb pejuswbas - | [epow

oOjWaY WIRISam Joj (o) ynd wiouy souelsip pue sBull Yywmoib o Jequinu se passaidxa SUOZ UOHISUB} POOM BINJEW-S)IUSANE G°G SIqBL

“(pAnunuod) sfepow Jeaul| ajduwis pue Jesul| pajuswbas ‘oneipenb pajuswbas jo uosuedwo) “(Butoeds w /')

236




PaUILLBIaP 8 10U PINCD POOM aJNjeLl PUe ajiusan{ usamiaq juiod uopisuel)

1> anjeA 4 aieym soseo ajousp sienssiul Jbey Buissiw - SION
[BAIS)UL SOUSPYUOD % G6 © I'D
2jewsa o Joua piepuels © 38
1018 arenbs ueaw @ IS
wopaayy jo ssaibep :  Jp
90t 0zo €l A A L'l ovl Ll ¥sL LEl S0 610 08 15 41 =] S e ool
St 2o 9 €8z L€ 144 ool 14 ¥zZ 96 9L L0 Sy 06l 147 gzl 9c 08
80T €€0 0L gve 26l T 0cz 8 6€c 212 L0 98I0 [ 92 02 €zCl 62 09
st S50 2l s velL vl §zz 0Ol g9 e VL ge’0 8Ll 02 =74 Gl €€ 0¢ 0C
9T’ 860 6 M M M x 6 x x » 8.0 x x 0C 82Z1 x4 S8
(¥ FXA N 4 » . . M 143 » * M SO'L . x je74 €Ll (4 (414
10l .80 61 x x x * 6l x x x 180 x x x4 L'6L o€ €0 91
el 890 9 0zZe 00 OF oz 4 88c 26GL €€ IS0 1’6 0ze 02 o] 92 0g
144 0sc 9l L9 9L (¥4 [ A4 14} 6€C L0 60 oL 8'6 0z oc 4% 4 (04
€Ll 690 ¥l g0 8vl 9¢ 9cc 4% 6ez L8l Tl 190 L8 A ¥ 6l Lci €e 0¢
90’1 960 8l 1’62 S'bl 4 £0¢ gl 1'0c 261 A 160 8L 9'/1 ¥4 £ch Ge €l 141
(wo) (wo) sbuu (w)
1-3S 01X Jaddn Jamo| Buu ) Jaddn  Jemoj L0lx  uud woy Buy yibus]  umosb punosb
/€3S ¢-3SN P 10 335 uoisues Jp 10 333 |-ISIW Souejsip  uomsues  Jp 8100 [ej0}  woywbiey sa4
anjen-4 Jeaul| - € [opow Jesuyj pauawbas - Z j|opow onelpenb pajuawbas - | [epow

-sjopow Jeau| ajdwis pue Jeaulj pajuawbss ‘onespenb psjuswbes jo uosuedwo)d ‘(Buoeds w g9'¢g)
3o0jWay usisam Joy (wd) ypud woly souelsip pue sbun ymoJb jo Jaquinu se passaldxe suoz uoljisuel} poom alnjew-ajiudAN" 9'G djqel

237



paUILLISIEP &4 JOU PNOD POOM BINjeL pue sjiusanf ussmiaq juiod uonisuel} @
LS anjeA 4 a18ym sased ajousp sieassjul ybisy Buissiw : 810N
jeAIjul BOUSPHUOD % G6 1D
slewse Jo Joua prepuels © 338
Joie alenbs uesw : JS
wopaayy jo saaubep @ P

ZLL VA V1t x M M M Sl * » * fAdY] » x ic cel 514 09

Ll A V-1t x x * * Gl x M * 8€°0 x x €C 6€l 1€ ov

€8¢ €L € * . x * L x * x 190 M x oc ovL e 0

142 S60 91 2ee 86L 8¢ ove vl cle Gl €€ 80 601 vve Lz st ge £l

80'L 6L0 /LI 0. 061 26 09z Si 68z Le I 8L0 6¢€l o9e &2 g8l 9¢ €0 2L
Sl 260 ¢€ * M x x € * x x 95°0 * » Sl L (114 56

Wl 82l T * M ., M L * * * 160 x * 9l 6. €2 08

se'l 620 € » » * * € M * * 2c0 * x 6 88 14 09

€e’l gs'L 8 x x * x L . * * 6Lt * M [44 9'8 62 oy 29
o'l gr0 S » » x * S M » x or'0 M » Zl S0l (¥4 68

