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ABSTRACT 

As the forest industry in British Columbia becornes increasingly dependent on second-growth 

thber for its raw material supply, the question of wood quality becornes more relevant. Accelerated 

growth in forest plantations, coupled with an earlier harvest, wül lead to changes in the quai@ of the 

thber harvested. The influence of cambial ageing, initial spacing, stem taper and growth rate was 

non-destructively evaluated on the wood quality characteristics ofDouglas-fïr (Pseudotsuga menziesii 

(Mirb.) Franco var. menziesii ), westem hernlock (T'ga heterophylu (Rd) Sarg.) and westem 

redcedar (Thuja plicata Dom ex D. Don). The wood properties anaiysed included ring width, 

earlywood width, Iatewood width, latewood proportion, earlywood relative density, htewood relative 

density , who le-ring relative density, who le-ring tracheid length and microfibrü angle. Juvenile wood 

development was determined based on whole-ring relative density trends fiom pith to bark. A highly 

signifiant cambial age e ffect was noted for practically eac h wood property considered. An identical 

pattern of development, regardless of spacing or taper class, was identined for Douglas-tir via 

latewood proportion and whole-ring relative density, a d  for westem hernlock via latewood width, 

earlywood relative density, ktewood relative density, whole-ring tnicheid length and micro fibril angle. 

No identical results were identified for westem redcedar. An increasingly non-significant rektionship 

evolved over time for Douglas-fïr between growth rate a d  whole-ring relative density. A siight, but 

increasingly negative relationship unfolded for western hdock.  An increasingly stronger negative 

relationship developed for westem redcedar. The Kajaani FS-200 Optical Fibre Analyser was found 

inadequate for measuring tracheid length variabiiity on the bas'i of 12 rnm increment cores. A 

gradua1 decrease in juvede wood ring count was commonly identified with increasing height. 

Generdy speaking for both Douglas-fi and western hemlock, the larger the volume ofcrown foliage 

relative to length of branch-fke stem, the lower the passage nom 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-fke stem, the higher the passage. The use of a variable exponent 

taper equat ion was explored for predictmg juvenile core devebpment. 
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1. GENERAL INTRODUCTION 

Coastal Douglas- fir (Pseudotmga memiesii var. menriesii (Mirb.) Franco) is commonly found 

West of the Coast mountain range in British Columbia. Its distriiut ion extends south along the Pacifk 

coast for about 2200 km, fiom the upper limits of Vancouver Island to the western slopes of the 

Sierra Nevada in northem Caüfornia (Bums and Honkala 1 990). Mature standmg timber volume 

within coastal British Columbia was estimated in 1995 at about 134 d o n  cubic metres. Sawlog 

production that year totaiied 4.25 million cubic rnetres, comprishg 16.4 % ofthe region's total timber 

harvest (COFI 1 996). Although a relat ively minor commercial species, coastal Douglas& rernains 

in high demand due io its high growth potential, as weii as to its excellent strength qualities. It is 

widely used for the production of structurai hunber, plywood, poles and pub and paper products. 

Westem hemlock (Tsuga heterophylla (W.) Sarg.) is the rnost important commercial tree 

species in masial British Columbia Its range along the Pacifie coast extends approximately 3 2 0  km, 

From central California to the Kenai Peninsula in Alaska (Burns and Honkala 1 WO). Mature standing 

thber  volume within coastal British Columbia was estimated in t 995 at about 1 1 84 million cubic 

metres. Harvest levels that year totded 9.09 million cubic rnetres, accounting for 35.0 % of the 

region's total sawlog production (COFi 1996). Western hernlock is highly vahed for its excellent 

strength, pulping and treating characteristics. Its wood is light and uniform in colour, is even-grainecl, 

lacks pitch and is excelient for machining. 

The range of western redcedar ( T i a  plicata DOM ex D. Don), dong the Pacific coast, 

extends fiom northem Caüfornia to southeastem Alaska (Burns and Honkak 1990). The species 

rernains a commerciaily important element within British Columbia's coastal forest region even 

though volumes harvested in recent years have decreased substantially. Remaining standing tirnber 

reserves were estimated m 1995 at approhtely 302 million cubic rnetres. Sawbg pmduction that 

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



(COFI 1 996). Western redcedar is considered a valuabk speciality wood due to its natural durability, 

iow density, straight grain and high dimensional stability. Traditional uses klude shingles and 

shakes, poles, p h g s  and house siding and interior panelhg. 

Wood quahty is defird by Jozsa and Middleton (1994) as the attributes that rnake logs and 

lumber valuable for a particular end use. As the forest Udustry 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 becorne more important. Recent trends in forest management have 

favoured relat ively wide initial spacings, over a short rotation, to accelerate second-gro wth 

operability, and to achieve mimimm stand value in the form of large diameter sawlogs. The main 

reason for advocating wider spacings is to Uicrease the rate of diarneter growth, which wül increase 

pro port ionally with growing space until a maximum is reached by an open-grown tree (Smith et al. 

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 O fjuvenile 

wood at time of harvest. Whether this wül have a major influence on the quaüty of future 

rnanufactured wood products remains uncertain. 

Douglas-fir, western hemlock and western redcedar currently accouni for nearly tluee quarten 

of coastal British Columbia's annual timber &est, the mjority of which is old-growth. Past wood 

quality research in British Columbia has primarify focussed on the physical and mechanical aspects 

of this O ld-growth resource. More recent sndies involving the above species have generally served 

to characterise the natually regenerated, second-growth resource presently available for harvest 

(Jozsa and Kellogg 1986, Jozsa et al. 1989, Jozsa et 01. 1998). Much of this Siforrmtion remallis 

inadequate for evaluating the effects ofcurrent stand management practices on fùture second-growth 

wood quality. Sarnpüng in past studies was most O ften conducted wahin irregularly-spaced, often 

mixed-species stands that had largely devebped h m  unknown initial stoc king densities. The effects 

of increased diameter growth on wood quality within uniformiy-spaced, even-aged, single species 

stands are subsequently ditFcult to evahmte fiom this work. Such knowledge wül uhiniately be 

required &om forest managers if fùture thber quaüty 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. 



Data for this research were cok t ed  from a spiicing trial estabiished at the üBC Malcolm 

Knapp Research Forest aear Haney, BC (Walters and Smith 1973). Douglas-fir, western hemiock 

and westem redcedar were selected for study based on tbeu commercial importance, and relativeiy 

wide distniution, 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 on tree and stand developrnent. A non-destructive approach for wood property sampling was 

therefore employed to maintain the pattern of spatial distriiution between trees, and to respect 

ongoing growth and yield studies. 

The folio wing researc h sought to provide information necessary for d o  wing rational decision 

making during the crop planning process of second-growth stands of Douglas-tir, western hemlock 

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

( 1 )  toanalysetheeffectsofcmbialageing,initialspacing,stemtaperandgrowthrateonthe 

development of specific wood properties important to wood quaiity 

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

of initial spacing intervals 

A literature review discussing the physiological aspects of wood formation, dong with the 

effects of stand density management on tree development, is provided in Chapter 2. Additiod 

Sortnation relating to wood quaiity is nicluded under the headings Relative Density, Longitudinaî 

Tracheid Length, Microfibril Angle ami Juvede and Mature Wood. A description of the data set, 

and the sampling techniques empbyed, is included under the Materials and Methods heading in 

Chapter 3. The two main objectives considered m this study are central to Chapten 4 and 5. Both 

chapters are organiseci in a similar manner, incorporating an introduction section, a data @sis 

section, a results and discussion section and a general summary. A nnal su- of the principal 

results obtahed, and recommendatiom for future research, are presented in Chapter 6 under the 

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

pertaining to Chapters 4 and 5 are included in Appendnes 1 and II, respectively. 



2. LITERATURE REVIEW 

2.1 Mechanisrn of Wood Formation 

A description of the physiology of wood formation c m  be divided into two developmentai 

stages. The prllimry stage regulates height growth and overail tree form. Elongation of the main 

stem branches and roots occurs as a resuh of active ceU division in cihaiiy located apical meristems. 

The secondary stage involves the expansion in cucumference of al1 root and stem axes accompüshed 

t hro ugh meristemat ic act ivity in the vascular cambium. 

Primary growth is triggered in temperate zone conifers by an increase in temperature and 

photopenod in early spring. The process is initiated once the rehydration and swelhg of vegetative 

buds has occurred, prompting hormonal and enzymatic activity within the apical meristems. As ceU 

division proceeds, older tissues formed behind the apical initiais graddiy undergo changes in size, 

shape and function (Reeve 1948). Further dEerentiation leads to the formation of three distinct 

prirnary tissues, m l y  the protodenn, the grounâ meristem and the procambium. The protodenn 

gives rise to the epidemris, a protective layer that is one-cell thick and which serves primarily to 

prevent the dessication of underlying tissues. The ground meristem develops hto the cortex and pith 

and gives rise to the rays that originate from the pith The inner and outer ceiis of the procambium 

different iate radially into bundles of vascular tissue known as the primary xylem and primuy phloem 

respectively. Groups of ceüs located in the centre of the procambium remain meristematic. These 

give rise to strands ofcambium tbat eventually interconnect through the addition ofmeristematic celis 

onginating from the surroundnig parenchyma Thus, a complete circumferential sheath of 

meristematic celk known as the vascular cambium is formeci (Zimmermann and Brown 197 1). 

The sarne physiologid processes that trigger the initiation of bud growth in eariy spring a h  

reactivate the vascular cambium formed in previous years. Secondary growth begins immediately 



beneat h the newly act ivated buds and pmceeds downward toward the stem with the rehydration 

and swehg ofdomiant fùsiformand ray initials (Wiiox 1%2, Zimngrrruruwnd Brown 1971). The 

production of xy lem and phloem ceüs is initiateci sbortly der, through the periclinal cell division of 

the cambial initials, and through the division of the xylem and phloem mother ekments dong the 

tangentid-longitudinal plane (Bannan 1955,1962). The anticlinal division of the camb'i initials in 

the radial plane also takes place, allowing the vascular cambium to increase in circumférence (Bailey 

1 923, Bannan 1 957, 1962). Differentiation folbws whereby the newly f o d  xylem and phloem 

ceiis increase in both length and diameter. The deposition of a secondary w d  aisd the formation of 

pits begin toward the end of this stage. Once the secondary waii has been formai, no further 

enlargement of the celi occurs. CeUs are considered mature once cornpletely ügnined and void of 

protoplasm (Wardrop 1964). 

Annual xylem developrnent within temperate softwoods is reflected through the formation of 

a concentric growth ring. [ts thicknas following deposition is highly variable at various positions 

about the stem Suc h variability can be related to the rate of ceIl production obsewed during cambial 

activity, and to the length of t h  tbat the vascular cambium is active over the course of a season. 

However, the overlying cause ofsuch variation is seemnigly the relationship between crown size and 

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

Cambial activity within a stem typically increases downward fiom the apex in a tapered 

fashion. The larger the volume of crown foliage, the greater the taper observed. Maximum ring 

width is n o d y  attained in the vicinity of the base of the live crown where the cumulative 

contribution of d branches to cambial growth is greatest. Below the base of the live crown, ring 

width typicaiîy decreases in a continuai W o n .  A certain increase in thickness is sonietimes o k n d  

as ground level is approached. Greater anchorhg support and wind-Wss is thus pmvided @uff 

and Nolan 1953, F a m  1961, LaMn 1963). 

The width of ail growth incrwients combineci uhmnitely determines the form adopted by a 

tree stem At one extreme is the fonn dopted by a young, open-grown tree that supports a long, 

vigorous crown over the length of its stem A continual increase m ring width cm be observed with 

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



ground level. Additional ring swelling at ground level to aid in rnaintaining tree stabüity, may also 

be O bserved, result h g  in a highly tapered stem sbpe with buttresshg (Farrar 1 96 1, Larson 1 963). 

The other extreme of fom is exempiiied by a suppressed, stand-grown tree. The typical 

growth ring produced by such a tree is not oc@ thinoer throughout, but also begins to n m w  

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 rnissing or discontinuous growth ring. Over tirne, this concentration 

of growth in the general vicinity of the base of the iive crown will result in the fomïuion of a more- 

or- less cy lindricdy-shaped bo le (Farrar 1 96 1, Larson 1 963). 

Mature gro wth rings in aü 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 O Aen slightly shorter, have larger radial diameters, thinner ce11 wak  

and generaily possess a greater number of bordered pits that tend to be larger in diameter than those 

found in latewood (Panshm and de Zeeuw 1980, Zobel and Van Buijtenen 1989). Transitional 

latewood tracheids are also commonly associated with rnost conifers. These tracheids generally 

possess intermediate characteristics of both earlywood and latewood, and may be found in varying 

arnounts between the two wood zones (larson 1969). 

Current thinking indicates that cambial growth is to a iarge extent controlied by hormonal 

interactions. The changes observed in tracheid development fiom eariywood and latewood are said 

to be a plastic response of the vascular cambium to varying concentrations of plant hormones at 

dif5erent periods w i t h  the growing season. Five groups ofpknt hormones are genedy recognised. 

These inc lude auxins, gibberellins, cytokinhs, ethykne (growth promoters) and abscisic acid (growth 

inhiiitor). In earlier studies, each of these honine groups was ofien assigned to a very distinct 

function relative to plant growth For example, aiurins were considered solely responsible for 

stimulating celi enlargement, giiberellins for height growth, cytokinins for ceU division and ethylene 

for h i t  ripening. It is now recopïsed that each hormone group is present in varyïng quantities 

within the vascular cambium and each may be mvolved m controlliog the production and 

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



interacts with one another, and with 0 t h  nonhomional groups, in reguiating cambial activity is stül 

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

Auxins apparently play a predominant role in regulating ceU division and promoting ceU 

enlargement. Many studies support this assertion. An Urrease in the production of xylern and 

phloem in gymnosperms was observed following the application of exogenous auxin to âisbudded, 

defoliated or phloem-severed stems (Larson 1962, Little and Wareing 198 1, Little and Savidge 1987, 

Sundberg and Little 1 99 1 ). Significant reductions in the basipetal flow of endogenous auxin and 

cambial growth were observed by the sarne authoa when m exogenous awin was added. The 

application of exogenous auxin to disbudded, defoüated or phloem-severed stems was also founâ to 

promo te trac heid enlargement and ceU wall thickening (Larson 1 962, Sheriff 1 983). A positive 

relationship was identified between the production of cambial derivatives and the concentration of 

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

An increase in ce11 wall thickenîng has been correlated to the maturation of current-year 

needles, and with the resultant increase incarbohydrate supply within the stem (larson 1964, Gordon 

and Larson 1 968). CeU wall thickening entails the deposition of cellulose, hemicellulose and ügnin 

within the tracheid secondary wall. M a y  reserve carbohydrates from storage tissues are used for 

this purpose during earlywood development. Buds and new shoots represent the major carbohydrate 

sink at this the,  consuming rnost of the photosynthate production available fiom the older foliage 

(Kozlowski 1 992, Hansen et al. 1997, Kozbwski and Pallardy 1997). 

Approaching maturity, the newly developed foliage rapidly becornes a weaker sink for 

carbohydrates, and a net producet. A signifkant increase m the downward tlow ofassimilates toward 

the mots soon follows. Tracheid ceii walls dong the stem subwquently increase in thickness, 

indicative of latewood 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 affect h g  carbohydrate conversion mto secoodary cell wall tissues (water availabiüty, hormonal 

interactions, photoperiod, temperature) remah fâvourabk (Kozlowski 1 992, Hansen et al. 1997, 

Koziowski and Pdardy 1997). 



Auxin synthesis and pbtosynthate production were descnii  by Larson (l%9, 1973) as 

physiologically independent processes that could overlap in t h e  and under certain conditions. This 

independence, it was hypothesised, was responsible for many of the changes in tnicheid structure that 

could be observed within a growth ring h m  earlywood to latewood. Larson fh themre proposed 

that physiological gradients within a tree stem, in ternis of both auxin and photosynthate availability, 

combined with the independence element, accounted for much of the variabiiity in earlywood and 

latewood structure that could be observed at different heights dong a trec stem Larson nonetheless 

did recognise that the process of tracheid developrnent was Uiherently more complex than the 

seeming ly basic relations hips proposed. Unequivocal evidence to support Larson' s wo rk remains 

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

Larson ( 1969, 1973) stated that a sharp &op in auxin production, followed by a sharp 

increase in photosynthate avaiiabiity, was generally associated with a sudden decrease in tracheid 

radiai diameter and increase m ceU wall thickness. He explained that an abrupt transition fiom 

earlywood to latewood would genedy result nom the above. Larson added that the development 

of transition wood took place under conditions where auxin production coincideci with the export of 

photosynthate h m  the current year's foüage. The tracheids produced under such conditions would 

demonstrate either thickened celi walls with no subsequent change in radiai diameter, or a narrower 

diameter with no apparent change in cell wall thickness. The subsequent transition h m  earlywood 

and latewood would, as a result, be very graduai, with the visible featws of one wood type slowly 

blending into the other. 

Larson ( 1 969,1973) suggested that high levels of auxin were present throughout the vascular 

cambium during early temiinal shoot growth. As terminal shoot growth subsideci, the levels of 

transported auxin within the vascular cambium would iikewise begin to decrease, prornpting the 

cambial regions furthest fkom 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 m proportion 

to ring width, increasing downward fiom the apex and reacbmp a maximum in the vicinity ofthe base 

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

approached with perhaps a slight increas m thickness disphyed toward the stump due to buttressing. 



Larson ( 1 969,1973) tiirthemre suggested that auxin kvels within the vascular cambium of 

young trees that have a high proportion of k i r  stems covered by branches would remab coosistently 

high throughout the growing season. Mostly transitional latewood tnrheids, demonstraîing 

thickened ce1 walls and wide radial diameters, would subsequently develop within the outer portions 

of each annual ring. Following the cessation of temiinal shoot growth, older trees possessing bager 

branch-ûee boles wouid see a marked drop in auxin concentration at points furthest fiom the crown. 

An abrupt transit ion from eariywood to latewood would subsequent ly develop for such trees. With 

increasing proximity to the active crown, and with inçreasing auxin levels, a more gradua1 earlywood 

to latewood transition wodd develop. Wood a h s t  devoid of t w  latewood, but containing sorne 

transitional iatewood tracheids, would be produced toward the apex where a h  leveis within the 

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

2.2 Corn petition Theory 

Grime (1 979) dehes competition in t e m  of the capacity of neighboriring plants to capture 

and utilize the same quantum of light, ion of a mineral nutrient, rnolecule of water or volume of space. 

His plant strategy mode1 predicts that h s e  plants which are the best compet itors for light will also 

be the ones most efücient at extracthg moistuce and nutrients h m  the ground. Such plants wiîî be 

able to mintain 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 cornpetitors. Once establishi, 

dflerences among competing plants wül be maintained and magnified due to the positive feedback 

that exists between growth and resource capture. 

Tilman (1988) defines cornpetition as the utilbation, by two or more species, of s h e d  

resources that are in short supply. Hïs resource-ratio mode1 predicts that the superior competitor will 

be the species that can reduce the concentration of the Ming resource to the lowest level and still 

maintain its population. Tihnan contends that the best competitor will ùe the p i e s  with the lowest 

resource requirements rather thaa the one that cm grow the largest, the fastest, or is the fht to 

colonise an area. 



2.3 Shade Toletance 

The minimum light intensity at which the pbotosynthetic uptake of CO, withlli a tree becornes 

equal to its rate of release through respiration is commody r e f d  to as the compensation point. 

Trees that respire more rapidly typically require a greater arnount of light to reac h this level. As îight 

intensity increases beyonci the compensation point, a rapid increase in the rate of photosynthesis, and 

therefore in net C O  fixation, is observed. However, such increases are dS.cult to sustain and will 

at some point begin to dllnlliish with fiirthet increases in üght. A saturation point is eventually 

reached at which time further increases in light intensity wiii lead to no funher gains in net CO2 

fixation. The particuiar light intensities at which compensation points and saturation points are 

reached in turn depend upon a combination of fsctors. These factors m y  include some of the 

fo 110 wing in addition to the various interactions possible; genotype, leaf type, leaf age, soi1 rnoisture, 

nutrient availability, air hurnidity, CO? concentration in the air, ambient temperature and insect and 

disease infestation &archer 1983, Kirmnins 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 cornpetition are cornrnody referred to 

as s hade to lerant . Suc h species generaüy have Iowa compensation pomts and saturation points than 

species adapted to higher light-intensity enwonments (Larcher 1983, KimMns 1987). In the absence 

of a large-scale disturbance, relative shade toienince becornes an important element m the abüity of 

a tree to form part of a climax comrnunity in a given environment. A knowleclge of shade tolenure 

and its implications for growth is therefore essential for explainhg and predicting vegetation 

succession and in support h g  stand-level silvicdturai decisiom during management planning. 