20} €0 Pl M * * * 4% 68k LSl 60 L0 o'g 0Ll 8l 9L 9C 09
GZe8e’L %0 ¥l /68 9596 9¢99 €iive CI 12e€ TLYL €9y €90 L0 8levZ 82 gL e £l 6C

(wo) (wo) sbuu (w)

1-3SN 01X Jaddn  Jamol Buu saddn  Jamo| L01x  uud woy Buy yibus; ywwoib punoi6
/€3S c-aASN P 1°0 33g uowsuen Jp i) 338 |-ISI Soueislp uopjisues  Jp 8102 oy woyybley o8l
anfea-4 leaui} - € |apow Jeauy| pejuswbas - Z jopow oespenb pajuswbas - | [epow

“(panunuod) sipouw Jeaul ajdwis pue Jesul| pajuswbes ‘onelpenb pajuswbes jo uosuedwo) ‘(buoeds w 99'¢)
¥oo|way uIa)sam Joj (wo) yyd wosy souelsip pue sbul ywoiB Jo jequinu se pessaldxs U0z uonisues) POOM SINEW-S|IUSANT 9'G Siqe L

238




paUILISIEP 8 JOU PINOD POOM aInjew pue ajiuaanf usamiaq juiod uonisues :

1> anfeA 4 a1eum sased ajouap sienssiul Jubiey Buissiw @ 810N
feAssul 0USpiU00 % G6 ¢ 1’0
ajewnse Jo Jous piepuels © 338
Jous arenbs uesw : IS
wopaaJy o saaibep :  Jp
8L ge0 § 69c 00 [ ovi € c8L 96 6l 120 09 ovlL €l 0L 8l 87cl
yAg" 0 ¢ * * * * 14 g8L 2% vl rAN) 79 A €l €L 6l oz
€St 690 Ol £€ee 68 €S b'ie 8 Vb2 6L S Sy'0 8L 0z 1z 06 12 09
89'L S0 6 §le S0l ¥y 01z L g8gz 2SI 8¢ 20 €8 0le 8l £6 14 (084
0s'L €50 /LI g9 ¢8It P¢E 1’61 Sl g2 0§ ¢l g0 ¥e 98l 124 60! A% (04 o
80’1 GL0 6 L0e €1 0's 0’61 L 6¢€c L6l T} ¥L0 96 §'1C 02 rAY 1% £l B
06'L L bl STy vS g8 6'€C 4 vsc T6L Gt 650 rAn €TT Lz €6l Se €0 19
A" 20 0Ol * * * x o] 96 9L 9§ GO vl 082 44 0cl 1€ ot
0S'L ge0 €l g 702 Lt (V74 M gle ve T STO 6€l 042 x4 L9l 1% €0 19
6LL 00 ¢ x * * » A x * * L0 * » ol vl 174 09
S0'L 120 Ll 82Zc 76 §'S 01z Sl 2z 9L 60 020 rA) v6l 124 €l €e oy
oz'L ¥20 9l g0y 611 €9 [Al:T4 14 9¢e v9C 8L 0Z0 g€l 00¢ 74 vl 1°1 0¢
€0'L €0 9l L6z €91 1t 0€C 14 L8 LT S [4A] ovl L'ST 9C g9l A% €1 09
(wo) (wo) sbuu (w)
L-3SIN ~01X Joddn  Jemo| Bul laddn Jamoj L0ix  und woy Buu yibus; ywoib punosb
/€3S €3S P 10 335 uomisues jp 10 338 1-3SIN eouelsip  uolisues  Jp 8I00 o} woyybiey an
anjen-4 leauy| - € [epow Jesuy| pajuawbas - Z [ppow onespenb pajuawbas - | [Bpow

‘sjopow Jeau| ajdwis pue Jeaul| pajuswbas ‘oneipenb pajuswbes jo uosiedwo) “(Buioeds w ¥/°2)
Jepaopal uajsem 104 (wo) yjid woyj eouelsip pue sbull ymolb Jo Jsquinu se passaldxa auoz uolisuel} POOM ainjew-ajiusAnt LG dlqel



PAUILLIBIEP 84 JOU PN POOM BINjeW PUE ajiuaan] usamiaq juiod uonisuel)

L> anjea 4 aJeym saseo ajouap sienaiu) wybiey Buissiw : 810N
[eAdjul 92UaPYUOI % G6 © 1D
ojewse Jo Jodse plrepuels 338
Jloso aenbs ueaw : IS
wopsayy o seaibep :  Jp
oL’ 50 0l M » x * 6 » * * cso x =13 S SL 0z o€t
8e'l 90 /LI L0e 8¢l 0OV (A4 S sz viL 01 60 S8 S6l €C 8'6 6Z 09
44" or0 02 vie 90L 6V oz 8l yve Tl 8L 8€'0 06 802 L2 L0l ¥e 0¢
SOl 950 9l 66 66 €€ 622 i 98 18 92 €950 SLL £€T 1z o€l 1 el
or'i 2LL ¢l 0zZe 6S¢¢ 61 L2 L 6lE 8% S| forAl % 89} 882 0oe £l A% €0 8L
S
1" S¥0 6 162 €4 8¢ coc L vee 99 91 or0 9 00C 9l 89 e (0] M..
So'L 250 T M * M * 44 0L 0L vZ 050 €L 0ce zC 6L 4 02
¥l 080 /I STy GL A (0N =T AR 1% 66z 8¢ Sl 90 6'8 69 &C 96 1% gl
1€t 20 8t €6e L8l 6¢ oL 9l 00e 0¥2 ¥ 8.0 8L 042 LZ 6Cl YA €0 €L
8g'L o €l g/l 89 K4 o4 48 vzL 98 60 0g0 <B4 g0l 9 €8 e 08
el ¥20 9l g/l L0l 91 evl 14" L9k L€l L0 80 8'9 rA]" 44 96 (01 (184
el ge0 Gl g€ve 601 L€ 9L €l €2 89 ¢l 620 08 961 144 rAls] " €e 0¢
19’1 wo ¢l 6ee 19 €9 00z L €6z L8 9T 20 €0l (1874 °14 g1l e el
S09.6°L geo0 €l §8¢¢ SL'SL 120y T L v.vZ 9¢6lL 82¢L 1910 98'LL 44 74 5961 oc €0 L.
) (wo) (wo) sbuu (w)
L-3SIN ~01X Jaddn  Jamo| Buu Jaddn  Jemo| ~0LX yud wiody Buu yibus; ymwoib punolb
/€3S €-3ISN P 10 335 uomsuen Jp 10 335 |-3SW 8duejsip uopisues  ip al0d [0y woybiey ean
anfeA-4 leau| - € [epo Jeaur| pajuswbas - Z |epow onespenb pajuswbes - | (epow

“(panunuo) sjapow Jeauy} ajdwis pue Jeaul| pajuswbas ‘oijespenb pajuswbes jo uosuedwo) “(Buroeds w y2°Z)
Jepaopal wiajsem 1oy (wo) ypd woiy aouessip pue sBuw ywmosb Jo saquinu se pessaidxa auoz uoi)isuel) POOM aInjew-a(iuaAnf /'G alqe



paUILLIeep &q JOU PN POOM 2INJEW Pue ajiuaanf usamiaq jujod uopisuen @
1> anjeA 4 a18um sased ajouap sieaajul ybiay Buissiw : SION
[EAJBIUI SOUBPHUCD % 66 © 1D
SjewWI}sa Jo Jolse piepuels © 338
JoJse alenbs uesw @ JSIN
wopaaiy jo saaibep @ Jp

or'L 0€o0 6 o6 0¢ 9L 0'ic L €sc vl §¢ 120 08 0'0C 6l 66 8¢ 09
oz'L S90 6 * » * x 6 vec €98l 1T S0 €01 8'ed [44 il €€ 0¢C
oLl 950 €I gy 861 99 [ Ll L'l vPvCe 9L 160 L' L2 82 eel e el
8L ¢90 Ol Loy 8L VA 4 (A4 8 vee 9ve L3¢ Sb0 Syl 0o yx4 14°1" Se €0 ve
250" g8l0 ¢ * * » M € . . . AN . . 6l ovl 9c 8'8
L) 0§ . » * » S . x » AR » . [44 LSl 8c 0¢
4" clo L ¥z 01 €l A 74 S ole 92 (4 Lo 1’9 8'9C €2 L'61 °1 0¢
oLl 9.0 6 }'.e T6L 8¢ L'8C L vye 9¢€C 9¢ 15 40] L'6L 062 74 g'Le ot el [#4
ci WO 9 g €61 T} 88l 14 g0z 8L L0 600 1’8 c6l Ll c6 €C 08
Go'L s¥0 Ol g80e ¢tvil 6T (8 74 8 €8 vie L} 120 L2 6'vC 14 [ 4 4 el 8L
(wo) (wo) sbu (w)
L-3SIN 01X Jaddn Jomo) Buy Jaddn  Jamo| L0bx  Und woy Buu yibua  ymwoib punoib
/€-3aSN €IS P 10 33g uomsuesy Jp 10 33¢ |-3SW Souelsip  uopisues  Jp llee) [elor  woyjybiey o8
anjea-4 Ieaul| - ¢ (epow Jesu| pajuswbas - Z [apow Jneipenb pajuswbss - | |BpoLu