For this and other purposes, tree species have ofien been a r b i i y  classified in order of 

comparative shade tolerance based on their capacity to -and low light conditions. Such a system 

has sirnplistically implied that shade tolerance for a species wiU remah rnore-or-les constant across 

the range of sites on which the species may be founâ, and for ail stages of tree developrnent. 

Contradicting classifications have therefore sometimes arisen. Krajina (1 965) ranked amabüis fir 

(Abies amabilis Dougl. Ex Loud. Forbes) as the most shade tolemt species in the Pacifie 

Northwest. Western hemlock and western redcedar were both ranked as equally high in shade 



tolerance, but at a level inferior to that demonstrateci by the amabii fir. Minore (1979) considered 

westem hemlock equal to amabüis fïr as the most shade tolerant species in coastal British Columbia. 

Western redcedar was considered les  tolerant than westem hemlock. Western hemiock and westem 

redcedar were both classified by Burns and Honkala (1 990) as very shaàe tolerant, though western 

redcedar was considered perhaps stightly-les-so. Coastal Douglas- fir has been classined as 

intermediately shade to lerant by al1 of the above authors. A recent study of interspecific variation m 

shade tolerance, based on variations in light condition as well as in soi1 rnoisture and in nutrient 

availability, has suggested that shade tolerance is greatest in westem reàcedar, followed by westem 

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

2.4 Idealiseà, Even-Aged, Singk-Species Stand Developmeit 

An understanding of stand dynamics is essential in forest management. Forest stand dynamics 

describe the various changes that may be observed in forest stand structure as a function of time. 

Stand structure relates to the physical and temporal distribution oftrees in a stand. The evolution of 

structure within an idealised, even-aged, single-pies stand, as influenced by competition, can best 

be described t hrough four general phases of development . In order of succession, t hese 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 developrnent is commnly refened to as stand initiation. During stand 

initiation, plant species develo ping fiom seeds, sprouts or advanced regeneration gradualîy recolonise 

open spaces created by a major disturbance such as fke, blowdown, h t  infestation, disease 

sestation or logging activity. The duration of this stage varies widely, dependhg upon a 

combination of factors such as the intensity of disturbance, area of disturbance, growth rate of 

invading species, regeneration mechanisris of invading species, the coincidence of disnubance, seed 

crops and weather and also, on the d e n e  and multiplication rates of seed preâators or cornpetmg 

shrubs (Oliver 198 1 ). Little competition is obsened arnong tree seedlings at this tirne because site 

resources are not yet fùily exploited. The rate of tree devebpmeot, if unimpeded by herbaceous 

competition, is mostiy governed by physiological and genetic fàctors. Abiotic elements such as 



climate, topography, aspect and the physicai and chernical characteristics of the soi1 also play an 

important role (Oliver and L m n  1996). 

The onset of competition within a single species, even-aged stand largely corresponds to the 

t irning O f crown closure. Complete crown closure is reaüsed when the lower shaded branches of a 

tree die and the base ofthe live crown begins to recede. On simiiar quaiity sites, crown closure will 

occur later at the widest spacings, with the extrerne of an open-grown tree experiencing îittle crown 

recession. Following crown closure, widely-spaced trees will be Mer, wiU have wider crowns and 

will possess larger average diameter branches and stems than closely-spiiced trees growing on similar 

sites (Curtis and Reukerna 1970, Oiiver and Larson 1996). 

Stem exclusion is characteriseci by the onset of cornpetition within a stand, and through the 

initiation of self-thinning. The mtensification of competition during this stage g r a d u e  leads to the 

differentiation of the stand into four commody identified crown class subgroups, namely the 

dominant, the codominant, the intermediate and the overtopped. Each crown class is d e W  by total 

tree height position relative to the generai crown canopy structure, and by the proportion of tree 

cro wn surface exposed to direct sunlight (Kozlowski et al. 1 99 1 , Oliver and Larson 1 9%). 

As the n a m  suggests, dominant trees are those that extend above the general canopy layer 

and receive full sunlight dong the top and upper sides of their large, weU developed crowns. 

Codominant trees form the general canopy layer and intercept full sunlight h m  above, but 

comparativeiy little from the sides of their medium-sized crowns. Intemediate trees extend 

somewhat into the lower portions of the main canopy and receive small amounts of direct sunlight 

fiom above, but none fiom the sides. Cromrs are typically narrow and short, resulting in limited leaf 

surface area and a low live-crown-ratio. Such trees maintain the potential tn recover upon release, 

and to graduaily emerge into either of the codominant or dominant crown class positions. 

Overtopped trees are those positioned entirely below the main canopy Iayer and which receive 

practicaliy no dùect suniight. Such positionhg resuits in the formation of small, sparse, Oat-topped 

and often lopsided tree crowns. Overtopped trees have iittie chance of recovering upon release 

(Kozlowski et al. 1 99 1, Oliver and Larsoo 1996, Smith et al. 1 997). 



The transition stage is initiated by a general decrease in upper campy vigour as trees begin 

to age and decrease in vigour. Overstory ûee heights and crown sizes becorne les d o m ,  with less 

overlapping occurring between adjacent branches. lndividd tree rnortahy at this point is lergeiy 

brought about by environmental &tors such as windthrow, insects and disease. ûpehgs  created 

by the deaths of dominant and codominant trees are subsequentîy larger, and persist over a longer 

period of t irne. Gaps in the main canopy are slowly created, akwing sunlight to pemetrate diagonaiiy 

to the forest floor, and dowing for the subsequent establishment of a new stratum of herbs, shnibs 

and advanced regeneration (Oliver 198 1, Peet end Christensen 1 987, Oliver and LaMn 1996). 

A forest stand in the steady-state phase can be viewed as a patchwork of trees of various sizes 

and ages continuously undergohg 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 graduaüy released within such openings, 

forming a vertically stnit ified 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 tire, that 

completely destroys the forest stand and reverts it back to the stage of stand initiation. Banhg such 

a disturbance, the ingrowth provided by the new trees eventdy  gives the stand an unewn-aged 

character. with a diameter distribution appmachiag a reverse-l shape. Volume lost through the 

periodic death of individual old trees is replaceci by ingrowth provided by younger trees (Oliver 198 1, 

Peet and Christensen 1987, Oliver and Larson 1 996). 

2.5 Wood Quality 

A few of the basic prhciples goveming tree development were advançed in the preceding 

discussion. The effects of crom development on wood formation, and on the subsequent patterns 

observed for earlywood, transition wood d latewood development, were also considered. The 

foilowing discussion will address the concept of wood quaiity. Five wood properties important to 

the wood processing industry in tetms of end-product quality and value, namely relative density, 

longitudinal tracheid length, micmnbril angle, juvenile wood and mature wood, wül be reviewed. 



2.5.1 Relative Density 

Relative density is considered by niany as the best single measw of wood quaüty. Clear 

wood strength and stifltkiess, digester pulp yield a d  caioric content are all close$ rekted to it. Its 

importance also stems fiom the fact that it can be easiiy altered for many species through silvicultural 

and genetic manipulation (Panshin and de Zeeuw 1980, Zobel and Van Buijtenen 1 989). Relative 

density is dehed as the ratio of the weight of a given volume of wood to the weight of an equal 

volume of water at 4 OC. It is conrmoniy detennined in s d  wood samples through gravimetric 

analysis (Srnit h 1 954) and by x-ray densitometry (Parker et al. 1980, Jozsa and Myronuk 1986, Jorn 

er al. 1987). 

The basic relative density (oven-dry weight 1 green volume) of an annual growth ring is 

infiuenced by several wood characteristics such as ceil wall thickness, ceil diameter and rnost 

importantly, by the rehtive amounts of earlywood and latewood present. The p a t e r  the proportion 

of latewood, the higher the whole-ring relative density recorded. Relative density within a Douglas- 

fir annual gro wth ring was descriid by Jozsa and Middleton (1 994) as  rang ing fiom 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 descnid by Wüson (1 964) as ranging from about 0.20 to 0.60 fiom earlywood 

to latewood, and for westem redcedar fiom about 0.12 to 0.60, respectively. Jessome (1977) 

reponed average whole-ring rehtive density valuesof0.45,0.42 and 0.33 for old-growth Douglas-fir, 

western he rnloc k and westem redcedar, respectively . 

Relative density variation within a tree is rnost often descn i  in a horizontal sequence from 

pith to bark. Generally speaking, the variaôii displayed is strongly correlated with ring number 

from pith, but weakly correlated with growth rate (Megraw 1986, Jozsa et al. 1989, Jozsa anci 

Middleton 1 994). Average whole-ring relative density pro f i s  established by Jozsa and Middleton 

(1 994) for second-growth Douglas-fi (60 trees sampled), westem hemlock (26 trees), westem 

redcedar ( 10 trees), and for six other tree species fiom British Co Wh, are illustrateci in Figure 2.1. 

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

and decreased to a value of about 0.40 by ring 1 0. A steady increase foilowed until a moresr-less 



Figure 2.1 Average whole-ring relative density trends as dispiayed at breast height, and fiom pith to 
bark, for various second-growth native tree species nom British Columbia (JO= and 
Middleton 1994). 

steady value was attained by about ring 30. A smiilar pattern of relative density variation was 

observed for the species by Ch& (1953), Jozsa and Kellogg (1986), Megraw (1986) and Jozsa et 

al. ( 1 989). Whole-ring relative density for western hemlock was at a maximum (about 0.5 1 ) next to 

the pith. A sharp decline to a minimum (about 0.38) at ring 14 was hUowed by a moderate increase 

to a moresr-less steady valw by Mg 40. WeUwood and Smith (1 962), Krahmer (1 966), Megraw 

( 1 985) and Jozsa et al. (1 998) al1 reprted si* whok-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 tirne. WeUwood and J u w s  (1968) and Jozsa and Kellogg (1986) both reported a 

similar pattern of relative density variation for the species. 



Some researchers have noted a decrease in whole-ring relative density folowing an increase 

in init i d  spac hg. Suc h decreases were reported by Klem ( 1 942) for Norway spruce (Picea abies (L .) 

Karst), by Cown (198 1 )  for Cariibean pine (Pinus caribaea var. hohmrls  Motelet) and by Yang 

( 1994) for black spruce (Picea -ana (MiIL) B.S.P.). Klem (1952) reported no effect for Norway 

spruce at spacings narro wer than 2 m, but observed a decrease in reiat ive density at spacings greater 

than 3 m. Other researchers, such as Geyer and Gilmore ( 1  965) for loblolly p h  (Pinus taeda L.) 

and Baker ( 1 967) for red pine (Pinus resinoso Ait .), have O bserved an increase in relative density. 

Others. such as Grigal and Sucoff (1966) for jack pine (Pinus banksiuna Lanb.), Smith (1977) for 

slash pine (Pinus elliottii Engelm) and Barse and Laidly (1 980) for red pine, have observed no effect. 

Smith ( 1 980) studied the effects of initial spoicing on radiai growth and percentage latewood 

for 2 1 -year-old Douglas-fi and 20-yearsld westem hemlock and westem 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). tncreased ring width, and a correspondhg decrease in latewood proportion, were observed 

for ail species as spacing increased. From the same plots studied by Smith (1 980), Jozsa et al. ( 1  998) 

analysed the effects of initial spacing (0.91, 2.74 and 3.66 m) on stemwood relative density for 

western hemiock. Both earlywood and latewood relative density, it was found, remained practically 

identical at breast height for ail three spacings. A slight drop in iatewood proportion, 60m a high of 

3 3.3 % at 0.91 rn, to a bw of 26.0 % at 3.66 m, was also observed. Ultimateiy, it was concluded that 

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

Many attempts have been made to establish a relationship between ring width and relative 

density. Megraw ( 1  986), Jozsa et d ( 1  989) and AbdeCGadir et al. ( 1  993) each reported a very 

weak to non-existent relationship for Douglas-tir. A weak, negative relationship for western hernlock 

(rings 20-24 analysed combined) was identined by DeBell et al. ( 1  994) as a h t i o n  of earlywood 

relative density (P = 0.16) and whole-ring relative density (r' = 0.39). A wn-significant relationship 

was ident Sed for htewood relative density. Jozsa et al. ( 1  998) also reported a weak, but consistently 

negative whole-ring relative density relationship for western hemlock, with relationships generally 

stronger for growth rings sampled withm the juveniie wood zone, a d  weaker for those sampled 

within the mature wood. Little information concerning the rektionship between ring width and 

relative density developrnent is currently avaiîable for western redcedar. 



A negative relationship between ring width and whole-ring relative derisity has occasional.iy 

k e n  identified for Norway spnre (Hem 1942, Persson 1975, Olesen 1976, Johaosson 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 obsetved, the lower the rnean relative density value 

recorded (Klem 1942. Johansson 1993, Lindstrom 1995). Little information is currently available for 

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

2.5.2 Longitudinal Tracbeid Lengtb 

The length of an average tracheid is oAen said to be roughly 100 t k s  greater than its 

tangent i d  width. The actual value ultimately depends upon the length of the fùsifiorm initial nom 

which it is derived. The greater the length of the fusiforni initial, the longer the tracheid produced. 

The length of a fusiform initial, rneasured next to the pith, is itself strongly inherited. Genetics, 

cambial age, growth rate, and al1 the possible interactions involved, al1 contribute to the subsequent 

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

Accelerated diameter growth by a young tree typicdy requires a conesponding increase in 

the rate of anticlinal cell division to provide the necessary circuderential expansion of the vascular 

cambium. The Eequency of anticlinai ce11 division at this point is such thai an overabundance of 

fùsiform init ials are init iaiiy produced. The sutmequent sunival of each fûsiform initial, it is thought, 

is largely dependent on contact with rays through which synthesised food material is ttans1ocated. 

The longer the fùsiform initial, the greater the chance of contact. With aging comes the decline of 

the sho rter, less efficient ftsifom initials. These celis, even when bordered by rays, fiequently lose 

t heir capacity for fbrther division and either develop into ray initials, mature directiy into xylern or 

phloem elements, or smiply die out (Bannan 1967% Philipson and Butterfield 1967). An overd 

increase in mean fkiform initial ceil length is therefore said to occur h m  the above. 

With tree rnatunty cornes a diminishing rate of diameter growth, and a general decline in 

anticlinal ceU division. Greater t ime is subsequently availabie between successive divisions for cell 



tip elongation by the fùsiform initiais Longer daughter initials are accordingly produced, and a 

greater survival ratio is also observed. Only small iacreases in mean t'usifonn initial ceU length take 

place fiom then on. A genetically controlled maximum value is eventuaily reached at which tirne 

fusiform initial cell length fluctuations becorne largely attriiutable to seasonal changes in rate of ce1 

division (Bannan 1967% Philipson and Butterfield 1967). 

Anticlinal ce1 division during the initial years of tree development is n o d y  held constant 

t hroughout the growing season. The growth rings produced are generally wide and contain a high 

proportion of earlywood. A slight, but constant, increase in average fusiforni initial length may be 

observed. As trees grow older, anticlinal ceU division tends to concentrate in the nnal portion of the 

gro wing season. This results in a pattern of increasing fusifonn initial cell length within the 

earlywood and early latewood zones, followed by a gradua1 or abrupt d e c h  at the approach of 

cambial dormancy. Such bte-season anticlinal divisions, in tum, generate the fbsifonn initials that 

will initiate pericünal division the following semon. Despite the tendency for fusiforni initial lengths 

to decrease at season's end, there is nonetheless a residual increase in cell length that is canied over 

fiom yeu to year (Bannan l96ïa, 1967b). 

The seasonal fluctuations in fusiforni initial cell length noted above may lead to increases in 

mean tracheid length of 10 to 15 % fiom earlywood to latewood (Panshin and de Zeeuw 1980). 

Furthermore, earlywood and latewood tracheids, once M y  developed, are both sigdîcantiy longer 

than the fusiform initials fiom which they originated. Increases of I O  to 15 % m y  be observed. Such 

post-cambial celi elongation is typical of conifer tracheids and is largely a resuIt of intrusive growth 

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

Tracheid length, when viewed nom pith to bark, demonstrates a simiiar pattern of 

development for most conifer species A rapid increase in tracheid length is nomially displayed fiom 

the pith over the 6rst 10 to 20 years of developnait, fobwed by more-or-les constant values over 

tirne. Hamm (1 989) measured tracheid length for second-growth coastai Douglas-6.r. Average 

values of 1.7,2.7,3.1 and 3.3 mm were obtahed for rings 0-5,ll-15,21-30 and 4 1-50, respectively. 

Wellwood and Smith (1962) memeci tracheid length for western hernlock. Mean values of 1.8,2.7, 

3.2 and 3.6 mm were obtained for rings 1-10,21-343 1-40 and 71-80, respectively. Weilwood and 



Jurazs ( 1968) measured tracheid length for western redcedar, and obtained a mean value of 2.5 mm 

at ring 1 O, 3.0 mm at ring 23,3.5 mm at ring 50 and 4.0 mm at ring 120. 

The general hding for softwoods is that initial spacing has linle impact on tracheid length 

development. IUem ( 1942) for Norway spruce, Youngberg et al. (1  963) for slash pine, Posey (1 965) 

for lobloiiy pine and Persson (1975) for Norway spruce ail concluded that no relationship existed. 

Little information has been compiied regardhg the above for Douglas-fir, westem hemlock and 

western redcedar. 

The observation that an increasing rate of diameter growth brings about a corresponding 

increase in fiequency of anticlinal ceU division suggests that tracheid length variabiîity is, to a certain 

extent, a function of growth rate. Faster diameter growth, it is assume& will iead to the production 

of shorter tracheids. Contlicting results have nonetheless been reported in past studies for various 

conifer species. The effects of growth rate have tiequently 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 aii. 

Smith et al. (1 96 1) 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 variabw for both species. A total of 77 % of tracheid length variation for Douglas-fir 

was found attributable to ring number fiom pith. A d u e  of 60 % was obtained for westem hemlock. 

Wellwood and Smith (1 962) associated 65 % of tracheid length variation for Douglas-fk to cambial 

age. Weliwood and Junizs (1968) associated a value of 58 % for western redcedar. 

The cell waH of a tracheid is, to a large extent, a composite structure of tihead-lüce tilaments 

called microfibrils. Each microfibril constitutes a crystalline cellulose core encased in a sbeU of 

amo rphous hemicelulose. On the b i s  of microfibril orientation, the resultant ce11 wall constnict ion 

can be subdivided into four pn<ripal fayers (Figure 2.2). 



Figure 1.2 Schematic representation and micronbril angle orientation of tracheid celi-wd layen 
(adapted nom Côté 1967). 

The prirnary wail (P) is fonned at the tirne of cambial division. It remains very thh, 

approximating 0.1 pm throughout. Microfibrils found within this waii are loosely interwoven, and 

more-or-less randomly orientated. Such a loose network fàcilitates expansion and elongation during 

the subsequent period of ce1 enlargement. The secondary wall is characterised by a higher degree 

of parallelin of its rnicrofibriis, and by the deposition of ceU wail material in the form of successive 

sheet s (lamellae). The secondary wall coliectively includes three layers that generally htegrate into 

one another. The S, layer lies immediately within the conthes of the inner primary wali and never 

exceeds a thickness of  about O. 1 to 0.2 pn (4 to 6 lameilae). Microtibriis w i t h  this layer genedy 

alternate in orientation between opposing surfàces. A lefi-handeci upward spirai (S helix) relative to 

the longitudinal axis of the celi may be viewed fiom the outside ofthe layer. A right-handed (2 helùr) 

arrangement may be observeci fkom the inside. The helical angles obsewed may range h m  as high 

as 50 to 90". The central S2 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 wd volume. The term microfîbril angle itself; 



as commonly employed with regard to wood quaüty, refers to tk mean helical angle observed within 

this particular layer. Microfibnls are typifaiiy closeiy packed and steeply aiigned to the cell axis in 

a single Z heüx. The S, layer lies adjacent to the ceii lumen and constitutes a very thin Iayer rangbg 

f7om 0.1 t O 0.2 pn in thic kness (4 to 6 larnellae). An alternat h g  Z heh on the outside su* of the 

layer and an S arrangement on the inner surfiice may be viewed. Likewise to the S, layer, the heiical 

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

Also included in Figure 2.2 is the rniddle lamella (M). This component is p M y  composed 

of pect in and is the rubbery substance responsible for cementing the outer primary walls of the 

individual cells together. Its developnent parallels the formation of the secondary wall and is 

associated with the stage of Lignification. The warty layer (W) is deposited on the b e r  surface of 

the S, layer by the dying protoplasm during the nnal portion of the Lignincation stage. Its purpose 

remains unknown (Panshin and de Zeeuw 1980, Tsoumis 199 1). 