‘sjopow Jeau ojdwis pue Jeaul| pajuswbes ‘onespenb pajuswibes jo uosuedwon “(Buroeds w g9'¢)

Jepeopal wisjsam 10} (wo) yyd wouy souessip pue sBull Ymoib jo Jequinu se passaidxa aU0Z UCHISUBS) POOM SIMEW-SjiUSANT §°G SIqeL

241



PaUILLISIEP 84 10U PN POOM BINJEW pue ajiuaani usamjag Juiod uonisues)

LS 8njeA 4 a1aym sased ejousp sfeassul Jybiay Buissiw . S10N
[eAISIUI S0UBPYUOD % G6 © I'D
SjeLwsa JO Jouse piepuels @ 33§
Joss asenbs ueaw : IS
wopsayy o saaibep : 4P
11T €60 € x x * . € * * x €vo M x 14" %" 74 €Ll
g6’} ¥c0 9 » * x * 9 20z 86l [y rANY) €0! o8k S tA4" 74 0'g
oe'e 080 9 2y ¢8 1’9 s 14 o6z 01l 0¢ 20 LT o6 ¢ 67l ot (14
4% 0L0 LI zgoe o€ 9l 992 6 982 76 80 600 96l 692 2T 0Ll A 0C
[ vzco vt Lee  98L Lt 8'8¢C zlL L0 69 60 120 g0z 882 1€ LT ot €0 172
€0’ 190 €1 €62 L9 (] 08l L LeT €vL T2 650 ve 061 Sl 145 574 08
96'L 150 Ol €Y ¥€L v 88l 8 1'2C 6sk S 920 6L 061 8l 1’6 14 09
16'L €0 6 €9¢ 80l VvS§ 9'tC L 99 861 9l 20 26 (A4 \z 00l 6C oy
it Wwo €l 6¢ LI T4 0.2 L L'l €2 ¢€¢ 820 L0l 0L S¢ T 4 0¢
€0’ €0 /L V6 L€ Ol v'9C S gLe 2P 6l ge0 8¢Cl 08 9C eEl €e €l ZL
oe’1 020 9 x * x » 14 » * * S0 « » €T A 6c 0g
T 9z0 Ol L6e 18 69 6'€C 8 082 08l ¥Z 020 601 0eg (¥4 87Tl A oy
80} ov0 0L gsy 9v 6'8 0s2 8 90 Vv.ilL TE €0 g6l o¥Z LZ 6’8l e 0¢
Wl GZ0 L Sy 68 €L 0'sz 6 Lle €21 T9 8l L9l 0sc o2 S0Z Ge el
L0 9Z0 €2 goF ¥IL 98 0'6C (¥4 16c Le2 €L 20 (44 ¥oZ 8¢ (474 A €0 ve
(wo) {(wo) sbuu (w)
1-3SN ~01X Joddn Jamoj Buu Joddn  semol L01X  Uid wouy Buu yibus| uywo.b punoib
/€-ASN €-3ISN P 10 335 uomsuen jp 10 338 |-3SIN eouelsip  uomsues Jp 8100 ) woiwbiey ey
anea-4 Jeauy} - € [epow Jeauyy pajuawbas - Z (ppow Jielpenb pajuswbas - | jepow

“(panuRuod) sjepow Jesul| ajdwis pue Jeaul| pajuawbas ‘olelpenb pajuswbaes jo uosuiedwo)d ‘(Buioeds w 9g'e)
Jepaopas usasam 1o} (wo) yyd woly aouessip pue sbuu ymoib Jo sequinu se passaldxa suoz UORISUBI) POOM SINJEL-BIIUBANT 8°G Siqe L

242



PAUILLLSISP 84 JOU PINod POoM aIMeL pue ajiusanf usamiaq juiod uolsues) @
LS anjen 4 aleym sased ajouap sieasiu) wbiey Buissiw - 810N
[EAJBIUI BOUBPHUOD % G6 © I'D
ejewnsa-jo Jous prepuels © 339
Josse arenbs ueaw : IS
wopaaJ) jo saaubep :  Jp