The mechanism goveming microfibrii angle development is still under debate. Current 

t hinking suggest s t hat microtubules play an important role in directing ceilulose deposition. Strong 

correlations have been identined between the orientation of microtubule amiys and the orientation 

of newly deposited microfibtils within the secondary wall (Seagull 1989,1992, Fujita and Harada 

199 1, Salisbury and Ross 1992 Hisashi et al. 1994). Microtubules are generaily present within the 

cyt O plasm of a celi following division. These structures consist of long, hollow cylinders rneasuring 

about 25 rn on the outside and 12 nrn on the inside. At the onset of cell enlargement, rnost 

microtubules are organised in a compressed heücal band about the cell equator and are mostly 

positioned at right angles to the longitudmal axia The control of this arrangement remains unknown. 

As cell enlargement procwds, the helix arrangement expands and microtubules begin to rnove away 

from one another. The orientation of the microtubules withm the h e k  accordingly changes, fo&g 

angles of up to 45 O with the long axis of the cell. Ce1lulose formation is believed to be controlled by 

enzymes k t e d  on the plasmalemma, namely rosettes on the ianer surface and globules on the outer 

surface. It is currently hypothesised that the mvement of these rosette-globule complexes during 

ceilulose synthesis is guided by the microtubules. It s through this association that microtubule 

orientation is believed to provide a pathway for ceMose deposition, with the direction of the 

deposition being essent* paraiiel to tbat of the microtubules (Salisbury and Ross 1992). 



The overd design of the cell wall is believed to provide extra resistance within a tree stem 

against wind intlic ted damage. A micronbril angle greater than zero effect ively serves as a w'bration 

darnping mechanism at the cellular level to prevent hm-wall &turing during swaying. Assuhg 

adjacent tracheids within a tree stem possess similar microfibril angles, the double cell wall portions 

O bserved w i l  display reverse micro fibril orientations. Upon bending in the w d ,  one side of the stem 

will be compressed whereas the opposite side will be placed under tension. Since the organisation 

of rnicrofibrils within the S, layer is at a slight angle relative to the longitudinal axis, individual cells 

when placed under compression will rotate süghtly. Movement within the double cell wall portions 

wiii t herefore be in opposing directions. The middle lameih wiU accordingly be p k e d  in shear, but 

will not rupture due to its highiy elastic nature. With the tree waying back to its original position 

and beyond, the same tracheids will be placed d e r  tension and will correspondingly rotate, but in 

the reverse direction. The middle lameUa will once again be placed in shear and will accordhgly 

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

The microfibril angle observed for most conifers is typicdy greatest near the pith, decreases 

rapidly as trac heids in increasingly distant growth rings are examined, and eventualiy stabilises 

(Megraw 1985, Cave and Walker 1994). DadsweU (1 958) stated that microfibril orientation could 

decrease from a value of 55 to 20' fiom pith to matwity. Erickson and Arima (1974) reported a 

decrease in average microobril angle for Douglas-fir, fiom a value of about 32" next to the pith, to 

about 7" by ring 30. Wellwood (1962) reported a sornewhat d e r  decrease between rings 1 and 

27 for westem hemlock, from about 22' to 1 Io  for the earlywood zone, and h m  about 19" to 8" for 

the latewood zone. Little infornt ion regarding micro fibril angle develo prnent has been cornpiled for 

westem redcedar. 

Erickson and Arima (1974) noted a weak relationship between growth rate and microfibril 

angle for Douglas- tir, with the variability O bserved largely a function of cambial age. Markstrom et 

al. (1 983) noted that an krease in radial growth for Ponderosa pine (Pinus ponderosa Laws.) was 

no t accompanied by a corresponding significant increase Ui micro nbril angle. Elexman et al. ( 1 999) 

observed a positive relat ionship between growth rate and rnicroobril angle for Norway spruce. Slow- 

gown stems dispiayed the classic pattern of decreasing microfiri1 angle fiom pith to bark, whereas 

the fater-grown stems, following a thinahg intervention, demonstrated a si@cant krease in value. 



A mean microfibril angle of 29" was reporteci for the faser-grown trees, compared to 2 1 for the 

slower-grown stems. Very little information is avaihbfe for western hernlock and western redcedar 

regarding the effects of ring width on micronbril angle developrnent. Furthemre, very few studies 

have analysed the effects of initial spacing on rnicrofibrü angle development for the three species 

considered in this study. 

Many studies have pointed to the existence of a strong, negative correlation between 

micro fibril angle and tracheid length (Dadsweii 1958, Erickson and Arima 1 974, Bnggs and Smith 

1986). It was furthemiore suggested by Meylan and Probine (1%9) that microfibril angle 

development could Vary as a function of ceil diameter and cell wall thickness. Megraw (1985) 

suggested overail lumen geometry, stating that the long and narrow cell cavities typical of latewood 

trac heids favoured the deposition of a low micro fibd angle, whereas the shorter and wider cavities 

t ypical of ear lywood trac heids favoured a larger rnicro~rü angle. 

2.5.4 Juvenile and Mature Wood 

Juvenile wood can be dehed as that portion of the xylem first laid down near the centre of 

a tree. Regardless of tree age, it is always produced wiihin the live crown Its relative proportion 

belo w the base of the live crown is largeîy 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 dernonstrates greater uniformity. 

Generaiiy speaking, a lower average relative density, shorter tracheids, thinner celi walls, a lower 

proportion of latewood, a larger average rnicrofibril angle, a lower cellulose content and a higher 

iignin content will be displayed within the juveniie wood core (Patlshin and de Zeeuw 1980, Zobel 

and Van Buijtenen 1989, Zobel and Sprague 1998). 

A range of 20 to 30 growth rings at breast kight has been suggested as the extent ofjuveniie 

develo prnent within rnany conifen (JO= and Middleton 1 994, Keniedy 1 995). The actual number 

of growth rings identified ultimately depends upon the wood property used for definhg a transition 

zone. DEerent wood properties will attain a more-or-less stabilised value (indicative ofmature wood 



development) at dif5erent ages. Also, there is no sharp demarcation between juvede wood and 

mature wood, as one wood type systematically bleds 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 fiequently been d e k d  using whole- 

ring relative density trends fiom pith to bark, with a transition point between the two wood types 

selected where values began to stabilw (Bendtsen and Senft 1 986, Di Lucca 1 989, Abdel-Ga& and 

Krahmer 1 993, Kucera 1 994, Tasissa and Burldrart 1 997). The age at w hich ring widt h (Bendtsen 

and Senft 1986. Kucera 1994, Yang et al. 1986, 1994), tracheid length (Bendtsen and Sedl 1986, 

Kucera 1 994, Yang 1 994). tracheid diameter (Kucera 1994), micro fibril angle (Bendtsen and Se& 

1986), latewood relative density (Sauter et d 1999), latewood proportion (Kucera 1994) and 

longitudinal shrinkage (Pearson and Giimore 1971, Ying et al. 1994) stabilise have also ken 

considered. 

Kucera (1994) identified a close relationship between the cuirnination of annual height 

increment in Norway spruce, and the age at which whole-ring relative density attained a minimum 

value at sturnp level. An association was suggested between shade tolerance and relative density 

developrnent, with a minimum whole-ring relative density value produced at an eariier age by the 

more shade intolerant species. Kucera also suggested that whole-ring relative density for sbade 

intolerant species would stabilise sooner, resulting in a shortened period O fjuvenile wood formation. 

An abrupt transition, owing to the rapid decrease in incRmental height growth, would subsequently 

be observed fiom juveniie wood to mature wood. 

kzsa et al. (1 989) observed the foilowhg trends based on intra-ring relative density pmûles 

established at breast height for 50-year-old Douglas-6.r fiom Vancouver Island. Reiative density 

within the juvenile wood core (first 20 years of growth) ranged fiom 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 ternis of whole-ring rehruve density. In contrast, the relative density of the mature 

wood zone ranged fiom about 0.28 in the eariywood to 0.95 in the latewood. Ring width averaged 

3.2 mm, latewood proportion averaged 43 % and whole-ring relative density averaged 0.53. 



Jozsa et al. (1 998) observed the fobwing trends baseci on iatra-ring relative h i t y  profiles 

established at breast height for 90-year-old western hernlock h m  coastal British Columbia. 

Latewood proportion increased h m  15 %, to 28 %, to 48 % over p w t h  rings 615,1635 a d  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. 

Srnit h ( 1 980) measured htewood proportion h m  20-year-old western redcedar trees sampled 

at the Haney spacing triais. Mean breast height values were O btained based on a samp le of 29 stems 

h m  five spacings ranging fiom 0.9 1 to 4.5 7 m Average values equalhg 1 8,13,9 and 1 3 % were 

O btained for growth rings 9, 12, 1 5 and 20, respectively. Very iittle information relating to mature 

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

Average stemwood relative density, when described as a fuirt ion O f'height for bot h Douglas- 

fi and west em hemloc k, is typicaiiy greatest at siump level (Okkonen et al. 1 972, kzsa and Keliogg 

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 density for 

both species follows as the base of the live mwn is approached, and the proportion ofjuveniie wood 

within the stem increases. A hl increase in stemwood relative density can be observed as the stem 

apex is neared. Only the innemst 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 demity variation, 

wit h the 10 west values recorded at stump levei, and the bighest values observeci within the live cm wn 

(Wellwood and Jurazs 1968, Okkonen et al. 1972, Jozsa and Kellogg 1986). A complete explaiiation 

for the above pattem of variation has never been provided. Wellwood and Jwazs (1 968) mnetheless 

attributed it to the development of compression wood next to the pith, and to the fàct that mature 

wood for the species remained comparativeiy low in relative deosity throughout its development. 

With a decreasing nurnber of growth rings with increasing kight, the inwr juvenüe core wouM 

gradudy form a greater proportion of overaü stem volume. With increasing height, the b e r  juvenile 

core would subsequentiy maintain a greater inauence on stemwood relative density, hence the greater 

values observed. 



3. MATERIALS AND METHODS 

3.1 Data Collection 

The material for this study was coUected h m  a spacing trial estabüshed at the UBC Malcolm 

Knapp Researc h Forest (project 57-5, site-index 39.8 (50 years, breast height age) for Douglas- fir, 

32.6 for westem hemlock and 32.9 for western redcedar), located 60 km east of Vancouver near 

Haney, BC. Douglas-fir was initiaîiy planted during the f d  of 1957 as 2+0 seedlings at square 

spacings of 0.91, 1-83, 2.74, 3.66 and 4.57 rn (3, 6, 9, 12 and 15 A). These represented initial 

stocking densities of 12076,2986,1332,747 and 479 stens/ha Western hemlock 2+0 seedhgs and 

westem redcedar 1 + 1 seedlings were phnted on the same site, and in simikr fashion, during the faIl 

of 1958 and spkg of 1959, respectively. Ail Douglas-fir and western hemiock seedlings were 

O btained fbrn Green Tirnbers Nursery and were of unknown, but presumably, local provenance. The 

westem redcedar seedlings were coiiected as wüdiings fkom the UBC Research Forest. The spacing 

trials were laid out m 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 westem hemlock at 0.9 1 m only. Seedüngs that 

died during the fist season were replaced the fo Uowing year with 3+0 stock. Al1 plots were cleaned 

and weeded several times to eliminate brush cornpetition (Walten and Smith 1973). 

AU trees located within the outer two rows of each 49-tree plot were disregarded durhg 

sampling to elirninate an edge effect. AU ûees located within the inner rows were initially inventorïed 

to identifi the stems suitable for wood quaüty sampüng. Trees with forked stem were omitted dong 

with those dernonstrating excessive lean and crown dieback. AU suitaMe stems within each spacing 

were ihen sorted fiom smdest diameter at breast height (dbh) to largest, with the range subsequently 

divided into three groups representing smaM, medium and Large diameter trees. Six trees were 

randomly selected per -hg, two per group. Excessive mortaiity, coupled with poor quality in the 

residual stems, was generaIiy observed within the 4.57 m spachg for westem hemlock, prompting 



the eli-tion of this spacing fiom the sampling b. A total of 84 trees were thus selected, 

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

for western hemlock. 

Non-destructive samphg 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 t he live crown. Whorls, as weU as areas kely to contain compression wooâ, were avoided. 

Clirnbing gear and a handsaw to prune dead branches were used during this operation (Figure 3.1 ). 

Sampling for wood properties dong a tree stem has traditionally been conducted through destructive 

means using stem analysis. Non-destructive sampüng for wood quality as performed in this audy, 

via a combination of tree cümbing and incrernent b o ~ g ,  is uncormnon in the literature. 

Figure 3.1 Increment core collection at 2 m intervals nom stump level up to the base of the live 
crown. 



Sarnpling along the braach-free bote was conducteci only when bark d e s  were dry ami 

the risk of slipping was minimal. It was foimd during this procedure tbat trees growing at 0.9 1 m and 

1.83 rn for ail species, and at 2.74 m For Douglas-fk, had crown positions too high (upward of20 m), 

and too narrow in diameter (nom 10 to 15 cm at the base of the live cmwn), to be safely climbed. 

Consequently, oniy the 3.66 and 4.57 m spacings for Douglas-fir, 09 tbe 2.74 and 3.66 m spacings 

for westem 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-tir and westem hemlock was defhed as the lowest 

whorl containing three or more live branches. For westem redcedar, which does not possess clearly 

de fined whorls, the t hird lowest living, healthy branch was used as the point of d e h t  ion. Increment 

core samples were coiiected at heights reaching 20 m in the case of Douglas-fk, 12 m in the case of 

westem hernloc k and 1 3 m in the case of western redcedar. Ail core samples were obtained from the 

southem aspect of each stem The randomisation of this procedure would have proved difncult since 

mobility about the trees was very difficuh d u ~ g  climbing. It was therefore decided, for the sake of 

consistency, that a common aspect would be used for ail trees. Identification numbers were inscribed 

on each core using an indelible copy pend, and ail were stored and transported in piastic straws to 

avoid breakage. A total of 69 and 66 core sarnples were coUected h m  the 3.66 and 4.57 m Douglas- 

fïr spacings, respectively. Thirty-seven cores were coilected Eom the 2.74 m spacing for westem 

hemiock, and 43 additiod cores were coliected for the species at 3.66 a A total of 5 1 cores were 

collected fiom the 2.74 m spacmg for westem redcedar, and 43 additiod samples were colected for 

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

Recently wind-thrown trees (foüage stiU green) fiom the 0.91 m Dough-fir and westem 

hemloc k spacing trials (0.2 ha plots) were avaüable m snd5cient numkrs to d o w  for destructive 

sampling through stem analysis Six trees were randomly selected, by species, from those suitable 

for wood quaiity sampîing. A chaiiisaw was used to cut 2.5 cm thick d k s  at breast height and at the 

required 2 m intervals fiom stunip level up to the base of the live crown. Aspect was detennined 

based on root c o h  which remained partiaily buried, and fiom which the direction of tree fgU could 

be retraced. The southem aspect of each dsc was m k e d  with an indehile copy p e n d  immediately 

after sawing. A total of 69 disc samples were coilected for Douglas-fir, ard 50 for western hemlock. 



The southem aspect of eac h disc was later cut to size using a bandsaw. Wood samples collected h m  

each disc effectively replaced ail 5 mm and 12 mm cores that would otberwise have been cokted 

using the non-destructive (;ampling design. 

The nondestmct ive sampliog design employed in this study is sumniarwd in Table 3.1. AU 

wood sample coliecting was coaducted during the summet and M o f  1998. Fi@-four trees out of 

a possible 84 were Uitensively sarnpled along the h e h - f k e  sections of th& respective boles. Th 

rernaining 30 trees, origiriathg fiom the 1.83 and 2.74 m spacings for Douglas-fïr, the 1.83 m spacing 

for western hemlock and the 0.91 and 1.83 m spacings for western redcedar were sanipled exckisively 

at breast height, and ushg a 5 mm increment borer oc@. The abow mentioned 30 trees were for the 

most part relat iveiy smaîl in diameter. Increment wre collection using a 12 mm borer wouki have 

proved too damaging to the stems. This activity was subsequently restricted to the larger diameter 

stems found within the wider spacmg intervals. 

Table 3.1 Number of trees sampled, and sampling procedure, by m e s  and spacing. 

spacing (m) Douglas-fir western hemlock Wesfern redcedar 

0.91 6 . M M  6 .MH 6 .  

1.83 6 .  6 .  

2.74 6 .  6miw!!il 6Hmil! 
3.66 6mm!!iii 6.ma 6.tfilfi!l 
4.57 6.HH 6 m M  
total 30 24 30 



Outside bark dbh was rneasured for each of the above trees ushg a diameter tape. Total tree 

height, height to base of live crown and c m  widih cmasmmnts were obtained using a metric tape 

and Suunto clinorneter possesshg a 90" sale. An average crown width was estimated for each 

sampled tree fkom eight iive-btaoch length measurements taken every 4 5 O  around tbe perimeter of 

the crown, and in line with neighbourhg trees. The velue obtallied for height to base of the live 

crown was subtmted from the total tree height to determine live-crown-Iength a d  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 foiiowing stem taper classification scheme was used to divide the population of sampled 

trees, by species (al1 spacings combined), into three groups. The slower-growing trees, classified 

withi the suppressed taper class, were those with a hdr 2 100. Such trees are typically spindty, are 

especially vuinerable to snow damage and windthrow, and ordinarüy would not survive until a final 

harvest (Weetnÿui and Farnden 1995, Smith et al. 1997). Intermediate taper class trees were 

categorised as those with a hdr ranging nom 80 to 100. Such trees, dong with those classified as 

suppressed, would be likely candidates for removal during a Iow-thinning exercise. The faster- 

gro wing trees, classified within the dominant taper class, were those with a hdr r 80. A value of 80 

represents the maximum hdr that is normdy targeted during crop planning (Weetman and Famden 

1995). Such trees are also representative of the wood quaiity that is potentiaily available at t h e  of 

final harvest if a series of low-thinning exercises are applied dwing stand development. The fact that 

al1 trees were relatively young (41 years for Douglas-fir, 40 years for both westem hernlock and 

westem redcedar), even-aged growing on the same site, and presumabiy of comparable genetic 

stock, pennitted the above classincation scheme. 

3.2 X-ray Densitometry 

AU 5 mm cores, and aii disc-derived wood sarnples, were taken to Forintek Canada 

Corporation's laboratory in Vancouver where direct reading x-ray deositometric techniques were 

applied to O btain annual growth and dative density &ta Each wood sample was initially air-dried 

to approicimately 8 % equilibnum moisture content, and then extracted m a Soxîet apparatus in 



et hano Cc yclo hexane ( 1 :2 by volume) for 24 hours. Samples were once again airdried, followed by 

fbrther extraction in distüied water for aaother 24 hours. A nnal period of air-drying was initiated 

after which individual samples were mounted on a twin-biaâe microsaw and cut transversely ikom pith 

to bark in strips measuring 1.57 mm thick. AU samples were rnarked and identified in five-year 

increments. A total of 2 1 6, 136 and 149 wood samples were prepared for Douglas-fir, westem 

hemlock and western redcedar, respectiveiy. 

Scanning was conducted from pith to h k ,  and was initiated either at the beginning of the 

second growth ring from the pith, or in accordance with the first ring to iie at an angle less than 45 O 

to the scan path. The scanning procedure itseifinvolved passing an X-ray beam coüimated to 0.25 

x 1 .O0 mm, and operating at 15 to 20 KV, and at about 2 mA, through the wood strips and ont0 an 

X-ray detector. X-ray attenuation was directly proportional to the relative density of the wood being 

processed. A density cali i t ion wedge was used to itially calibrate the system, and to recahirate 

it following every five samples processed. Incrernental and relative density values for each growth 

ring were nieanired in 0.01 mm incrernents and with 0.0254 mm resolution, respectively (Parker et 

al. 1980, Jozsa and Myronuk 1 986, Jozsa et al. 1987). 

Forintek Canada's Tree Ring Input Program (TRIP) was used for data acquisition. AU rehtive 

density values O btained were expresçwl 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 

pro pert ies analy sed within eac h growth incrernent 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 

westem hemlock and 0.44 for western redcedar. Bowidaries separating the latewood zone of one 

ring and the earlywood zone of the following ring were estabüshed at 0.45, 0.42 and 0.34 for 

Douglas- fir, westem hemlock and western redcedar, respectively. The a b v e  noted delineation values 

have ail been cornmonly used in previous snidies by researchers at Forintek Canada, and are based 

on hundreds of sarnple runs coMLucted for each species. i n d ~ d u a i  growth rings were assessed for 

latewood pro port ion (%) by diviâing htewood width by whole-ring width. 



3.3 Microfibril Angb 

Microfibril angle sarnphg was conducteâ on ail 12 mm core samples, with measurements 

O btained for every third growth increment korn the pith Cores were initially p r e p d  for test& by 

five repeated cycles of soaking in water to saturation, folowed by oven-àrying at 100°C to d u c e  

checking in the ceU walls. A total of 572 radial microtome sections 15 microns thick were cut and 

storcd in 50 % ethyl akohol. Pior to viewing, each microtome section was mounted on a 

microscope slide, to whic h a drop of water and cover slip were added. Angles were measured using 

a Car1 Zeiss / Jena Jenamed transmitted-üght microscope with video projection. A cursor was 

employed to trace the projected Mcronbrils. and measurements were recordeci using the Jandel Vide0 

Analysis (JAVA) systen Angle measurements were conducted in line with checks, and with the 

longitudinal axis of the trac heid radial surface (Figure 3.2). Forty readings were captured at various 

random locations within the earlywood portions ofeach of the 196 Dougks-tir, 187 westem hemlock 

and 189 westem redcedar growth rings sampled. A total of 7840,7480 and 7560 microfibril angle 

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

Figure 3.2 Radial section O fwestem redcedar sho wing earlywood micro fïbrii angle orientation (25x). 
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3.4 Longitudinal Tracbeid Leigth 

As was the case for micronbril angle sampling, longitudinal tracheid le@ sanpling was also 

conducted on ail 12 mm core samples, ancl measurements were also obtained for every third growth 

increment eom the pith. Growth ring sections m t  utilised for the production of microfibril angle 

microtome slides were used during this exercise. Each section was first split longitudinaüy into 

earlywood and latewood portions, and approximately six match-sized spiints were subsequentty 

produced fiom each portion. Care was taken to produce the longest sphts  possible. Those 

originating fiom the edge of the wood cores, and therefore containhg a higher proportion of broken 

tracheids, were discarded. In the narrowest growth rings where accurate spiintering by razor blaâe 

was impossible, earlywood and iatewood portions were left grouped together. Sphts  were placed 

into individuai test tubes and macerated by mixing equal parts of glacial acetic acid and 30 % 

hydrogen peroxide (Franklin's solution), foilowed by boihg in a stem bath for three hours. Once 

uniformly translucent, the splints were thoroughly washed with water . Trac heid length rneasurements 

were O btained using two separate procedures. 

The first approach consisted of preparing individual fibre slurries, by diluting a single 

rnacerated çpht from each growth ring sampüng point with approximately 20 ml of water inside a 

vid, and then briefly shaking. The slunies were then straitied through a 200 mesh SS screen in a No. 

3 Buchner Funnel. The resultant strained slumes were transferred to slides and allowed to dry. 

Individual tracheids were viewed using the sarne video analysis system employed for obtaining 

microfibril angle measurements. The system was initiaily cal i i ted for tracheid length measurement 

using a stage micrometer. 

A total of 502 s iides (1 80 Douglas-fïr, 1 50 westem hemiock and 172 western redcedar) were 

prepared and sampled in this nuuuier for the eariywood, with the same nurnber repeated for the 

latewood. An additional 92 slides (18 Dougias-fïr, 48 westem hemiock and 26 westem redcedar) 

accounted for the narrowest growth rings where earlywood and latewood were sampled combined. 

Forty unbroken tracheids were measured at d o m  locations on each slide. A total of 15 120,13920 

and 14800 tracheid length measurernents were accordmgly obtained for Dougbfir, westem hemlock 

and westem redcedar, respectively. A mean tracheid length value, based on the 40 rneasurements 



obtained at each growth ~g sampling point, was calculated for both eariywood and latewood. The 

foilowing formula was used to estimate rnean whole-ring tracheid length: 

(DAExEDxET) + (%LxLDxLT) m T  = 
(%E x ED) + (??AL x LD) 

where 

WR T rnean who l e - ~ g  tracheid length 

%E earlywood proportion 

ED mean earlywood relative density 

ET mean earlywood trac heid lengt h 

%L latewood proportion 

LD mean latewood relative density 

L T mean latewood tracheid length 

A su bstant ial decrease in tracheid radial diameter, and a corresponding increase in tangent id 

cell wall thickness, are typical of intra-ring developrnent nom earlywood to latewood. Generaîiy 

speaking, the larger the lumen diameter and the thinner the ceil 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 fiirtherrnore 

assumed that a longer rnean trac heid length wodd be essociated with latewood develo pment, and that 

latewood proportion would rernain d e r  than earlywood proportion for rnost growth ~ g s  

sampled. 

Since an equal number of tracheids were measitred for both earlywood and latewood at each 

gro wth ring sarnpling point, an arithmetic mean (sum of the tracheid length measurements divideâ by 

the nurnber of tracheids measured) would have redted in an overestirnaîion of the whole-ring 

tracheid length value. By considering earîywood relative density, latewood rektive density, 



ear lywood proportion and latewood proportion, eqication 1 too k into account the variation in tnicheid 

count. and in tracbeid length withm a growth increment, that can be expected as a hinction of both 

ring number fiom pith and growth rate. The use of Equation 1 was impossible in cases where 

earlywood and latewood length were sampled combined. An anthmetic mean whole-ring tracheid 

length value was obtained in such cases. 

The second approach for rneasuring tnicheid 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 descnid for rnethod 1 (502 earlywoocl, 502 latewood, 92 whole-ring). Individual 

fibre slurries of approximately 1000: 1 by weight were initially prepared for ail wood samples. Each 

water and tracheid solution was then fed by vacuum hto a narrow capillary tube. The low tracheid 

concentration, along with the fine capiUary tubimg, enswd that a discrete procession of straightened 

fibres would be fed into the Kajaani. A laser beam withh the device was useci to project the image 

of passing tracheids onto an array of iight diodes. The nurnber of diodes covered corresponded to 

the length of the tracheids king rneaswed (Kajaani Electronics Ltd. 1986). A minimum of 20 000 

tracheids per fibre sluny were accordingly processed. A mean tracheid length vahe for each 

earlywood and latewood segment, and for the narrower growth rings sarnpled as a &le (earlywood 

and latewood combi i ) ,  was estimated using the length-weighted formula provided by Kajaani 

Electronics Ltd. (1986). Mean whole-ring tracheid length was estimated using Equation 1. 



4. STUDY OF WOOD FORMATION IN RELATION TO 

CAMBIAL AGE, INITIAL SPACING, STEM TAPER AND CROWTH RATE 

4.1 Introduction 

Wood quality is an arbitrary term used to evaluate the suitability of a certain wood 

characterist ic for a particular end-use. The wood processing industry has long considered relative 

density and tracheid morphology as prime indicaton of wood quality. Clear lumber strength and 

st Zhess, as weli 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 rnicrofibril angle has been identified with lower 

st iffiess properties in lumber, as well as with ùicreased longitudinal shrinkage and with subsequent 

higher levels of degrade during drySig. Large micronbrü angle values are now king recognised as 

having a negaiive impact on the tensile and tear strwigîh of paper (Pansth and de Zeeuw 1980, Zobel 

and van Buijtenen 1989). 

The increased variabil@ m wood properties displayed by second-growth tirnber is often seen 

as a major drawbac k to its efficient use as a raw matenal Numerous studies have associated this lac k 

of unifodty 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 devebpment of specinc 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 rehtive density, whole-riog relative 

density, whole-ring tracheid kngth and micronbril angle development as a furrtion of ring number 

f?om pith. Profiles for each species were establislied accordhg to both initial spacing and taper c h .  



The foilowing hypotheses were tested: 

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

Function of ring nurnber fkom pith, is horizontal) 

HJ2: t here are no overail differences between groups (Le., the rnean value tecotded over tirne for 

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

H :  thcrearenointeractionsbetweengroupshvolvingtime(i.e.,thegrowthcurvesdispkyedfor 

a wood property are pardel for ail groups considered) 

The second objective was to investigate the effects of accelerated diarneter growth on 

earlywood width, latewood width, latewood proportion, earlywood relative density, htewood relative 

density, who le-ring relative density, w hole-ring trac heid length and microobril angle develo pment 

over tirne. The effects of cambial ageing on the above wood properties were invesiigated 

CO ncurrent ly . The fo llowing hypo thesis was test ed: 

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 rnicronbrü angle developrnent 

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

Analyser for obtaining tracheid length measurernents î?om 12 mm increment cores. 

A fourth objective was to pronle and compare the development of intra-~g 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. AU intra-ring profiks were CO be included in a 

general surnmary, serving in the process io consolidate the results obtained for all wood properties 

relating to x-ray dewitometry in preceding analyses. 



4.2 Data Aaaiysis 

4.2.1 Univa Rate Repeated Masures Analysis 

Average ring width, earlywood width, latewood width, latewood proportion, earlywood 

relative density , latewood relative density and whole-ring relative density profiles were plo tted by 

initial spacing and taper class. Average profiles h r  whole-ring tracheid length and microfibril angle 

were plotted by initial spacing only due to the srnalier number of spacings sarnpled for each wood 

property. Classification by taper ciass wouid have proveû redundant. AU chronologies were plotted 

as a fùnct ion of ring number liom pith to facilitate comparisons between the variables listed above. 

A univariate repeated rneasures analysis of variance (based on a split-plot ANOVA mode1 in 

which time was the spiit-plot factor) was used to assess the within-subjects effects of ring nurnber 

from pith between-subjects effects of Uiitial spacing and taper c h ,  and rekted interactions (spacing 

x ring. taper ciass x ring) on a1 wood properties considered. The foiiowing mode1 was used: 

where 

dependent variable 

general mean 

effect of the i ' treatment 

random experimental error within treatment (error 1 )  

effect of the j " ring 

interaction between spacing a d  ring, or taper class and ring 

random experimental error on repeated measures (error 2) 

1,2, ..., k (treatment level, Le., specific spacmg intervaI, or taper class) 

1,2, ..., t (ring number fkom pith) 

1,2, ..., r (expebental unit, i.e., tree at a specific growth ring) 



A signincant interaction involwip either Uiitial spacing and ring number h m  pith (spachg 

x ring) or taper class and ring number fiom pith (taper class x ring) implied nonparailel profiles of 

development over time between a minimum of two treatment levels. A correspondhg sipifkant 

treatment e k t  pointed to dinerences between a minhum of two treatment levels when theu 

respective effects on the wood property in question were averaged over tirne. Alternatively, a non- 

significant treatrnent effect indicated no diBeremes among treatment leveis. The relative gains and 

losses displayed essent iaiiy cancelled out over time. 

A non-significant interaction implied paralle1 trends of development for al1 treatment levels 

considered. A correspondhg sigiuficant tieatment effect pointed to differet~:es between a minimum 

O f two treatment levels when their respective effits on the wood property in question were averaged 

over tirne. Alternatively, a non-significant treatment effect hplied an identical pattem of 

development over tirne for al1 treatment levels considered. 

A repeated measures design is defined as a coUection of rneasurements obtained at b'xed 

intervals in time or space tiom an experimental unit undergoing some treatment regirnen that does 

not change. The nature of such repeated &ta demands an alternative approach to analysis. 

Measurements obtained fiom successive growth rings often demonstrate a pattern of serial 

autocorrelation, thus violating the assurnption of independence. Furthemre, the levels ofa repeated 

measures factor, in t his case ring nurnber fiom pith, cannot be randornised. There is an order to the 

establishment of growth rings. For exampie, the tenth growth increment cannot be randomly assigned 

io the ninth position which naturally precedes it during tree development. Shce the development of 

the t ent h ring is to a certain extent predictable h m  the ninth, stronger correlations may exist between 

these two adjacent observations than between o ~ a t i o n s  ttiat are well separated in tirne. This hck 

of randomisation may also heighten the pmblem of heteroscedasticity between pairs of repeated 

measures. If the variances and correktions for dl repeated mwisures are held constant, a condition 

known as compound symmetry is maintained, and the repeated measures anaiysis wiil provide reliaMe 

F-tests. If the conditions of compound symmetry do m>t hold, biassed statistid tests with inflated 

Type 1 error may result (Moser et al. 1990, Meredith a d  Stehman 1991, Gumpertz and Browmie 

1992. Nemec 1996). 



The assumption of compound symmetry was assured ushg Greenhou and Geiser's (1 959) 

and Huynh and Feldt's (1 976) epsibn comectbn fàctors (eps). These factors, when muhipüed by the 

numerator (effect) and denominator (enor) degrees of needom, yielded the conected degrees of 

k d o r n  to be used in the ensuing F-tests. If tbe variarices and comlations of the repeated masures 

rernained constant over tirne, the two correction factors proviâed values approxinrating one. The 

lower the correction Factor, the larger the deviation h m  compound symmetry, and the stronger the 

required correction due to heteroscedasticity and autocorrelation (Moser et al. 1990, Meredith and 

Stehman 199 1, Gumpertz and Brownie 1992, Kuehl1994, Nernec 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. AU trees selected for analysis were relatively 

yo ung. Since the total number of trees sampled was, for the most part, less than the nurnber of 

repeated masures collecteci, the multivaMte approach couM mt be considered. AU data were 

initiaUy tested for heteroscedasticity, with square root or log-transformations subsequently appiied 

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

In order to conduct a univariate repeated measures anaiysis using FROC GLM, values for al1 

dependent variables must be present for an observation (SAS Inc. 1989). Missing values, especially 

fiom growth Nigs nearest the bark, were conmion for each species where cnishing had occurred 

duriig the CO llection of the 5 mm core samples. Incomplete growth rings nom heavily suppressed 

trees were also a factor at the narrower spacings. Certain ûees that presented large arnounts of 

rnissing x-ray densitometry data subsequently had to be eüminated h m  the individuai data sets. 

These hcluded trees #61 (1.83 m) and #30 (3.66 m) for Douglas-fk, trees #1 (0.91 m) and #464 

( 1.83 m) for western hemiock and trees #24 (0.9 1 m) and #70 (1.83 m) for western redceàar. A total 

of 28 Douglas-tir trees (rings 4 to 33), 22 western hernlock (rings 4 to 30) and 28 western redcedar 

( ~ g s  5 to 27) were subsequently avaikble for anafysis. 

For consistency, the data set used for the piotting of each variable was the same as that 

CO nsidered during each correspondhg repeated measures anaiysis. The average pronles established 

for eac h of the above mentioned spacings is subsequently based upon a samphg of five trees rather 



than six. The mean profiles established as a function of taper class are in tum based upon the 

following tree count subtotals; suppressed (1 2 Dougks-nt, 14 westem bemlock, 9 westem redcdar), 

intermediate ( 1 0 Douglas-fi, 5 westem hemlock, 4 westem redcedar) and dominant (6 Douglas- ni, 

3 westem hedoc k, 1 5 westem redcedar). Data sets for who le-ring tracheid length and micro fibril 

angle remained complete. Pronles for either of these two wood properties were accordingly based 

upon a sample of six trees. 

The data d y s e d  by repeated measures analysis were drawn fiom the non-shaded portions 

O l each profile (illustrated in Figures to foUow, in section 4.3.1 onward) where values fiom all trees 

were available for each time period sarnpled. Pro& sections depicted within the shaded regions 

CO ntain missing data These were established i?om the abset of trees that did not present missing 

values. Values preceding ring 3 and succeeding ring 33 were truncated in al1 profiles due to 

frequently rnissing data (eg.. pith rnissed during incrernent core collection, cnishing in outer growth 

rings during boring). Rings 3 to 33 also correspond to the sampling scheme adopted for both whole- 

ring trac heid length and rnicrofibril angle develo prnent . 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 0.9 1 m spachg and within the suppressed taper 

class fo llowing ring 27. 

1.2.2 Regression and ComIation Analysis 

Linear regression and correlaiion -sis were used to evaiuate the effects of nig  width on 

earlywood widtb, latewood width, Iatewood proportion, earlywood relative density, latewood relative 

densit y. w ho le-ring relative density, who k i n g  tracheid leogth and micro fïbd angle development . 
Data from al1 spacings sarnpled were Uiitially pooled to assess a wider range of growth rates by 

species. Analyses were conducteci on a yearly basis to display obsewed trends, and to locate points 

m time at which significant respoiws were obtained. The SAS procedures PROC REG, and PROC 

CORR, were employed (SAS uic. 1989). 



The foUo wing mode1 was used: 

(3 

where 

y, dependent variable 

Bo y intercept coefficient 

B, dope coefficient 

independent variable 

e, independent, nocmaiiy distnbuted random e m r  term 

4.2.3 In tra-Ring Relative Density Devekpment 

One hundred relative density measurements, regardless of ring width, were O btained during 

x-ray densitometry analysis for each growth increment processed. Average breast height profiles, 

depicting htra-ring relative density development over time, were subsequently established using these 

data. Relative density values obtained fiom 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. AU profiles were plotted by taper class, and as a fùnction of both ring width and 

latewood proportion. Profihg according to Miai spacing was avoided since the exercise would have 

k e n  largely redundant. Pro fihg accordmg to taper clam was preferred since it O ffered a clearer 

depiction of the effects of cornpetition and crown morphology on ring width and relative density 

develo pment over tirne. 



4.3 Results and Discussion 

The ranges in stem and crown dimensions observeci m this study are summarised accordhg 

t O init i d  spacing and taper class in Tables 4.1 and 4.2, respectively ( Appendix 1). Mean values for 

eac h spacing were O btained from a total of six trees. Mean vahies listed for each taper class are based 

upon the following subtotals; suppressed (13 Douglas-fir, 16 western hemlock and I l  westem 

redcedar), intermediaie (1 O Douglas-Gr, 5 westem hemlock and 4 western redcedar) and dominant 

(7 Douglas-fi, 3 westem hemlock and 15 western redcedar). Excessive mortality within the 

narrower Douglas-fir and western hedock spacings (mostly as a result of wnidthrow and snow 

breakage) brought about increased variabilit y in the physical attn'butes of the trees le fi standing. 

Certain specimens were openly growing, whereas othen were severely repressed. Mortaiity within 

the wider spacings was not as apparent. The effects of cornpetition and subsequent crown class 

differentiation were nonetheless discemible within these spacings through the disparity in stem and 

crown dimensions observed. 

1.3.1 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 dl species was Uiitially subject to an increase, fofiowed 

by a cont inual decrease, to a point at which moresr-less constant values were rnainttaiwd. 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 eartier age as spacing interval decreased, anà these values tended to be lower than those 

O bserved at the wider spacings. Minimum constant ring width valws were also achieved at an eartier 

date by trees classified as suppressed (highest hdr). Minimum values for these trees also tended to 

be lower than those attained by the more domniant taper classes. Western hembck demonstrated the 

greatest overall homogeneity over the range of growth increments considered. Initial increases, and 

subsequent drops in Mg width, were Iess than those observeci at correspondimg spacmg intervais and 

taper classes for bo th Dougias-tir and westem redcedar. Greater variation in ring width would bave 

ken expected had the 4.57 m spacing been available for sampling. 
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Figure 4.1 Mean ring width (mm) pro(iled by iniüal spaeing ard as a fundion of ring number 
from pith for Douglas-fir, Wesfem hemlock and western redceûar. 
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The relationship between ring width developrnent and avaüable growing space is weîl 

documented within the literature. It is generaUy recognised that diameter growth c o d  a very 

low priority in the hierarchy of photosynthate allocation within a tree, weU bebiad maintenance 

respiration, fine root, flower and seed production and temiinal and laterai shoot growth (Kozlowski 

et al. 1991, Kozlowski 1992). Larson (1973) states that the overîying 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 1 97 1, Larson 1 973). 

The sudden increase in competition foUowing crown closure did little to affect the rate of 

crown recession observed for western hemlock. The extreme shade tolenuice displayed 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 moresr-less steady pace. It is interesthg to note that maximum 

Uicremental growth within the dominant taper class for westem redcedar canied on at a reguiar 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 fmhion thereder. Ring 

width developrnent within conifers typically reaches a maximum in the lower sections of the live 

cro wn where the cumulative growth contniion of d branches is greatest (Fam 196 1, 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 proxirnity to breast kight over an extended period of tirne. Maximum ring width 

development was accordingly rnaintained over a pa te r  proportion ofthe growth mcrements sarnpled 

at this height. 