66t €L0 LI 1'eC 68 1'e o9l 6 §G6L §2L L0 20 ¥'9 ol Ll 6L 144 VL
[ 0C0 It 'S 68 8t V2L 6 20 99 80 910 €8 14:]" A 1’6 ¥ 09
181 A ] 6. C¢ SL S0C 8 oee 0Ll ¥l 8.0 €8 002 144 g6 62 oY
gs'L 50 6 Zege €61 8¢ e L 9ze v6L € SE0 colL 09C 14 601 €€ 0
Sl 80 L 66e VLIl TV S9C 6 62 LiZ 6T 850 LTl 0.2 9z Sel 1% o
80C 06’ LI v 9¢ 1T 00e 6 gve 862 0¢ 16°0 78l 00¢ 2 6l Ge €0 €9
oLl 820 /L M * x * S . x x 2o * * si ¥6 (¥4 0oL o
ozt eLo Ll * x * » ol x » * Lo . x (¥4 L€ 0oe oy M
80t 610 LI x * * * 6 M x x 8L'o x * lc 0l ¥t el
0L o101 * * * * 6 » » x GL'o . * [0 [A14 o€ €0 8l
(1] 20 ¢ x * * * € x x » L0 * * Sl vz &, rA1
0L} 8L0 /L * * x * S » M M o M * Ll 1 £4" €C 001
0Ll PL0 v » x * » 4 x M . 800 * » 6l L'el 14 08
(¥ A" oo €I x * * x (2 M x M €e0 * * 174 vl 0e (V24
L €0 1L x x * * 6 * * » 620 x * 9z 99l ce 0¢
87} 0SS0 LI * x * x 6 gez vie L} €0 rAVA " 0'sZ 174 10z 1% €0 Ll
(wo) (wo) sbul (w)
1-3SW ~01X Jaddn  Jemo) Bun Jaddn  Jamoj ~01X  und woy Buu yibus| uymoib punoib
/€3S ¢3S P e 335 uomsuen Jp 10 338 |-3SN eouelsip  uonisues  Jp 2109 [0 woy by 88
anjea-4 Jeauy| - € |apow Jeau)] pajuswbes - Z |epow onespenb pejuswbes - | [Bpow

‘sjopow Jesui| ajdwis pue Jeauy pajuswbes ‘oneipenb pajuswbas jo uosuedwo) “(Buoeds w/Gy)
Jepaopal usjsam Joj (wo) ynd wouy souelsip pue sbuu ymoib Jo Jequinu se passaidxa auoz uonisuel} POOM 3INJEUI-S|IUSANL 6°G el




paUILLIBISP 2 JOU PIN0 POOM injew pue ajiuaan| usamied juiod uolisuesy :

1> SN[eA 4 aieum sased ajousp sieadjul Jubiey Buissiw @ SION
[eAJSIUI BOUSPYLIOD % G6 © 'O
ajewn}se Jo JoLe piepuels : 3¢
Jolse arenbs ueaw : JSIN
wopaaly jo ssaibep . P
00¢C [ A 4 » * * » Z 96l ¥¥L Tl 190 Ve 0Ll Sl 08 (¥4 86
651 8¥0 9 Lge £} L9 002 14 L'e 69 S 0g0 8'8 002 Gl g6 €C 08
9z’ 20 ¥l S0 66 Gz oSl 4" 89l 9¢€L 80 120 6L [A:1" 0z 0L 14 09
el wo ¢l 96C ¢C6 9t ¥'6lL L g2 ¢S T €e0 96 002 (%4 Sl 6Z (104
(" 150 €l g8 691 'S 9.2 L €62 Ly L} 0e0 1Ci 0L 2 9¢l %> 0¢
s0C TAN 4 99z €8l 61 ST ol v 92 Tl 190 6€l 0se 2 L'yl 4> €1l
L) €€0 LI 6¥€ 062 20T 00e 6 pLe 68 L0 610 102 00e ¢22C rA Y4 e €0 LL <
S
L0') €10 S M x . » € * x M 2o * x 44 g€l L2 08
(Al ¢c0o ol » x * . 8 » M . 810 x * 144 144" 62 09
€L} 920 ¢ M x M » 4 M * * S10 * x 144 A1 X (V4
62¢ Ge0 ¢ * » * . Z M * * S10 » * 14 69l 4> 0c L
A4 60 ¢ x » * . l » x » 810 * * Ll r4} €C 06
90'L oo ¥ » M . * Z » x * 600 * * 6! L4t 144 08
80C 220 9 6cc 102 €7 s'9C 14 L'eeE 6vZ 0T 110 rA-] 062 ST 09l 45 0c
€0’ 80 L €6 L0z Ol o€z 6 Vee 0vZ L7 8L0 LS g6 92 102 €€ o & 0
(wo) (wo) sbu (w)
1-3SN ~0IX Jaddn  Jamo| Buu Joddn Jjamo| ~01x  yud woy Bun yibua ymwoib puno.b
/€-3SN €IS P 10 33g  uopisuesy Jp 10 338 |-IS eouelsip uolisues Jp 8J00 e} woiywbisy 8o
anfea-4 Jesul| - € jepow Jesul payuswbes - Z [pow onespenb pajuswibes - | |apow