Basic statistics for ring width are summarised by initial spacing in Table 4.3a (Appendk 1), 

and by taper class in Table 4.4a (Appendk 1). A minimum average ring width value was obtained for 

ail species at the narrower spacings and within the suppressed taper class. Maximum values were 

observed at the wider spacings and w i t h  the dominant taper class. Coefficient of variation vaiues 

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 tme, 



but to a much lesser extent, for the more shade tolemt western hemlock. Many of the more 

narrowly-spaced trees for Douglas-fir and western redcedat bad experienced poor ring width 

develo pment fo Uo wing cro wn closure, and were no w sho wing signs of impendmg mrtality through 

the meagre arnounts of crown foliage displayed. Inmemental growth within these trees was now 

practically nonexistent. Ring width distniutions were, as a result, heavüy skewed towanl the d e r  

values. 

Results of the repeated measures @ses 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 1). The within- 

subjects effects of ring number from pith were highly significant (a = 0.0 1) for al1 species. Time 

effects will therefore b: considered in forthcoming regession and correlation analyses that wül 

include ring width measurernents coUected at successive intervals oftime. The interactions invohing 

initial spacing and ring number fiom pith (spacing x ring), and taper class and ring nurnber fiom pith 

(taper class x ring), were highly significant for both Douglas-tir and westem redcedar. The 

correspondhg treatment e ffécts for bot h species were also highly significant . Non-significant spacing 

x ring and taper class x ring interactions were O btained for western hemlock. Treatment effects were 

highly signifïcant in each case. 

As expected, an imease in ring width was strongly associated with an increase in the amount 

of available growing space, and correspondingiy, with an increase in the amount of crown foliage. 

The mean levels recorded over time were invariabiy different for each species. Results obtained as 

a hnction of initial spacing and taper c h ,  for both Dougbtir and westem redcedar, were si+ 

with respect to the following. The widely-spaced and dominant taper class trees displayed a 

prolonged increase in ring width development nom the pith. Rapid diameter growth was maintaineci 

over a longer penod by such trees. The average ring width recorded over time was, as a result, 

significantly thicker. The narrowly-spaced and suppressed taper chss trees initially dispiayeâ a rapid 

decrease in ring width, foiiowed by relatively very poor incremental growth. The average ring width 

recorded over time for such trees was signincantly thlluier. Similar results wouid most iikely have 

k e n  obtained for western hemlock had the 4.57 m spacmg for the species been available for 

sampling . 



4.3.2 Earlywood Width 

Mean earlywood width develo pment is illustratecl by initial spacing in Figure 4.3, and by taper 

class in Figure 4.4. AU earlywood curves essentidy mimicked the shapes of their ring width 

counterparts featured in Figures 4.1 and 4.2. Yeariy dips and rises were, for the most part, 

reproduced by bot h variables. The initial increase in eariywood 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 a h ,  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 ceU division, as weil as final tracheid diameter, 

are both said to be strongly tied to the presence of this growth promoter. The extent and rnanner in 

which the other hormone groups interact with a d  during ear tywd development reniairis 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 fiom this taper class, as weU 

as fiom the wider spacings, never experienced severe compet ition. Large volumes of cro wn fo liage 

were continually supported, with high üwaown-ratios dispkyed. Earlywood production at breast 

height was there fore rnaintained 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 narro wer spacings, and by the trees associated with the suppressed taper class. Such trees 

experienced greater levels of cornpetition, and accordingly possessed the srnallest crown attriibutes. 

Auxin levels within these trees presumably remained bwer 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 d o e t  taper class. 
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Maximum earlywood thickness dong a tree stem (in simikr Eishion to ring width) is generally 

O bserved in the vicinity of the base of the live crown. The hrger the volume of crown foliage, the 

thicker the earlywood increment generally produced (Famu 196 1, Larson 1963). The production 

of a maximum earlywood width value within the western redcedar dominant taper class was 

rnaintained up to approximately ring 20 (Figure 4.4). Since crown recession within this taper chss 

proceeded slowly (Table 4.2), the base of the üve crown remained in close proxirnity to breast height 

for an extended period of tirne. Earlywood development within this general area was subsequently 

favo ured. 

The production of a maximum earlywood width value within the Douglas-tir dorninant taper 

class dro pped rapidly foliowing the high reached at ring 10. The species, king intermediate in shade 

tolerance, demonstrated a more pronounceci rate of crown recession. The point of maximum 

earlywood width was there fore moving up dong the stem in tine with the receding crown base, and 

ear W o o d  widt h at breast height was accordingly decreasing . 

Mean earlywood width development for western hemlock, in part due to the high shade 

to lerance displayed by the species, was once again the most homgeneous over the range of growth 

rings sarnpled. Very iittle change over tirne was observe. withm the domhant and intermediate taper 

classes. Greater variability, especialiy within the dominant taper class, would have been expec ted 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 (Appendac 

1). and by taper class in Table 4.6a (Appendix 1). Results are sllnilar to those displayed for ring width 

in Tables 4.3a and 4.4a. A minimum average earlywood width was obtanKd for al1 species at the 

narrower spacings and within the suppressed taper chss. Maximum values were observed at the 

widcr spacings and within the dominant taper class. Only a shortened period of accelerated 

e u  lywood develo pment was disptayed prio r to crown closure by the more narrowly-spaced trees. 

The intensification of tree-to-tree cornpetition for the same trees was w w  reducing earlywood 

develo pment to prac t ically nothing . Coefficient of variation values were therefore greatest at the 

narrower spacings, and wahm the suppressed taper class, where earlywood width dismiions 

rernained heavily skewed toward the smaiier values. 



Results of the repeated meanires analyses conducted on eartywood width, and as a b t i o n  

of initial spacing and taper class, are presented in Tables 4.Sb 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 highiy signiscant for both Douglaî-& and westem redcedar. The corresponding 

treatment effects were also higw significant. The spacing x ring and taper class x ring interactions 

for westem hernlock were both non-significant. Highly significant treatment effects were obtained 

in eac h case. 

Identical repeated measures anaîysis resuhs were obtained for both eariywood width and ring 

width. The widely-spaced and dominant taper class trees for both Dougbfir and westem redcedar 

displayed a pro longed increase in earlywood width developrnent kom the pith. The mwly-spaced 

and suppressed taper class trees initially displayed a rapid decrease in earlywood width, foilowed by 

very poor incremental growth. An increase in avaüable growing spore, analysed as a Function of 

either init id spacing or taper class, rnaintained a highly significant and positive effect on the mean 

level recorded over the.  Comparable results wouiâ mst kely have been obtained for westem 

hemlock had the 4.57 m spacing been avaiiable for sampüog. 

The effects of growth rate on earlywood width development are presented in Tables 4.7,4.8 

and 4.9 (Appendk I) for Douglas-ôr, western hemlock and westem redcedar, respectively. The 

relationship between earlywood width and M g  width reniained exceptiody strong over time for all 

species. Highly significant results were obtained in ail cases. Regression equations at ail growth 

increments provided excellent fits. Coefficient of determination values were, for the most part, 

superior to 0.90. Practicaliy all earlywood width variabilny was therefore associated with M g  width. 

Co rre iat ion values remained highly positive throughout . Slope coefficients for Douglas- fir decreased 

in a more-or-les constant fahion From ring 3 to 33. Such a decüne points to a decreasing proportion 

of earlywood within each growtb ring as a fiuiction oftirne. Slope coefficients observeci for western 

hemlock and westem redcedar remallied practicaiiy identical, indicating very little change over time 

in the ratio of earlywood width to ring width. 



4.3.3 Latewood Width 

Mean htewood 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 i t i*  observed for Dougb6r. 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 

fo Io wed unt il more-or-less steady values were displayed by about ring 25. A decrease in iatewood 

width was initiaiiy observed for both westem hemlock a d  westem redcedar. Values for westem 

hemlock generally s tabi id  following ring 9, wkreas those for westem redcedar declined in a slow 

but continuous fahion. Süght ly greater latewood width values were generaily rnaintained for bo th 

Douglas-fi and western redcedar at the wider spacings and within the dominant taper class. 

Diaerences were minimal for westem hemlock, with profiles lirgeiy superimposed on one another. 

Larson ( 1 969) stated t h  high concentrations ofauxins generally remained within the vascular 

cambium of a young, open-grown tree foilowing the cessation of height growth. Large diameter 

tracheids would accordingly be produced throughout the growing season, and accelerated incrernental 

gro wth would be rnaintained. Maintenance respiration within a young, open-grown tree is also said 

to be at a minimum compared to that dispiayed by an older tree of nmilar crown size, but possessing 

a larger and longer branch-fke stem (Oliver and Larson 1996). Proponionally speaking, greater 

arnounts of photosynthate are aMihble withlli the youoger tree for both cambial growth and ceCwd 

thickening. According to Larson (1969), these conditions wiii ükely lead to the development of a 

great number of largediameter, thick-wailed transition wood tracheids at breast height within the 

younger tree during the latter portion of the growing season. 

It c m  therefore be assurneci that widely-spaced trees, possessing greater quantities of crown 

foliage, will produce a greater number oftransition wood tracheids ai t h e  ofcrownclosure. Oliver 

and Larson (1 996) stated that when trees within an idealised even-ageâ, evenly-spaced stand grew 

in height at an equal rate, they wodd oiauitain the crown sizes they haâ at crown closure. It can 

therefore also be assumed, so long as height growth is mhtained at a simihr level for al1 stems 

CO nside red, that even-aged, widely-spaced trees wili contmuously produce greater quant it ies of 

transition wood at breast height foiîowing the onset of crown recession 
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Figure 4.5 Mean latewwd Mûth (mm) pofiled by initial spacing and as a fundion of riw number 
from pith for Douglas-fir, Wesfem hemfodc and HIiBsfem redœdar- 
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Figure 4.6 Mean latmmd width (mm) prafiled by taper clas and as a fundion of ring number 
from pith for DouglaMr, Weistem hemlcxk and western redcedaf. 



Larson ( 1969, 1973) suggested the existence of physiological gradients within the vascular 

cambium in t e m  of both awin and photosynthate avaüability. These gradients, he rernarked, 

remained in constant change and were largety affiected by period of growing season, by overd tree 

age and by the relative length of the branch-ûee 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 fiom breast height to 

the base of the Iive cro wn, the earlier the decline. The overd availabiiity of photosynthates for ceU 

wall thickening wiii a h  decrease due to the greater maintenance respiration needs of the developing 

tree. Consequently, less transition wood wüi 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 sarnpled in this study were obtained 

from the BC Ministry of Forest's Research Branch in Victoria. and fiom Reukema and Smith (1 987). 

The ring nurnber kom pith at which a maximum latewood width was achieved by each Douglas-tir 

profile in Figure 4.5 corresponds weii to the tree ages at whichcrowns began to M. Crown recession 

wit hin the t hree narro wea Douglas- fir spacmgs attaured breast height at tree ages ranging fiom a b  ut 

6 to 8. The tree ages in this case correspond roughly to about 4 or 5 growths incrernents fkom the 

pit h. Crown recession within the two wider spacings reached breast height between rings 1 O and 1 2. 

Crown recession within the 0.9 1 m spacing for both westem hemlock and westem 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 foilowing crown closure. Crown 

recession for westem hemlock was very slow, whereas that observed for westem redcedar proceeded 

at an intermediate pace. These patterns of crown recession are retlected for each species in the 

corresponding latewood width profles iüustrated in Figure 4.5. In general, the fmter the rate of 

crown recession, the greater the deciine in latewood width displayed over tirne. 

The initial sharp decline in latewood width for both western hemlock and westem redcedar 

can perhaps be attri'buted to the presence of compression wood. Such wood is ofien found in large 

concentrations within the inner cores of both species. Its developrnent is associated with the 

stiffening of small diameter, oflen drooping leaders that are subjected to wind stresses (Krahmer 



1985, Kennedy 1995). The lack of variabihty between the various westem hemiock profiles can 

perhaps be attributed to the gradual earlywood to latewood transition that typicdy develops for the 

species regardless of camb'i age or rate of growth. Since an abrupt transition rarely develops, l e s  

variability in latewood width will be observed over tirne. This is in contrast to both Douglas-fir and 

westem redcedar w hic h may see a range of ear tywood to latewood transitions, fkom gradua1 within 

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

Basic statistics for Iatewood width are mmmarised by initial spacing in Table 4.1 Oa (Appendix 

I), and by taper class in Table 4.1 la (Appendix 1). Smaller rnean values were displayed within the 

0.9 1 m spacing, and within the suppressed taper class, for both Douglas-fir and westem 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 l e s  than 1 mm in most 

cases. Mean latewood width was practicaliy the same for all westem hemlock spacbgs and taper 

classes. Coefficient ofvariation values for both Douglas-fir and westem redcedar were greatest at 

the narrower spacings and within the suppressed taper class where the distributions for latewood 

width rernained positively skewed. Coefficient of variation values for westem kmlock were 

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

Results of the repeated rneasures analyses conducted on latewood width, and as a function 

of initial spacing, are presented in Table 4. 10b (Appendix 1). Time effects were highiy sigruficant for 

al1 species. The spacing x ring interaction was non-signiscant for both Douglas-fi and westem 

hernlock. Correspondhg treatment effects were highly signiscant for Douglas-tir, and non-significant 

for westem 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) wasobtained using HuynhandFeldt'seps. SuchconElicting resuhsindicate 

borderüne paralleikm between a minimum of two profiles. Of the two adjustment rnethods, 

Greenhouse and Geiser's eps is considered more conservative (Kuehl 1994). By using it only, a 

parallel pattern of latewood development can be impüed for al spacings considered. The 

CO rrespo nding treatment effects were highly significant . 

Results of the repeated m u r e s  analyses conducted on latewood widtb, and as a function 



of taper c las, are presented in Table 4.1 1 b ( AppendVt 1). The taper class x ring interaction for 

Douglas-fi produced a non-si@cant result @ = 0.0553) using Greenhouse and Geisser's eps, and 

a significant result @ = 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 e ffects were also non-significant. The taper class x ring interaction for westem redcedar, 

as opposed to results obtained for initial spacing in Table 4. lob, produced a detinite non-significant 

result. Treatment effects remainecl highly signincant. 

An increase in available growing space had little effect on the pattern of latewood width 

development observed for westem hemlock. Identical trajectories were identified as a fùnction of 

bot h initial spacing and taper class. An increase in growing space aIso did not affect the pattern of 

latewood development observed for either Douglas-fk or westem redcedar. AU 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 hcrement was accordingly 

produced by the more widely-spaced, dominant taper ciass trees. Altenÿitely, the more narrowly- 

s paced, su p pressed taper c lass trees produced a signiscant ly thinner rnean latewood increment . 

The effects of growth rate on latewood width are presented in Tables 4.12.4.13 and 4.14 

( Appendix 1) for Douglas- fir, western hemloc k and western redcedar, respect ively . Results for 

Douglas-tir grew stronger with thne such that coefficient of determination values following ring14 

were practically al1 superior to 0.80. The very low correlation coefficients observed wxt to the pith, 

and the very high values (r 20.87) 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 fahion, pointing to an increasing latewood proportion as a function oftime. 

The results O btained for western hemloc k indicate a very weak rehtionship between latewood width 

and ring widt h. Regression equations were mostty non-significant, or signincant at the p = 0.05 level. 

The results obtained for westem redcedar indicate an iacreasingly strong reiationship between 

latewood width and ring width. Practically no latewood width variabdity was associateci with Mg 

width next to the pith. Highiy sisnificant resuhs were obtained from ~g 1 4 onward. Correlation 

coefficients generally increased m value over the ,  remaining positive throughout . S lope coefficients 

rernained more-or-less stable, suggesting üttle actual change in latewood width relative to ring width. 



4.3.4 Latewood Proportion 

The development of mean latewood proportion is presented by initd spacing in Figure 4.7, 

and by taper class in Figure 4.8. The profiles ilîustrated for Douglas-fir were practically identical in 

both t irne and space. AU exhibited a very gradual increase in iatewood proportion fiom pith to bark. 

Latewood proportion for both westem hedock and westem redcedar initially declined in value to 

about ring 6. Such a decrease was perhaps due to the presence ofcompression wood within tk Ouier 

cores of both species. Latewood proportion within the wider spacings, and within the dominant taper 

classes, increased very üttle thereafter. Important gains were observed withlli the narrower spacings 

and within the suppressed taper classes. 

A cornparison of profiles for earlywood width (Figure 4.3), and iatewood width (Figures 4.4), 

reveals that the development of fatewood proportion was to a large extent a Fiuntion of earlywood 

width development. Comparatively speaking, latewood width varied üttle by species. Only slight 

decreases were observed over time for Douglas-Gr, and even süghter decreases were observed for 

western redcedar. Western hemlock rernained practically unchanged. In the case of Douglas-fir, a 

similar ratio of earlywood to fatewood was maintained for each growth ring sampled. The gradua1 

increase in latewood proportion dispiayed over time was iargely due to ongoing p a t e r  decreases in 

earlywood width relative to latewood width. In the case of western hemloc k and westem redcedar, 

the rapid initial decline in latewood proportion correspondeci, in large part, to a rapid initial increase 

in earlywood width boom 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 Unraises in vahie over tirne. Only marginal earlywd pmduction was 

displayed by t hese groups during the final years of growth. 

Basic statistics for iatewood proportion are summarised by initial spacing in Table 4.15a 

(A.ppendk I), and by taper class in Table 4.16a (Appendix 1). Mean htewood 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. E m m e  

cornpetit ion was Limiting earlywood production during the nnal years of development. Many of the 
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growt h increments sampled fiom the slowest growing trees demonstrated a proportion of latewood 

approaching 100 %, hence the greater variab'tlity. Latewood proportion for western hernlock did not 

follow any specüic pattern of variab'iity as a fùnction of initial spacing or taper class. Crown 

recession for the species was slow. The efects of cornpetition on wood formation for the species 

were therefore tempered. 

Results of the repeated rneasures amiyses conducted on latewood proportion, and as a 

hinction of initial spacing and taper ciass, are presented in Tables 4.15b and 4.16b, respectively 

( Ap pendix 1). The effects of time on the develo pment of latewood proportion were highly signincant 

for ail species. The spacing x ring and taper class x ring interactions for Douglas-fir were both non- 

significant . Treatrnent effects for spacing were non-significant. Treatment effects for taper class 

were also non-significant, but borderline (p = 0.0694). Non-signi6cant spacïng x ring and taper class 

x ring interactions were obtained for westem hernlock. 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 oôtaaied as a function ofboth initial spachg 

and taper class for westem redcedar. 

An increase in available growing space had üttle effect on the deveioprnent of latewood 

proportion for Douglas-6.r. Identical trajectories were identined as a function of both initial spacing 

and taper class. Parallel profiles of developrnent were also identikd for westem hemlock. Highly 

significant and negative treatment effects on the overall mean levels obtained were nonetheless 

ident ified as a îùnction of both initial spacing and taper class. A significantly lower mean latewood 

pro portion value was t herefore associated with the more widely-spaced, dominant taper class trees. 

A significantly higher rnean value was associated with the narrowly-spaced, suppressed taper class 

trees. Ail interactions for westem redcedar, and ail treatment effects, yielded bighly signiscant 

resu lt S. The develo pment of latewood proportion within the narrowiy-spaced, suppressed taper class 

trees demonstrated a steep initiai deciine fiom the pith, followed by a continuai 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-spaceâ, dominant taper chss trees demonstrated lessofan 

initial drop in value fkorn the pith, and relatively stable values thereafier. The mean value recorded 

over time for such trees was signincantly lower. 



The effects of growth rate on latewood proportion are presented in Tables 4.1 7,4.18 and 4.19 

( Ap pendix 1) for Douglas-Gr, westem hedock and westem redcedar, respectively. Slope coefficients 

for al1 species became somewhat increasingly negative towards the bark, indicating a süght but 

strengthening relationship. In other words, the wider the growth ring observed as a fiurtion of t h ,  

the srnalier the proportion of latewood identifieci. The relationships for Douglas-fir were mostly 

significant, but weak. Coefficient of determination values remained low throughout. Correlation 

coefficients were moderately negative. Resuhs for westem hemlock were equally weak during the 

initial years of developrnent. The relatioaships did strengthen somewhat foiiowing ring 20. Best 

results were obtained for westem redcedar. Relationships were hrgely non-significant during the 

initial years of development. Highly signiscant results were obtained between rings 17 and 31. 

Coefficient of determination values obtained duMg this period were generaliy greater than 0.50. 

Important amounts of latewood proportion variability during the later years of development were 

consequent ly associated with ring width. 

4.3.5 Eariywood 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 al1 species. Lower 

minimum values for Douglas-fir were subsequently attained at the nanower spacings and by the 

suppressed taper class. A constant. gentle increase in earlywood relative density foUowed for ail 

protiles. Slightly greater values were displayeà by the suppressed taper class during the ônal years 

of development. In the case of western hemlock, hardly any subsequent increase in earlywood 

relative density was observed fobwing the initiai low reached at about ring 10. Reiatively constant 

values were displayed the reafter by aü pro nles. Western redcedar demonstrated the greatest overali 

variabiüty. Mean values were essentially the sarne for ail 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 foliowed at the wider spacings and within the dominant taper 

class. Reiatively stable values were observed within the 1.83 m spacing and within the intermediate 

taper class. The 0.9 1 m spacing and suppressed taper class b t h  demonstrated a siigbt increase in 

value that grew steeper with tirne. 
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Maximum earlywood relative density for each p i e s  was observed immediately next to the 

pith. These high values can perhaps be ünked to the p e n c e  of compression wood and also, to the 

part icular morphology demonstrateâ by these fmt- fonned tracheids. Earlywood trackwls are 

typically shortest next 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. S d e r  radial diameten correspond to a greater proportion of ceU 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 ceIl wall of aoy tracheid 

approximates 1.5 in the oven-dry state. Little variation about this value exists both within and 

between spec ies. Generally speaking, the larger the lumen diameter and the thinner the ce U walls, the 

10 wer the relative density recorded (Panshin and de Zeeuw 1 980). 

Eric kson and Harrison ( 1 974) measured earlywood trac heid diameter variability at breast 

height wit hin 3 0-year-O ld Douglas-&. Hyperbolic increases in value were O bserved over t ime in both 

the radiai and tangentid directions. Radial diameter values increased sharply fiom a rnean value of 

2 5 p m near the pit h to almost 40 pm by ring 1 6. Tangent ial diameter values showed a more 

moderate krease, h m  a rnean value of 22 pm near the pith, to almost 32 pm at ~g 1 2. Diameter 

rneasurements following these ~ g s  displayed only moderate increases in value dong both planes. 

Little information exists with regard to earlywood tracheid diameter development, both radially and 

tangentially, for western hemlock ami western redcedar. The mean values that are offered in the 

literature serve mostly to diffierentiate between earlywood and latewooci, but f d  to describe the 

effects of t h e  and growth rate on the variab'üity of development within each wood type. 

Conifer tracheids generally display a gradua1 increase in ce1 wall thickness h m  the pith 

outward. 1 ncreases ranging fiom 1 5 to 70 % may be observeci for îatewood tracheids during the first 

30 years of growth. Smaller, more variable increases in ceil-waii thickness rnay be O bserved for 

earlywood trac heids over the same time period (laAon 1 966). Generaly speaking, earlywood ceU- 

walls are thinner radidy than tangentially. For latewood tracheids, the radial ceU-wall is nocdîy  

thicker (Panshin and de Zeeuw 1980). 

Little information is a m b l e  with regard to earlywood ceii wali thickness development for 



Douglas-fir, westem hemlock and westem dcedar. The effects of cambial ageing and growth rate 

on such development remains largeiy unhiowh Many of the studies that do report mean earlywood 

and latewood values offer little indication as to where sampüng was conducted in terms of distance 

from the pith, and location within a growth ring. The data that are available most ofien corresponds 

to the radial plane only. Obtaining radial and tangentid cell-wall thickness measuremnts, dong with 

correspondhg data on eariywood tracheid diameter development, would account for much of the 

earlywood relative density variation o k e d  in this study. Furthemore, this niformation would 

allow for the estabhhment of relationships between the various patterns of earlywood development 

identified in each tree, with the various cbanges displayed in crown rnorphology and competitive 

status over tirne. 

With the pro fiiing of earlywwd tracheid diameter and ceU-wall thickness developrnent fiom 

pith to bark, the foilowing assumptions regarding earlywood relative density development could in 

turn be verified. An initial hyperbolic increase in trac heid diameter, coupled wit h an almost hear rate 

for increase in ce11 wail thickening, would partially account for the initial decrease in earlywood 

relative density displayed by each species. For Douglas-tir, the eventual stabilisation in tracbeid 

diameter development (Erickson and Harrison 1974) would have to be accompanied by an increase 

in the rate of cell-wail thickening to produce the subsequent increase in earlywood relative demity. 

1 n the case of westem hernlock. the eventual stab'ition of tracheid diameter and cell wall thickening 

would have to occur at about the same tirne to produce a sornewht constant earlywood relative 

density. In the case of westem redcedar, very üttle increase in the magnitude of ceU waiî 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 relativeiy stable values. 

Of interest m Figure 4.9 is that a lower minimum relative density was observed for Doug las-fir 

at the narrower spacings, and a higher minimum valw at the wider spacings. Such ciifferences can 

perhaps be explainecf on the basir of hisiform initial ceU development . An increase in rate of diameter 

growth within a young tree typically requires a rapid expansion of the vasfular cambium. This 

expansion is accomplished p r b d y  through an increase m the number of fusiforni initiais. The M e r  

the rate of anticlinal ceU division, the shorter the average lengtb, and the narrower the tangentid 



diarneter of the daughter initials produced (Bannao 1967% Phihpson and Buttefield 1967). It can 

therefore be assumed that larger tangential mheid diameters and longer tracheid kngths developed 

at the narro wer spacings tint, where cambii growth was slower. A direct consequeme of these 

slightly longer and wider eariywood tracheids was a lower earlywood relative density. This 

assumption, regarding changes in tracheid morphology as a fûnction of growth rate, would have to 

be verified for each species using rnicroscopy. 

The suppressed taper class for Douglas- fk and westem redcedar dernonstrated slight increases 

in earlywood relative density during the onal years of develo pment . Earlywood width develo pment 

at this time was demmstrat h g  an miportant reduction in act ivity (Figure 4.4). Live-crown-rat ios 

(especially for westem redcedar) were extremely low, and crown widths were especially narrow 

(Table 4.2). The trees sampled generaüy dispiayed extended translocation pathways, and presmbly 

a s d e r  capacity for auxin synthesis. A demase in earlywood tracheid radial diameter, dong with 

little corresponding change in ce11 wall thickness, was Wely underway. A large number of transition 

wood tracheids were subsequentiy 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 

ceii-wall t hickness, would have to be verified for both species using rnicroscopy. 

Basic statistics for earîywood relative density are presented by initial spacing in Table 4.20a 

(Appendk 1), and by taper class in Table 4.2 la (Appendix 1). The rnean vahies oôsened by species 

varied litt le as a fwiciion of initial spacing or taper c k  Coefficient of variation values were slightly 

greater at the narrowest spacings for both Douglas-t and westem redcedar, and remained relatively 

stable for westem hernlock. Süghtiy greater coefficient of variation values were displayed by the 

suppressed taper class for a l  species. 

Results of the repeated measutes analyses conducted on earlywood relative density, and as 

a hinction of initial spacing and taper class, are presented in Tables 4.20b and 4.21 b, respective@ 

( Appendix 1). Tirne e h  were highly significant for aü species. The spacing x ring interaction for 

Douglas- fir was significant @ = 0.0332) using Greenhouse and Geisser's eps, and highly significant 

(p = 0.0094) using Huynh and Feklt's eps. The taper cias x ring interaction invariabty produced 

highly signiocant results. Non-signincant treatment effects were obtained in each case. Non- 



significant interactions and treatment effects were obtained for westem hemlock as a function ofboth 

initial spacing and taper class. Highly significant spacmg x ring and taper ciass x ring interactions 

were obtained for westem redcedar. Non-signifimt treatment effects were obtained in each case. 

An increase in available growing space had little effect on the development of earlywood 

relative d e m .  The mean levels recorded over time for Douglas-tir, western hemlock and western 

redcedar did not d8er as a funciion of either initial spacing or taper class. Paralle1 profles were 

furthemore identifed for westem hemlock. Such resuhs imply an identical pattern of eartywood 

relative density develo pment for al1 spacings and taper classes considered. Non- paralle! profiles were 

ide nt ified for bo th Douglas-tir and westem redcedar. The narrowly-spaced, suppressed taper class 

trees were undergohg intensifid levels of cornpetition. A steep drop in earlywood relative density 

From the pit h was being fo Uowed by a more-or-les continual increase in value over t k .  The wideiy- 

spaced. dominant taper class trees were displaying a more gentle initial drop in value, followed by 

greater stability during subsequent ear lywood relative density develo pment . 

The relationships oùserved between earlywood relative density and ring width are disphyed 

for Douglas-fi, western hembck and western redcedar in Tables 4.22,4.23 and 4.24 (Appendix 1), 

respectively. Very weak relationships were generdy o b t d  for d species. A certain increase in 

ear lywo od relative density for Douglas- fk was generaîiy associated wit h faster growth between rings 

6 and 9. A certain decrease was observed fiom ring 25 o n m .  However, the relationships obtained 

during these periods remained weak, accounting for ody 15 to 45 % of total variability. The 

relationships obtained for westem hemlock were consistentiy weak and, except for ring 21, non- 

significant. Results for westem redcedar were equally weak. Non-significant relationships were 

generally identified. The few significant results intennittently obtained between rings 14 and 28 

generally provided poor 6th accounting for only 15 to 43 % of total variabiiity. 

4.3.6 L a t e w d  Reiative Deisity 

Mean latewood relative density developmnt is iUustrated by initial spacing in Figure 4.1 1, 

and by taper class in Figure 4.12. Douglas-fk displayed the greatest overall kmease in latewood 
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relative density over tirne. AU profiles demonstrated a rapid initial gain h m  the pith, fobwed by 

a gentle increase to a more or less condam vahie. 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 

10 wer average value. Western hemlock demonstrated the Ieast variation. Profiles for both spacing 

and taper class remained largely superbposed on one another and demonstrated very Little change 

over tirne. In the case of westem redcedar, only a minor irtcrease in htewood relative density was 

observed &om pith to bmk at the wider spacings and within the dominant taper c k  The 0.91 and 

1.83 rn spacings, and the suppressed taper class, did experience slightly greater initial Urreases to 

about ring 10, foiiowed by sharp decreases to about ring 1 5, and more-or-less stable values thereafler. 

1 t was noted in section 4.2.5 chat little information was available regarding earlywood tracheid 

diarneter develo pment for Douglas- fir, westem hemtoc k and westem redcedar. Little concurrent 

information is also available in t e m  of latewood diarneter development, both radiiy and 

tangentiaily. Such information, dong withcorrespondingdataon latewood ce1 w d  thickness, would 

acco unt for most latewood relative density variation observed in t b  study. This information would 

also d o  w for the verificat ion of the assumptions made in the forthcornhg discussion regarding the 

effects of age and growth rate on transition wood and latewood tracheid development. Combined, 

the earlywood and latewood tracheid morphological &ta would exphin much of the variation in 

whole-ring relative density that exists from pith to bark. This Uifomtion would, in tuni, allow for 

the establishment of stronger Links between the various identifieci patterns of wood brmation, and 

the various changes in crown morphology and cornpetitive status displayed over the .  

A great quantity of radially wide tracheids are generaüy produced throughout the growing 

season by a young tree at timp of crown ciosure. Toward the end of the growing season, some of 

these tracheids may displaythrkdcell walls, hence transition wood(see section4.2.3). Iftracheid 

radial diameter at this t h  also displays a certain decrease in breadth, the transition wood produceâ 

wiil beg in to contniute to overall latewood development . The earlywood to latewood boundary was 

set in this study at a relative density of 0.54 for Douglas-fi, 0.52 for western hemlock anci 0.44 for 

westem redcedar. In order to profile relative density development, transition wood for aU species 

was subsequently classified under this criteria as e i k  earlpood or htewood. A large quantity of 



transition wood, displaying a relative density süghtly greater than a value listed above, would 

therefore have lead to a slight decfea~e in mean o v d  relative density within a correspondhg 

Iatewood increment. In turn, a large quaatity of transition wood, displayhg a valw süghtly lower 

than one Listed above, would have brought about a sbght increase in mean overall relative density 

within a corresponding earlywood increment. 

The production of transition wood within a tree may carry on indenniteiy. A minimum 

amount is generally produced within al1 g o  wth increments. Roughly speaking, the slower the rate 

of cro wn recession, the longer the period dwing which large quantities of transition wood will be 

produced in successive growth rings at breast height. W~th t h e ,  and with continuhg crown 

recession, an increasingly sharper &op in awin gradients ai breast height wiU be observed FoUowing 

the cessation of height growth (Larson 1969). An kreasingly sharp declnie in tracheid radial 

diameter development wili typicaiiy foiiow within the latewood zone. CeU waU thickening at this time 

will proceed largely Wec ted ,  so long as the respiration needs within the tree are met. Fewer 

transition tracheids wül accordingly be produced, and a greater number of latewood tracheids will 

develop. The mean reiative density recorded within the iatewood zone will therefore increase, and 

an increasingly abrupt transition boom eariywood to iatewood will take shape. 

The development of htewood relative density within tbe wider spacings and dominant taper 

class. for bot h Doughs- tir and western redcedar, was gradua1 when viewed fiom pith to bark. The 

presence of large quantities of transition wood within the first few growth rings may have accounted 

for the initiaîly low values. The progressive changes observed over time, fiom a gradua1 to an abrupt 

earlywood to latewood transition, would account for the slow, yet steady rise in vaiue. An abrupt 

transition, coupled with the formation of mostiy latewood tracheids within each latewood zone, 

would account for the high values at which iatewood relative density eventually phteaus. The 

pro files displayed for western redcedar Uustrated a much more gradua1 increase in value over time. 

This was perhaps partiaüy due to the greater shade to ferance displayed by the species. Crown 

recession for western redcedar was much slower than for Dougb-fir (Reukema and Smith 1987). 

Translocation pathways fiom the base of the üve crown to breast height were much shorter (Tables 

4.1 and 4.2). The changes observed in wood formation over t h ,  and subsequently in the 

progression fiom a graduai to an abrupt &a-ring relative de* transition, were ikely tempred. 



A steeper initial rise in iatewood relative density was dispiayed by the m w e r  spacings and 

by the suppressed taper class for both Douglas-fit and western redcedar. This rapid increase cm 

perhaps be attributed to an ear lier date for crown cbsure, and accordingly, to siialler tree crowns and 

to longer translocation pathways. It is therefore presuniable that a suâden &op in auxin gradients 

at breast height occmed first within these slowet growuig trees. A correspondhg decrease in 

transition wood production also presumabiy occurred nnt, with an increasingly greater proportion 

O f latewood tracheids produced withlli each subsequent iatewood zone. The progression fioom a 

gradua1 to an abrupt intra-ring relative density transition within these trees was, in e k t ,  taking pbce 

at a faster pace. 

The lower steady-state values observeci within the narrower spachgs and by the suppressed 

taper c lass for both Douglas-fir and western redcedar during the final years of development can 

perhaps be attributed to an intensification in cornpetition. 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 attnhtes to total tree size was influencing the pattern of wood 

formation displayed at breast height. Crown sizes for both species remained mail, and the distance 

fiom breast height to crown base was kreasing (Tables 4.1 and 4.2). Auxin gmdients within the 

vascular cambium at breast height were therefore presumabiy in a continual d e c h .  Photosynthate 

availability was a h  preswnably in sharp decline due to ever uicreasing demands for maintenance 

respiration. The potential for further inaPasff in both auxin and photosynthate synthesis within these 

trees was limited. Wth minimal auxin and photosynthate avaihbüity, trac heids produced withh the 

latewood zones remained radially narrow, and ceU walls remained thin. The latewood dative density 

observed subsequently feu short of chat recorded by the mer growing tiees. 

Latewood relative density varied little for western hembck as a fùnction of either t ime, initial 

spacing or taper class. This kick of variability cm perhaps be attniuted to the graduai transition h m  

earlywood to latewood tbat typtcaUy develops for tk species regardiess of cambial age or growth 

rate (Panshin and de Zeeuw 1980). Siuce transition tracheids are continually produceci, les 

variability in latewood relative density WU be observed over t h .  Crown recession for the species 

was, in addition, very slow for aii spacings and taper classes considered. Large volumes of crown 

foliage, and a relatively short distance fiom breast height to crown base, were typical of most trees 



sarnpled (Tables 4.1 and 4.2). Such fktors ruay have conipornded the effects of the species' natural 

inclination to develop a gradual transition fiom earlywood to htewood and therefore, to produce 

comparai ively stable latewood relative density vahies over the .  

Basic statistics for latewood relative density are presented as a h t i o n  of initial spacing in 

Table 4.25a (Appendix 1) and as a function of taper ckss Ui Table 4.26a (Appendk 1). The mean and 

coefficient of variation vahm o h e d  for each species van*ed 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 westem hemlock. 

Results of the repeated masures anaiyses conducted on latewood relative density, and as a 

function of initial spacing and taper c h ,  are presented in Tables 4.25b and 4.26b respectively 

(Appendk 1). Highly significant time effects were obtained for al1 species during the initial spacing 

analysis. Highly signiocant tirne effects were O btained during the taper ckss analysis for Douglas-Gr 

only. Significant efects were obtained in the case ofwestern redcedar. Nomsignificant (Greenhouse 

and Geisser) and signifïcant tirne effects (Huynb and Feldt) were obtained for westem kdock .  For 

c onsistenc y, t irne e ffects wül mnetheless be considered for al1 species in forthcomhg regression and 

correlation analyses. A non-significant spacing x ring interaction, and a signiticant (a = 0.05) taper 

class x ring interaction, was obtained for Doughs-6r. Non-signifiant spacing x ring and taper ckss 

x ring interactions were obiained for westem hemlock. The spacing x ring and taper class x ring 

interactions for westem redcedar were both highly significant. Treatmnt effects for all species were 

consistent ly non-sigrufïcant. 

An increase in avaikbk growing space had little effet on the development of latewood 

relative density. The mean levels recorded over time for Douglas-fir, westem hernlock and westem 

redcedar did not dBer as a function of either initial spacing or taper class. Parallel profiles were 

identified for westem hemlock. Ring number nom pth, by taper c k ,  was identified as having Little 

impact on latewood relative deiisity developrnent. Such resuh imply an identicai, somewhat 

horizontal. pattern of developrnent for all spacings and especiaiiy? for all taper classes coasidered. 

Non-parallel profiles were identifieci for westem redcedar. The nanowly-spaceà, suppressed taper 

class trees were undergohg intensified levels of competition. A rapid initial increase in latewood 



relative density was king followed by a sharp decrease, and then by cornparatively stable values. The 

widely spaced, dominant taper class trees were displayhg a gradua1 initial rise in latewood rehtive 

density, followed by relative@ stabk values. 

Parallel profiles were identified for Dougias-ftr as a function of initial spacing, and non-parailel 

profles (borderline, p = 0.0240) were identified as a fûnction oftaper class Such results demonstrate 

the increasing effect of tree-to-tree competition, and the decrea~ing effect of initial spacing, on tree 

developrnent 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 eventudy attained by these same trees, but at a lower maxilnum level 

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

The e ffect of ring width on latewood dative density development is presented for Douglas- 

fi, westem hemlock and westem redcedar in Tables 4.27,4.28 and 4.29 (Appendbc I), respectively. 

Co rrelat ion coefficients for Douglas-£ir were generaiiy bw, but negative, between rings 3 and 1 8, and 

generally low, but positive, fiom ring 19 onward. S lightly lower relative density values were 

therefore associated with the wider growth rings near the pith, and slightly higher relative density 

values were generally associateû with the wider growth rings near the h k .  The best regression fits 

were obtained fiom 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 hembck 

were largely non-significant. Small amounts of latewood relative deiisity variability were associated 

wit h ring width developrnent during eariy develo pment, with coefficient of determination values never 

surpassing a maximum of 0.44. A string of significant results was obsewed for western redcedar 

between rings 5 and 1 1, and between rings 1 5 and 17. From 17 to 41 % of total l a t e w d  relative 

density variation during these perds was associated with ring width. Correlation coefkients were 

for the most part moderately wgative up to about ring 14, implying slightfy lower htewood relative 

density values with the wider growth rings next to the pith. 