“(panunuod) sepow Jesul aidwis pue Jeaui| pajuawbas ‘onespenb pajuswbes jo uosuedwo) “(Bupeds w /G'y)
Jepaopal uiesam 1oy (wo) yud wouy aouesip pue sbuu ymolb Jo Jaquinu se passaldxa auoz UolISUBl) POOM JINJEW-SJIUSANT 6°G 3|qeL



Table 5.10 Mean juvenile wood transition age (ring number from pith) observed by height, taper class

and species.
Douglas-fir
height from ground suppressed intermediate dominant combined
(m) n mean std n mean std n mean  std n mean  std
0.3 3 230 90 4 223 32 7 253 40 4 236 49
1.3 4 202 79 5 192 22 4 240 36 13 210 50
20 1 240 4 206 29 7 217 33 12 217 30
40 5 203 53 4 168 25 7 212 36 16 194 42
6.0 5 175 37 3 169 29 7 191 25 15 182 29
8.0 5 170 14 4 190 24 7 18.1 17 16 180 1.8
10.0 6 16.1 37 4 165 19 4 146 138 14 158 27
12.0 6 154 42 4 162 06 5 172 31 15 16.1 31
14.0 5 152 35 3 14.1 04 4 177 27 12 154 3.0
16.0 5 127 38 4 164 06 9 143 33
18.0 3 112 04 3 158 20 6 135 28
western hemlock
height from ground suppressed intermediate dominant combined
(m) n mean  std n mean  std n mean  std n mean  std
0.3 7 215 41 1 230 1 26.0 9 221 39
1.3 9 213 42 2 198 31 2 243 041 13 215 38
20 8 208 38 3 234 19 11 215 35
40 7 195 28 2 211 1.2 9 199 25
6.0 7 178 13 2 208 25 1 17.0 10 183 19
8.0 8 157 16 3 213 21 11 172 31
10.0 3 173 20 2 157 20 5 166 20
western redcedar
height from ground suppressed intermediate dominant combined
(m) n mean std n mean std n mean std n mean  std
03 3 238 28 8 282 19 1 270 29
1.3 3 241 27 10 265 20 13 260 23
20 3 201 17 10 261 27 13 247 36
40 2 181 41 7 227 31 9 216 37
6.0 1 21.0 5 184 19 6 188 20
8.0 2 153 67 4 190 08 6 178 36
10.0 1 17.0 1 17.0

n : number of observations
std : standard deviation
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Table 5.11a Partial regression coefficients and coefficients of determination (R?) for diameter inside

bark taper equation.
Douglas-fir western hemlock western redcedar
parameter estimate SEe estimate SEe estimate SEe

ao 0.18169 0.07246 0.44104 0.12900 0.22976 0.12125
a, 0.94733 0.02185 0.85198 0.04248 0.92345 0.03517
b, 0.37849 1.18303 4.26188 4.22820 -1.73458 2.51465
b, 0.37015 0.61950 -1.82199 2.75348 1.73358 1.66909
bs -0.21308 0.04226 -0.21025 0.09195 -0.35108 0.05622
b, -0.09303 0.66537 -2.13113 2.13867 0.51664 1.26327
bs 0.01969 0.04719 0.04556 0.13145 0.20141 0.07179
n 204 130 136

R? 0.961 0.884 0.937

SEe : standard error of estimate
. number of observations
- coefficient of determination, vaiues are in terms of in(dib;)