4.3.7 Whole-Ring Reiative Density 

Mean whole-ring relative density development is presented by initial spacing in Figure 4.13, 

and by taper c las  in Figure 4.1 4. Simüar profiles were O b t k d  for Douglas- fir by WeUwood and 

Smith ( 1 962), Erickson and Harrison (1974), Jozsa and Kellogg (1 986), Megraw (1 986), Jozsa et 

al. ( 1 989) and Jozsa and Middleton ( 1994). S i m .  profiles were obtained for westem hemlock by 

Wellwood and Smith (1962), Jolsaand Kellogg (1986), Jozsa and Middkton (1994) and Jozsa et al. 

(1  998). Similar profiies were obtained for western redcedar by Jozsa and Keiiogg (1986) and Joaa 

and Middleton ( 1 994). 

A similar pattern of whole-ring relative density development for Douglas-fir was generally 

displayed by dl spacings and taper classes. A stight d e c k  in value fkom the pith, to a minimum 

between rings 6 and 7. was initially displayed by al1 profiles. A steady increase in value foliowed with 

a general leveüing-off initiated at about ring 20. Whole-ring relative density development for westem 

hernloc k demonstrated greater variabiiity . A steep decline was initially dernonstrated by al1 pro mes 

to about ring 1 0. Values within the 3.66 m spacing and within the dominant taper class oscillated 

thereafier, but generally demonstrated no subsequent gains. Increases in whole-ring relative density 

within the 0.9 1, 1.83 and 2.74 m spacings were initiated beginning at about ring 15. Values within 

the intermediate and suppresd taper classes also increased progressively tom this point onward, 

wit h the ht  ter demonstrating the largest gains over the .  Western redcedar, though initiafly 

comparable to both Douglas-tir and western hedock, 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 spacuigs, and within the dominant taper class. A graduai increase in value foUowed 

wit hin the 0.9 1 and 1.83 m spacings. Simüar Uicteases were noted by the i n t ed i a t e  raper 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 h t i o n  of initial spacing in 

Table 4.3 0a (Appeodix I), and as a function of taper class in Table 4.3 1 a (Appedix I). The mean 

values observed for Douglas-fir were invariabiy greater than those obtained for western hemlock, and 

much greater than those obtahed for western redcedar at corresponding spacings and taper classes. 

Mean relative density for Douglas-fk varied little as a fiuntion of initial spacing and taper class. 
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Figure 4.1 3 Mean whde-ring relative density profiled by initiai spacing and as a functiori of ring 
number from pith for Dauglas-fit, wstm h e m l d  and Wesfem redcedar. 
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Slightly higher rnean values were obsewed for both westem hemlock and westem redcedar at the 

narrower spacings and withio the suppressed taper class. Coefficient of variation values vafied linle 

for both Douglas-tir and western hemlock. Somewhat higher values were observeci 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 funct ion of initial spacing and taper class, are presented in Tables 4.30b and 4.3 1 b, respectively 

(A p pendix 1). Time effects were highly significant for all species. Non-signifiant spacing x ring and 

taper class x ring interactions were obtaiaed for both Douglas-fir and westem hemlock. Treatment 

effects for Douglas-tir were equally non-significant. Those obtained for westem hemlock were highly 

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

An ident ical pattern of whole-ring relative density develo pment was acco rdig ly identified for 

ali Douglas- 6r spacings and taper classes considered. An identical pattern of development was 

identified for westem hemlock, but as a function of taper class only. Nonpardel profles, and highly 

significant treatment effects, were identified for the species by initial spacing. Such contlicthg results 

largely stem fiom the extreme measurements obtained, at m a  growth ring sampüng points, Eiom 

trees #4 1 1 and #458 within the 1.83 rn spacing interval. In addition, the average profile illustmted 

for the 1 .83 m spacing in Figure 4.1 3 was based upon a sarnple of five trees. Tree #464 was not 

inc luded due to large amounts of rnissing data. Consequently, the mean values plotted over t ime were 

consistently higher than at ail other spacings. The average whok-ring relative density profile 

displayed for the suppressed taper class in Figure 4.14 was based upon a sample of 13 trees. The 

e ffect O f the rnuch greater values demonstrated by trees #4 1 1 and #458, on mean whole-ring relative 

density develo pment, were subsequently ternpered once integrated hto t his data set. 

The spacing x ring and taper class x ring interactions for westem redcedar were both highly 

signifcant. Signiscant and highly signiscant treatment effects were obtained by initial spacing and 

taper c las respectively. Nonparailel w hole-ring relative density profles were accordmgly identified 

as a function of both initial spacing and taper class. The widely-spaced, dominant taper class trees 

demonstrated little subsequent rise m whobring relative density foüowing the initial dmease in value 

fiom the pith Sisnificantly lower mean vahies were recordeci over time for these trees. The profdes 



established for the narro wly-spaced, suppressed taper class trees demonstrateci a steeper initial &op 

in value fkom the pith, foîlowed by a gradua1 increase over time. Significantly higher mean values 

were recorded over time for these trees. 

The e ffects of ring width on whole-ring relative density are presented in Tables 4.32,4.33 and 

4.34 ( Appendix 1) for Douglas-6r, westem hemlock and westem redcedar, respectively. Although 

resuits for Douglas-fir were genedy signincant, most equations M poorly. Strong relationships 

were obtained kom rings 8 to 16, but withcoefficient ofdetermination values never surpassing a high 

of 0.40. In the case of westem hernlock, ring width had a slightly increasing negative impact on 

whole-ring relative density development over the.  If one discounts rings 3 1 to 33 (muer sarnple 

size), a pat tem of increasing significance was observed with age. Results h m  rings 3 to 1 7 were Qr 

the most part non-significant, or sigdcant at the a = 0.05 level ody. Strong relationships were 

obtained fiom rings 18 through 29, withl4 to 55 % oftotal variation attributable to ring width during 

t his period. Western redcedar disphyed the strongest o v d  relationships. with regression equations 

for the most part significant kom ring 1 3 onward, and with 38 to 62 % of to tai variation ahbutable 

to ring width during this period. Slopes and correlation values became increasingly negative with 

distance tiom the pit h. A decrease in whole-ring relative density over t ime was there fore increasing ly 

associated with an increase in ring width development. 

4.3.8 W hole-Ring Tmebeid Lengtb 

Sampling variabhty for earlywood and latewood tracheid length is sumrnarised in Tables 4.3 5, 

4.36 and 4.37 (Appendix 1) for Douglas-&, westem hanlock and westem redcedar, respectively. 

Ali values were O btained by means of image analysis. Trac heid length variaôiiity was estirnateci based 

on a potential sample pool of 240 measurements (6 trees per spacing, 40 tnicheid measurernents per 

growth ring sampling point). Smiilar trac heid length statistics, O btained by me= of the Kajaani FS- 

200 Optical Fibre Analyser, are presented in Tables 4.38,4.39 and 4.40 (Appendix 1) for Douglas-fir, 

westem hernlock and western redcedar, respectively. A single length-weighted mean value was 

calculated for each earlywood and latewood segment pmcessed Tracheid kngth variabüity for the 

Kajaani was therefore avaiiable based on a maximum of six values only. 



The rnean latewood tracheid length values observed in Tables 4.35,4.36 and 4.37 were, for 

the most part, greater than those listeci for earlywood. Increases in length of up to 15 % were 

observed in certain cases. Data cok ted  for both wood types were subsequently compiued et each 

growth ring sampiing point, and at identical spachgs, ushg a standard t-test for differences between 

two means. Positively significant dierences were identined for 42 % of the growth rings sampled 

for Dougias-Gr, 55 % for westem hemlock and 76 % for western redcedar. These results justify the 

use of Equation 1 for estimating wbole-ring tracheid le* 

The earlywood and latewood data sets descriid in Tables 4.35 to 4.40 rernained incomplete 

in instances where growth rings sampled were too m w  for accurate splintering by razor bkde. 

A mean tracheid length value for the entire growth ring m question (eariywood and latewood sampled 

collectively) was obtained in such cases. These measuremeats were added to those previously 

esthted using Equation 1. Complete whole-ring tracheid length &ta sets (rings 3 through 33) were 

subsequently acquired for each spacing interval considered. 

Mean whole-ring tracheid length development is iüustrated by initial spacing in Figure 4.15. 

Dual sets of plo ts were estabüshed for each spacing interval to accommodate the two measurernent 

methods used. The tracheid length relationships observed as a fùnction of t h e  are well docwiented 

in the literature. A relatively rapid increase in value was initially displayed by each species, foliowed 

by a gradual decrease in rate of devebpment. Relatively stable whole-ring tni~heid length values 

began to appear during the onal years of growth. 

Successive dips and &S were identüïed in many profiles using both measurernent systerns. 

A precise depiction of tracheid length development was accordingiy provided by species. Greater 

accuracy was nonetheless obtaineâ through image anslysin Only long, intact tracheids were 

considered during sampiing. The Kajaani based profiles mvariably demonstratecl iower mean values 

t hroughout. Who le-ring trac heid length was gravely inderestrmated using this procedure. The longer 

the mean tracheid length value obtained through image -sis, the greater the discrepancy. Data 

coiiected using both system were subequently compared at each growth ring sampling point, and 

at identical spacings, using a standard t-test for differences between two means. Higbiy signifieant 

differences (P 5 0.001) were obtained in ail cases (&ta not shown). 
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The length-weighted formula applied to the Kajaani data was therefore ineffective for masickg 

the innuence of the large number of broken tracheids processed. The length-weighted formula 

applied has repeatedly been used in previous reseaich for Kajaani-based tracheid length d y s i s  

(Piirainen 1985, Hamm 1989, Hatton and Hunt 1989, Luukkonen et al. 1 !BO, Bergqvist et al. 1996, 

Evans et d. 1997, Hennan et al. 1998, Muneri and Bdodi 1998). The weighting of tracheid length 

data by a second power, as perfonned in this study, is recommended 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 assemd ushg 12 mm incrernent cores. The 

limited dimensions of t hese cores may have introcid two possible sources of error that could have 

lead to an underestimation of tracheid length by the Kajaam systern Firstly, it is obvious that a large 

nurnber 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 elernents within the Kajaani was unavoidable. Secondly, the greater the mean length of 

the tracheids king sampled, the greater the probabiüty that they would incur daniage upon incrernent 

core collection. Tracheid measurements obtained during the foregoing studies were conducted on 

the bais of either wood chips or firom cross-sectional discs (minimum 2 cm thic kness) O btained by 

means of stemadysk (destructive sampling on both counts). Such wood sarnples presented a much 

lower proportion of broken tracheids per unit ofwood volume macerated. 

Few studies have evaluated the effectiveness of the Kajaani system for rneasuring tracheid 

length nom incrernent cores. A notable exception was the research conducted by Bergqvist et al. 

(1996), which investigated the effects of radial incrernent core diameter on iracheid length 

measurement in Norway spruce. Rings 3 1 through 87 h m  a singk, slow-growing log were sampled 

collectively, earlywood and latewood combineci, with no longitudinal shearing of the core edges 

performed. Eight core samples were collected per core diameter considered, nmely 4,8 and 1 2 mm. 

Wood chips were used as a control. Approximately 13 % of d tracheids origkting fiom the wood 

chips were characterised as damageâ fobwing niaceration. About 3 1 % ofthose obtaiwd fiom the 

12 mm cores were iikewise identified as such Tracheid damage for the 4 and 8 mm diameter core 

samples approlrimated 70 and 44 %, respectively. The length-weighted mean values obtained ftom 



the wood chips, and from each of the core diameters sampkd, were sigruficantly difFerent. The 

smaiîer the core diameter, the greater the inhience of broken tmcheids on the estimation of a mean 

tracheid length. The length-weighted mean values obtakd h m  the wood chips, and h m  the 12, 

8 and 4 mm increment cores, equalled 3.06,2.75,2.62 and 2.20 mm, respectively. 

It is dficult to pinpoint the various sources oferror that could have led to the tracheid length 

differences illustrated in Figure 4.1 5. The maceration procedure employed in this study (Franklin's 

solution) has long ken used for breakhg down wood samples into individual tracheids. nie Kajaani 

system itseff was inRially caüibrated using the reco~ada t ions  and caiiition Gbres 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 vesse1 elernents) which sometirnes aliows 

overlapping tracheids to be simultaneously processed. A maxUnum tracheid length value of 7.2 mm 

(the largest lengtl? class recordable by the instrument) m y  accordingiy be observed. Tiackid lengths 

exceeding 6.0 mm were c o m n l y  encountered. Such kngths go weU beyond the ranges n o d y  

identified for the three species considered. Additionaüy. it is easy to imagine a single long tracheid 

king measured at half its true Jength as a result of fokiing in the rnidddl niis scenario is conceivable 

in a situation where a tracheid is fèd mto the capillary tubhg midriff6rst. The fwt that the majority 

of tracheids sampled in this study were juvenile attests to a generally thin ce11 wall structure. The 

thinner the tracheid cell wali, the p a t e r  the likelihood of such blding. No method of verification 

was proposed by the manufàcturer to identify W o r  eümhate such measurements. 

Nong with broken tracheid sections and midrifffoiding, a shorter rnean tmcheid length could 

also have onginated fiom the inclusion of ray tracheid rneasurements withm the inâividual data sets. 

Ray tracheids norrnaiiy make up h m  about 5 to 9 % of total wood volume for the three species 

considered in this study (Panshh and de Zeeuw 1980). These ceüs nomdy range h m  about 0.1 

to 0.2 mm in length (Tsoumis 199 1). The Kajaani system records tracheid lengt h measurements 

within 0.2 mm chsses, rangmg fiom 0.0 to 7.2 mm. Since the Kajaani system is unable to distinguish 

between individual ce11 types, ray tracheids are systemtically 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 distri'butions subsequently 

became heavily skewed toward the smaller c b ,  leading to an inevitable decrease in mean length. 



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 rnethod was designeâ with a distinct 

application in mind. Image analysis has long been used for obtaining accurate tracheid length 

measurements. It is the cheapest methoû avaiîable in t e m  of equipment expenditure. O* a 

microscope and eyepiece micrometer are required. The process of measwernent however, is quite 

labowious and tirne-consuming. Simply obtaining 40 tmcheid length measurernents fkom a single 

growth ring m p l e  in th6 study (siide preparation time included) ofien r e q u d  mre than one how 

to complete. The Kajaani system was designeâ with industrial purpoçes m niind. The system is hiUy 

automated and does not require specific skills to operate. Large nurnbers of tracheid length 

measurements can be rapidly obtained. The masurement thne for one growth ring sarnple in this 

study (minimum of 20 000 trafheids processed) generally hctuated between t h  and five minutes. 

The purpose of this exaise was to see if the Kajaani system could be used to obtain accurate 

trac heid length measurements fiom 12 mm increment cores. The prospect of king able to rapidly 

and accurately process such samples would îùrther encourage non-destructive wood quality researc h. 

Based on the previous study conducted by Bergqvist et al. (19%), it was conceivable that accurate 

measurernents could be obtained fiom 12 mm increment cores if sarnpling were conducted on a more 

discerning basis. Oniy the central portions of the increment cores collected would be retained for 

anaiysis. Care would be taken to produce the longest splims possible for subsequent maceration. The 

longitudinal edges of the cores woukl be sheared to eliminate as many darnaged tracheids as possible. 

As demonstrated in Figure 4.15, sisnificantly shorter tracheid lengths were nonetheless 

obtained for each species, and at al1 growth ring sampling points, using the Kajaani systern The 

system was shown to be inadequate for measuting tracheid length variaboi on the basis of 12 mm 

increment cores. Only the tracheid length data cok ted  as a fuaction of image analysis were 

t here fo te considered during the subsequent initial spacing and growth rate analyses. 

The general fhding fiom past studies is that initial spacing has üttle impact on tracbeid length 

development for conifers. Douglas-fir, western hedock a d  western redcedar bave aii received üttle 

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 originaily 



demonstrated by the 0.91 rn spacing for Douglas-fi. 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 hernlock, sornewhat shorter tracheids were produced at tbe 3.66 m spacing up to about ring 

2 1. A somewhat p d e l  pattern development was demonstrated for d western redcedar spacings 

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

Basic stat ist ics for whole-ring trac heid length are presented in Table 4.4 1 a (Appendix 1). 

Longer tracheids were, without exception, produced by Douglas-fi, and sborter tracheiâs by western 

redcedar. The rnean value recorded over time varied little according to initial growing space. S iightly 

lower values were observed for both western hernlock and western redcedar at the wider spacings. 

Coefficient of variation values remained nUrS, constant by species. 

Results of the repeated measures anaiyses conducted on whole-ring tracheid length, and as 

a fiction of initial spacing, are presented in Table 4.41 b (Appendk 1). Thne effects were highly 

sig ni ficant for al1 spec ies. A highly signifiant spacing x ring interaction and non-significant treatment 

effects were obtained for Douglas-6r. The riarrower the spacing, the Eister the initial iacrease in 

tracheid length fiom the pith, with longer tracheids produced by the wider spacmgs duruig the 6na.i 

years of development. In the case of western kmlock, the spacing x ring interaction and treatment 

e ffec ts were both non-signifiant. An identical pattern of development was subsequent ly identitied 

for al1 spacings considered. Signifïcant effects wouki perhaps have been obtained had the 4.57 m 

spacing been available for smpüng. A non-signincant spacing x ring interaction and signiticant 

treatment effects were obtained for western redcedar. AU prooles were subsequently identified as 

parallel. The narrower the spacing, the lower the mean level recorded. A sgnin*uit interaction effect 

would perhaps have been obtained haù the 0.91 and 1.83 m spacmgs a b  been sainpieci. 

The effects of ring width on whole-ring tracheid length development are presented m Table 

4.42 (Appendk 1). Very h l e  variation in whole-ring tracheid length variabiiity was generdy 

associated with ring width The relationshipû observed by species were generally non-sigmnCant. 

Most correlation coefficients remamed bw, and for the most part negative, indicating pertiaps a sligbt 

reduction in tmcheid length with increased growth rate. This was presiaabiy the case for both 

Douglas-iïr and western hedock during early development. 



4.3.9 M icrofi bril Angle 

Sarnpling variability for micro fibril angle is surmnarised in Table 4.43 (Appendix 1). Each 

mean and standard deviatioa value was calculated based on a data set of 240 measurernents (six trees 

per spacing, 40 micronbril angle measurements per growth ring sampled). AU values were O btained 

Eom the earlywood portion of each growth ring selected. There were no aiissing values. 

Mean microfibd angle developrnent is iiiustrated according to initial swing in Figure 4.16. 

The trends observed 60m pith to bark are srmikr to those generally reported for conifers in general 

( McMillin 1 973, Erickson and Ar& 1 974, Megraw 1 985, Cave and Walker 1994). Microfibril angle 

was greatest near the pith for ail species. Values at the narrowest spacings, for both Dougks-fir and 

western redcedar, decreased more rapidly and began to stabilise earlier. A rehtively stable microfibrü 

angle was attained ai about M g  12 in the case of the 0.91 m spacing for Douglas-6r, and at about 

Nig 18 in the case of the 2.74 m spacing for western redcedar. The foregoing spacings both 

rnaintained lower values during the later years ofdevelopment. AU microfibril angle profiles displayed 

for westem hemlock rem* similar in shape and size over tirne. Mean values decreased rapidly 

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

Conducting microEïbril angle meaSuTernents rernains a time consuming procedure when 

performed using optical means. The process of obtaining 40 microfibril angle values firom a single 

growth ring sarnple in t his study (microtome shde preparation thne Snluded) oflen took over one 

hour to cornplete. Indirect rneihods were therefore sought in past studies hr ibe ppurpose of 

estimation. Tracheid length was suggested as an obvious predictor, perhaps because of the ease 

t hou& whic h suc h rneasurements couid be o k d .  Tracheid length develo pment typicaüy inc ludes 

a rapid increase in value 60m the pith (Figure 4.15). A gradua1 decrease in rate of development 

generally folîows, after which relatiwly stable d u e s  can be viewed. The above stated trend is more- 

or- iess O pposite to t hat iliustrated for micro fibril angle develo pment in Figure 4.1 6. 