R >

Table 5.11b Biases and standard errors of estimate (SEg), by height interval sampled, for diameter

inside bark taper equation.
height from ground Dougtlas-fir western hemiock western redcedar
n bias SEE n bias SE¢ n bias SE¢
(m) (cm)  (cm) (cm)  (cm) (cm)  (cm)
0.3 18 0.43 2.70 17 0.40 268 18 0.79 6.32
1.3 18 -0.15 0.45 18 0.35 1.62 18 117 1.75
20 18 0.10 1.15 17 0.20 254 18 -0.78 242
4.0 18 0.04 2.10 17 0.17 2383 18 -0.25 1.89
6.0 18 0.28 212 17 0.11 3.58 18 0.40 1.84
8.0 18 0.13 1.93 16 -0.15 3.03 16 034 205
10.0 18 -0.14 2.54 10 . -0.25 3.76 9 0.50 2.41
12.0 18 0.15 2.21 '
14.0 18 -0.20 2.1
16.0 _ 17 0.23 1.89
18.0 11 0.1 217
Total * 204 0.09 1.68 130 0.13 2.36 136 0.18  2.451

n : number of observations
SEg : standard error of estimate
* . includes samples obtained at, or near, the base of the five crown
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| Table 5.12a Partial regression coefficients and coefficients of determination (R?) for juvenile wood
\ taper equation. ’

. Douglas-fir western hemlock western redcedar
parameter estimate SEe estimate SEg estimate SEe

ap 0.72701 0.14129 0.38228 0.17929 -0.03754 0.18940
a, 0.77221 0.04504 0.87232 0.06664 1.00415 0.05745
b, -1.22396 0.79279 -1.66965 1.82610 1.78990 1.06852
b, 1.25841 0.95224 1.46438 1.96350 -3.42994 1.11219
bz 0.01710 0.10986 0.03743 0.27480 0.03227 0.17239
b, -0.05222 0.02033 -0.04082 0.04976 -0.29456 0.04221
bs 0.61966 0.88919 0.83858 1.48295 9.20110 0.99620
be 0.02322 0.01060 -0.00080 0.02571 0.06059 0.01505
n 168 88 83

R? 0.831 0.811 0.923

SE; : standard error of estimate
n : number of observations
R2 : coefficient of determination, values are in terms of In(jwd;)

Table 5.12b Biases and standard errors of estimate (SEg), by height interval sampled, for juvenile
wood taper equation.

height from ground Douglas-fir western hemlock western redcedar
n bias SEe n bias SE: n bias SEe
(m) (cm)  (cm) (cm)  (cm) (cm)  (cm)
03 14 3.53 6.84 10 1.35 5.51 12 -0.08 4.70
1.3 13 -0.39 2.44 13 -0.54 0.95 14 0.63 0.90
20 12 -0.45 3.7 12 0.08 2.79 15 -0.09 2.62
4.0 16 -0.34 3.07 12 0.74 4.98 12 -0.42 3.66
6.0 16 -0.60 2.46 12 0.61 4.14 9 0.80 3.72
8.0 17 0.11 3.25 13 0.15 3.52 10 0.36 454
10.0 14 -1.34 4.29
12.0 16 0.35 2.84
14.0 16 0.54 4.46
16.0 14 -0.09 5.01
18.0 8 0.48 5.39
Total * 168 0.09 297 88 0.27 2.59 84 0.03 222

n : number of observations
SE¢ : standard error of estimate
* - includes samples obtained at, or near, the base of the live crown
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Table 5.13 Mean juvenile wood, mature wood and pith to bark relative density observed by initial
spacing and height for Douglas-fir.

spacing height from ground juvenile wood mature wood pith-to-bark
(m) n rd cv n rd cv n rd cv
091 m 03 3 0412 39 3 0.465 105 5 0424 55
1.3 4 0.418 3.2 4 0494 66 6 0442 44
2.0 1 0.427 1 0.501 5 0460 57
40 5 0410 6.2 5 0491 6.7 6 0441 55
6.0 5 0.407 46 5 0496 56 6 0.445 3.1
8.0 5 0402 27 5 0471 40 6 0439 338
10.0 6 0.397 5.7 6 0481 74 6 0431 44
12.0 6 0392 63 6 0.478 638 6 0427 59
14.0 5 0.404 41 5 0478 84 6 0425 64
16.0 5 0387 44 5 0433 63 5 0.405 35
18.0 3 0404 53 2 0.455 3.0 4 0.408 55
3.66m 0.3 6 0.431 6.5 6 0.496 65 6 0456 6.0
1.3 4 0430 9.2 4 0.497 838 6 0.466 10.7
20 5 0416 64 5 0.502 105 6 0460 9.1
40 5 0428 70 5 0518 8.2 6 0457 96
6.0 5 0414 119 5 0.502 125 6 0444 120
8.0 6 0402 79 6 0.490 104 6 0434 94
10.0 4 0409 114 4 0499 16.8 6 0426 125
12.0 6 0.391 9.2 6 0458 11.7 6 0412 10.2
14.0 6 0393 83 5 0466 9.6 6 0411 104
16.0 4 0419 11.0 3 0.460 13.9 6 0411 1038
18.0 4 0.405 10.0 3 0.450 156 5 0421 111
457m 0.3 5 0419 74 5 0.468 8.1 6 0432 69
1.3 5 0418 79 5 0.511 100 6 0449 63
20 6 0417 6.7 6 0491 65 6 0444 738
40 6 0411 56 6 0499 8.0 6 0436 6.1
6.0 6 0417 56 5 0497 75 6 0442 72
8.0 6 0400 64 5 0.481 86 6 0.421 91
10.0 4 0.391 6.5 4 0474 119 6 0415 64
12.0 4 0.398 6.1 3 0.440 104 5 0417 73
14.0 5 0408 3.5 2 0472 46 6 0.407 6.7
16.0 5 0.393 86 2 0436 35 6 0.398 8.2

n : number of observations
rd : relative density
cv : coefficient of variation
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Table 5.14 Mean juvenile wood, mature wood and pith to bark relative density observed by initial
spacing and height for western hemlock.

spacing height from ground juvenile wood mature wood pith-to-bark
{m) n rd cv n rd cv n rd cv

0.91m 03 4 0436 84 4 0470 140 6 0.460 8.5
13 5 0404 638 5 0460 117 6 0425 71
20 5 0404 34 5 0446 63 6 0.420. 3.0
40 5 0.392 69 5 0.452 126 6 0416 76
6.0 4 0.376 7.7 4 0.431 109 6 0.409 8.1
8.0 6 0.387 8.2 5 0.423 106 6 0.400 8.7
10.0 4 0.393 50 3 0.456 2.0 5 0404 57
12.0 3 0.382 3.8 1 0.428 3 0.387 16

274m 0.3 4 0415 6.7 4 0433 56 5 0.418 59
1.3 5 0409 72 5 0.451 96 6 0.421 6.8
20 4 0.391 31 4 0.447 6.0 5 0406 29
40 3 0.388 34 3 0.452 41 5 0.395 4.5
6.0 4 0.383 51 4 0.427 83 4 0.395 56
8.0 4 0.382 32 3 0416 6.1 4 0392 22
10.0 1 0.410 1 0.432 3 0.389 57

366 m 0.3 2 0.379 105 1 0.412 6 0402 75
13 3 0412 30 3 0430 63 6 0395 73
20 3 0.358 35 2 0.386 5.5 5 0372 34
40 4 0.385 6.7 1 0.532 6 0.385 11.4
6.0 4 0.353 5.8 2 0.393 63 6 0.366 6.8
8.0 3 0.377 124 2 0.379 169 6 0372 80
10.0 1 0.339 1 0.381 2 0.368 3.9

n . number of observations
rd . relative density
c.v. : coefficient of variation

249




Table 5.15 Mean juvenile wood, mature wood and pith to bark relative density observed by initial
spacing and height for western redcedar.

spacing height from ground juvenile wood mature wood pith-to-bark
(m) n rd cv n rd cv n rd cv

274 m 0.3 5 0295 638 5 0.318 101 6 0.302 6.1
1.3 5 0312 38 5 0.334 65 6 0.309 86
2.0 5 0.323 21 5 0.346 4.8 6 0.323 69
40 4 0327 70 4 0.331 6.2 6 0326 54
6.0 3 0.329 43 2 0.358 1.1 6 0.325 6.9
8.0 2 0.325 6.6 2 0.355 3.7 6 0.333 56
10.0 6 0.340 52
12.0 1 0.352 1 0.328 4 0.346 0.8

3.66m 0.3 3 0.303 8.3 3 0.321 113 6 0303 738
1.3 5 0.303 66 5 0317 7.7 6 0.303 69
20 5 0299 b7 5 0.305 49 6 0.300 438
4.0 3 0.308 4.9 3 0.319 47 6 0.308 59
6.0 3 0.318 39 2 0.342 65 6 0312 47
8.0 4 0.317 9.7 3 0.341 133 5 0.320 8.9

457m 0.3 4 0.277 56 3 0324 58 6 0.284 45
1.3 4 0294 438 3 0319 74 6 0.299 34
2.0 5 0.298 3.9 3 0.306 8.0 6 0300 35
40 5 0.305 47 2 0.316 55 6 0.307 3.8
6.0 3 0306 1.5 2 0.324 06 6 0.316 35
8.0 4 0.310 25 1 0.329 5 0.316 4.0

n . number of observations
rd : relative density
cv. : coefficient of variation

250