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 hrger the micmfibril angle 

recorded (Echols 1955, Dadsweii 1958, Erickson and Arima 1974, Megraw 1985, Briggs and Smith 
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1986). Even though the strength of the correlations vafid widely fiorn study to study, a cause and 

e ffec t relat ionship between the two variables has mnetheless evo lved over t h .  Such a relationship 

is frequently assumed and reported 

However, it remaiiis imükely that tracheid ebngation is the main precursor to micronbrü angk 

development. Though a correlation might exist between the two variables, the rektionship is most 

Uely haphazard. The reasoning behind this statement is that important Uicreases in tracheid length 

are characteristic of the stage of pst-cambii celi enlargement. Concurrent increases in tracheid 

radial diameter are also Uiherent to this stage of development. The deposition of microobrils in 

accordance with the profles ilhistrated in Figure 4.17 occurs largely during the subsequent stage of 

secondary wdl f o m t  ion. The lignification of the compound middle larnelkt is krgely complete at 

this time, and hirther expansion of the ce11 is therefore limited (Fujita arad Harada 1991). The terni 

microfibd angle itself commonly refers to the mean helical angle observeà wahBi the S, hyer of the 

secondary wall. This definition was commn to al1 the wood quality and reiated studies reviewed 

during t his research. 

Cd-wail thickness woufd perhaps be a more logical choice for predicthg miroobril angle, 

inasmuch as both variables are intimately Iinked to the stage of secondary wall devebprnent. A 

sinusoidal trend of decreasing rnicrofibril angle is generally known to exist within a growth ring ftom 

earlywood to latewood (Cave and Waiker 1994, H e m  et al. 1999). A similar, but reverse trend, 

is known to exist for ceIl wall thickness. Higk rnicrofibril angle values are generaliy associated with 

thin-walled, earlywood tracheids. Lower micronbril angle values are generaiiy associated with 

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

Little information is available with regard to intra-ring rnicrofibrij angle development for 

Douglas-fir, western hemlock and western redcedar. Large amounts of variab- undoubtedly exkt 

for each species as a fLnction of cambial age, and perhaps even growth rate. The ümited microfibril 

angle data that is available most often cornes in the fonn of single mean values generated fkom a 

CO llection of growth rings. Intra-ring pro nles demPstniting niicroM an& variabüity over time 

are largely unheard of. Such idiormatioa wouki be most usefil for the establishment ofrehtiooships 

between the various patterns of microobril angle development identifieci in a tree, with the various 



changes in crown rnorphology and competitive statu displayed over the .  These data would also 

aiiow for the subsequent evaluation of cell wall thicbiess as an efféctive predictor of micronbril angle 

variability. Relationships could in turn be establisheû as a fùnction of overall tracheid morphology 

by including corresponding tracùeid diameter ami tracheid length &ta, alongside ce1 wall thickness 

data. into the prediction model. 

The possibility of using celi-wall thickness as a sunogate measure for micro fibril angle would 

be beneficial in future tree breeding programs, and to wood quality research in general. Modem x-ray 

diflkac t ion techniques capable of efficient ly sampling hrge numbers of trac heids for micro fibril angle 

do exist, but these systems remain expensive and limited in avaüabüity. Scanning techno logy is 

readily available for the rapid and inexpensive measurement of ceU wall thickness in both the radial 

and tangential directions. It is îikewise possible to prepare microtome sections for microfibrilangle 

viewing along both the radial and tangential planes. In order to obtain corresponding cell wall 

thickness and rnicrofïôrii angle data, rneasurements 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 westem redcedar were comktently jgeater than those observed for both Douglas- 

fir or western hemlock at comnon w m g  intervals. Average values for western hemlock remained 

largely unchanged over the three spacings sampled. Greater mici0fibri.l angle variabüity was noted 

at the narrower spacings for both Douglas-£ir and western redcedar. Coefficient of variation values 

for westem hemlock varied little throughout. 

Results of the repeated measures analyses conducted on microfibril angle, and as a function 

of initial spacing, are presenteù in Table 4.44b (Appeodix 0. Time efkcts were highly signifkant for 

al1 species. The spacing x ring interaction and treatment effects for Douglas-tir were both highly 

significant. Suc h results imply a nonparailel pattern of development. as well as differences between 

a minimum of two spacings when theh RspectR.e effects on microobril angle are averaged over tirne. 

The fact that the interaction m question occurred between rings 6 and 9 downpbys the results 

obtained. Relaiively simüar average microfibril angle values should have been observed at ring 3 for 

aIi spacings considered. AU aees were still more-or-les openly growing at this tirne. AU had been 



established on the same site and were, presumably, of si* prevenance. The highty signincant 

interaction obtained should therefore be accepted with caution. 

A non-significant spacing x ring interaction and non-significant treatrnent effects were 

obtained for westem hemlock. An identical pattern of mirronbril angle development was accordingly 

identified for all spacings consided. A non-signifiant p i n g  x ring interaction was O btained for 

western redcedar, dong with signincant treatment effects. The iiarrower the spacing interval for the 

species, the steeper the initial deciine in microtibril mgk, and the earlier the time at whiçh ~latively 

stable values were eventualty attained. 

Microfibril angle and whole-ring relative density are both known to have a significant 

influence on the strength properties of wood. Generaily speaking, the higher the micronbril angle 

value and the lower the whole-ring relative density mrded ,  the bwer the ngidity and the lower the 

t ensile and t ear strengt h of the lmber produced (Cave and Waîker 1 994, Waiket and Butterfield 

1995). The preceding microfibril angle results for Douglas-fi and westem hemlock contrasted with 

those obtained as a function of whole-ring relative density in section 4.2.7. An identical pattern of 

whole-ring rektive density development was identified for dl Douglas-fir spacings considered 

Comparable who le-ring relative density pro* were illustrated for westem redcedar at the 2.74,3.66 

and 4.57 m spacings in Figure 4.13. Even though simüar whole-ring relative density profiles were 

O bserved fb r eac h species, greater stifhess properties c m  nonetheless be expected from the narro wer 

spacings where signincantly lower mean ievels were recorded over time for oUcrofibril angle. 

The e ffects of ~g width on micronbril angle development are presented in Table 4.45 

(Appendix 1). A signincantly positive relationship was observed for Douglas-lk between rings 9 and 

2 1. The wider the growth ring produced at such tim, ik greater the correspoading rnicroobil angle 

deposited. Non-significant relationships were obtained for westem hemlock at d ages. Equations 

for the species fit poorly, with coefficient of detemination vahies genei.ally remaining close to zero. 

The relationships O b s e ~ e d  for western redcedar, even when signincant, remained weak. h similar 

fàshion to Douglas-fi, most correlation coetncients remaiwd low and positive, indicating perbaps 

a sîight uicrease in microM angk with bmasbg ring width 



4.4 Geaeral Summa y 

The purpose of this portion of the study was to analyse the effits of cambial age, inaial 

spacing, stem taper and growth rate on the development of specioc wood properties important to 

wood quality in second-gro wth timber. The foliowing discussion summarises the principal results 

O btained. 

The fint objective was to profile and compare ring width, earlywood width, ktewood width, 

late wood proportion, earlywood relative density, latewood relative density, whole-ring relative 

density, whole-ring tracheid length and microfibril angle development as a fùnction of ring number 

Eom pith. A univariate repeated masures analysis was used to assess the effects of initial spacing 

and taper class on the development of the above-mentioned variables. The fust hypothesis tested 

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

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

function of ring number 60m pith, is horizontal) 

The influence of cambial age on wood formation m conifers can be attniited to two principal 

causes. Firstly, an initial sharp increase in fùsiiorm initial celi length, foUowed by relatively stable 

values, is typicaily observed within the vascular cambium as a function of time (Bannan 1 967a). 

Secondly, as crown recession proceeds dong a tree stem, physiological gradients within the tree stem 

are graduaily modifie& and the subsequent process of wood fornuition at any specific height interval 

beb w the üve crown is accordingly altereû (LaMn 1969). Pith to bark var iab i i  at breasi height 

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

The hypothesis of no time effects was not rejected in one instance oniy. A largely horizontal, 

non-significant (p = 0.0767), pattern of development was identifieci 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 e ffects were identified in all other cases, and the hypothesis of no time effects was 

rejected each tirne. 



The second hypothesis tested suggested that initial spacing and taper claîs had no effect on 

the mean level recorded over t h e  for each wood property considereâ: 

H,?: there are no overall difEerences between groups (i.e., the mean value recordeci over time h r  

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

A surnrnary of the between-subjects effects obtained by wood property, and by species, is 

presented in Table 4.46. The hypothesis of similar man lcvels was not rejected whenever a non- 

significant result was obtained. Such resuhs suggested that the mean value recorded over tinte for 

a specific wood property remaineci similar for ail initial spaciags, or for aU taper classes considered. 

When compared, the various profiles would basicaiiy demonstrate very little separation over time, 

with relative gains and losses largely canceUing 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 tirne. The hypothesis of simüar rneans for all groups considerd 

was rejected in such cases. 

Table 4.46 Summary of betwen-suûjecb Mects, by qmdes, for both initial mng and taper ciass. 

Mfwd P r W  DaigiPs-fir westsmhenkdt w r e d c s d a r  

initiai spacing tgierm initial sp&ng tapsrcbs iniüai t-cleas 



The third hypot hais  tested suggested that initial spacing and taper class had no effect on rate 

of development for each wood proprty considered: 

H :  there are no interactions between groups involving time (Le., the growthcwes displayed for 

a wood property are p d e l  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 paralle1 pattern of development was accordhgly inp>üed for al1 

initial spacings, or for dl taper ciasses considered. Significant results impiied a nonparalle1 pattern 

of developrnent between a minimum of two initial spacings, or between a minimum of two taper 

classes. Interactions involving time were therefote involved, suggesting a change in the rate of 

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

Table 4.47 Surnmary of interaction effet%, by species, for both initial sQacing and taper class. 



The second objective was to investigate the e k t s  of accelerated diameter growth on 

earlywood width, latewood width, iatewood proportion, earlywood relative density, latewood relative 

density. whole-ring relative density, whok-ring tracheid length and micmfibril angle development 

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

H :  an increase in ring width has no effect on eariywood width, latewood width, latewood 

proportion, earlywood relative density, latewood relative density, whole-ring relative density, 

longitudinal trac heid lengt h and micro 6bd angle develo pment . 

A highly significant cambial age effect for H,. , was identified for practicaily each wood 

property considered. The only notable exception was latewood relative density for western hemlock 

when profiled by taper class. Cambial age was hencefbrth considered as a covariate in d l  regession 

and correlation analyses. Hypothesis testing for growth rate was accordingly conducted at discrete 

growth intervals. A signiticant test suggested either a positive or a negative effect of ring width on 

the development of the wood property king analysed, and the subsequent rejection of H,,. A non- 

signi fican~ test implied no association with ~g width. For consistent y, this procedure was extended 

to ail wood properties, including western hemlock latewood relative density profled by taper class. 

Having disregardeci cambial age as a covatiate would have resulted in significant relationships 

with inflated coefficient of determination vahes for most wood properties. Such an exercise was 

o r i g ~ l y  pursued during a preluninary analysis. When each growth ring was considered as a separate 

entity. only some relatioriships had coefficient of determination values greater than, or equal to. the 

one initially obtained by way ofa single, overail relationship. Such resuits go a long way in explaining 

why relative density, tracheid length and microfibrii angle variability in pst studia have ofien been 

associated with changes in growth rate. Cambial age was fkquently overkmked as an important 

contributor to variation. 

Resuhs of the gro wth rate anaiyses conducted on al1 wood properties are featured in Figures 

4.1 7,4.18 and 4.1 9 for Douglas- fir, western hemlock, western redcedar, respectively. Results are 

sumrnarised by way of correiation cwfncients, with black dots identifjing non-signifiant 

relationships (P < O.OS), and the subsequent non-~jection of H4., 
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Figure 4.1 7 Surnrnary of corrdation COBfficients obtained for Douglasfir, illustrating the effects of 
ring width on the deveioprmt of various Hi#rd properties at specrfic gravuth intervals 
from the pith (O indiCates correlation coefficient not signifiant at P < 0.05). 
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3 6 9 12 15 18 21 24 27 30 33 

ring numbar b n  fnth 

3 - p 0 5  

- 1' 8 1 ~ ~ ~ ~ ~ ' I u l - 1 [ m  1 m... . I . . . . . . . . . . . . . . a.... 
-1 a 

3 6 9 12 5 18 21 24 27 30 33 

ring n u m k  tram pith 

m... . . a 
-1 O 

3 6 9 12 15 18 21 24 27 M 33 

ring numW Irom piîh 

3 6 9 12 15 1% 21 2 1  27 M 33 

nng numkr from pith 

3 6 9 12 15 10 21 24 27 30 33 

ring nurnbar hom pith 



1) Practicaiiy all earlywood width variability was associated with ring width. A highly 

significant, positive effect on earlywood width development was identifïed at ail ages. Slope 

coefficients for Douglas-fir decreaseâ in a more-or-les constant fashionover tirne, suggesting 

a continual decrease in the ratio of earlywood width to ring width within successive growth 

increments. Slope coefficients for both western hemiock and westem redcedar remained 

more-or-less stable, suggesting very iittle change in the ratio of earlywood width to latewood 

width over tirne. 

2) A positive relationship between latewood width and ~g d t h  was identified whenever 

significance was achieved. Large arnounts of variabiity for Douglas-fir (r z 0.87) were 

associated with ring width fiom 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 2 0.53) was observed for westem redcedar follouing 

ring 13. Slope coefficients for Douglas-fi increased in a more-or-lrss constant fahion over 

t irne, point h g  to a continual increase in latewood proportion within successive growth rings. 

S 10 pe coefficients for western hemlock and westem redcedar remained more-O r-less stable, 

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

3) A negative relationship was identified between iatewood proportion and ~g width whenever 

signiticance was ac hieved. The relat ionships observed over time for Douglas-6r were largely 

significant, but for the rnost part weak (r s - 0.76). Results obtained for both westem 

hemlock and westem redcedar were mstly non-signifiant during the inaial years of 

development. Results for westem hemlock did strengthen sornewhat following ring 20. 

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

4) Very little earljwood relative density variaality for each species was generally associated with 

ring width development. The significant relatiooships that were observed for Douglas-& 

remained positive between Rngs 6 and 9, and negative h m  ring 25 onward. The resuhs 

obtained for westem hemlock were consistedy non-sigmficant, except for ring 21. Results 

for westem redcedar were equally weak. The féw significant resuhs mtermittentb obtaioed 



between rings 14 and 28 were consistently aegative. 

5 )  Very Little latewood relative density variabiity for each species was generally associated with 

ring width development. The sigaifiauit relatiooships that were observed fot Douglas-fir 

rernained negative between ~ g s  9 and 15, and positive from ring 24 onward. Western 

hernlock demonstrated a largely mn-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 1 1. Significantly positive resuhs 

were O btained between rings 1 5 and 1 7. Practicdy no latewood relative density variabüity 

for the species was associated with Nig width thereafter. 

6) A weak to rnoderaiely strong. negative relationship was generally ideniined between whole- 

ring relative density and ring width. The relationships obtained for Douglas-6r becarne 

increasingiy non-signincant as a fùnction of the. Conversely, a somewhat increasing pattern 

of significance was disphyed for westem hernloc k. An Uicreasingly stronger relat ionship was 

obtained for westem redcedar, with the strongest relationships of ail displayed fiom ~g 1 3 

onward (r - 0.82). 

7) A weak, negat ive relationship was generaily O bserved between who le-ring trac heid length and 

ring width whenever signdkance was achieved. However, rnost relationships were identified 

as non-significant. The few signiticant resuhs c o m n l y  obtained for both Douglas-fir and 

westem hernlock did suggest a slight reduction in whole-ring tracheid length following an 

increase in diameter growth during early develo pment . 

8) A weak, positive relationship was generdy identitied between microfibnl angle and ring 

wid t h whenever sigdicance was ac hieved. Signincant relationships were O btained for 

Douglas-£3 between Migs 9 and 2 1. Non-significant relationships were obtained for westem 

hemlock at al1 ages. Signincant reîationships were interrnittently obtained for wester redcedar 

between rings 6 and 24. The few significant results obtanied for Douglas-fi and westem 

redcedar did suggest a slight increase in minofibril angle following an increase in ring width 

develo pment . 



A third objective was to evaluate the effectiveness of the Kajaani FS-200 ûptical 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 systerns. 

Greater accuracy was nonetheless obtained by way of image analysis. Ody undamaged tracheids 

were considered for sampling via lhis rnethod. The Kajaani based proûles invariably demonstrateci 

lower mean values throughout. The longer the mean tracheid length value obtained through image 

analysis, the greater the discrepancy. 

Mean whole-ring tmheid length estimatecl through image analysis was subsequently 

compared to the corresponding mean vahies obtained using the Kajaani system Highly significant 

differences (P a 0.001) were repeatedly identüied 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 b i s  of 1 2 mm increment cores. The high proportion of broken trafheiâs present within these 

core samples invariably produced a significantîy 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 mtra-ring relative density 

by species. The illustrated profiles would serve to consolidate many of the observations and results 

obtained in the preceding analyses. AU profiles were established by both taper ciass and ~g class 

(average relative density values obtajned fkom five vecoriçecutive growch hcrernents). Rng class 29-33 

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

Average mtra-ring relative density profiles, plotted as a fiuiction of ~g width, are üiustnited 

in Figures 4.20,4.2 1 and 4.22 for Douglas-fir, western M o c k  and western redcedar, respectively. 

Ring width developrnent evolved dong a sSNlar path for al taper classes considered. An increase 

in value was generally obsemed fiom the pith, foliowed by a gradual decrease to a moresr-less 
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steady state. The greater capacity h r  photosynthesis associated with the dominant taper class M to 

greater diameter growth prior to m w n  closure, and to a subsequent wider maximum ring width. The 

ear lier onset of m w n  c bsw within the suppressed taper class lead to a sharp decrease in mean ring 

width fiom the onset of ring class 48 .  Subsequent decieases within the dominant taper class took 

longer to initiate, and were not as abrupt. The greater the shade tolerance diiayed, 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 tirne. 

The relationship between earîywood width and ring width was especially strong for a l  species. 

Important increases in earlywood width were observeci h m  the pith for al1 taper classes considered. 

S ubsequent decreases in earlywood width were displayed at an earlier date by the suppressed taper 

class. Trees within this group were the first to undergo cmwn closure, and to initiate crown 

recession. 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 

rnaintained the greatest po tent id for incremental growth. Earlywood increments within the dominant 

taper class were accordingly wider over the span of growth rings sampled. The intensification of 

cornpetition within the suppressed taper classes was reflected in large part through the rapid 

narro wing of the earlywood. A sMilar pattern of nmwing  was also observed wit hin the domhant 

taper classes, but at a much reduced rate. 

The developrnent of latewood width was much less variable. Only marginal changes in 

latewood width were displayed over tirne for westem hemlock. Modest changes were O bserved for 

westem redcedar. The greatest overall variability was demonstrated by Douglas- fir. Latewood width 

for both westem hemlock and westem reâcedar was invariably thicker at ring class 4-8 than at any 

other age. A period ofaccelerated latewood thickening was observed for Douglas-tir fiom the onset 

of ring class 4-8. This increase was sustained over a longer period by the domhant taper class, and 

a greater maximum value was subaequently anamed by this group. A graduai decrease in latewood 

widt h to a more-or-less constant value followed for al taper classes. 

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

developrnent was largely respoasibe fbr the creation of a gradua1 transition zone from earlywood to 



latewood. With time, a general decline m transition wood production brought about an increasingly 

abrupt transition tiom earlywood to latewood. The ongoing change from a graduai to an abrupt 

intra-ring transition can perhaps be associatecl with the progression of crown recessioa The greater 

the crown recession over tirne, the greater the extent that physiological gradients are mdified along 

the stem Douglas-fir demonstrated the lowest overall shade tolerance and accordingly, the greatest 

amo unt O f cro wn lift hg. The species correspondhg ly demonstrateà the greatest variability in terms 

of wood formation, tiom a graduai intra-ring transition near the pith, to an abrupt transition near the 

bark. A more gradual rate ofcrown recession was observed for westem redcedar, and a muchsbwer 

rate was observed for westem hemlock. More-or-les consistent growth ring characteristics were 

accordingly produced over tirne by both species. As the profiles at ring class 24-28 indicate, 

increasingly abrupt transitions codd be expected for both species with fùrther crown Ming. 

Average intra-ring relative density development is pronled as a function of standardised ring 

width (%) in Figures 4.23, 4.24 and 4.25 for Douglas-fi, western hemlock and westem redcedar, 

respectively. An increasing proportion of latewood over time was genedy observeci for all species. 

Taper class profiles were essentidy the same prior to a o w n  cbsure (approximately ring cias 4-8). 

Subsequent increases in latewood proportion were 6rst observed within the suppressed taper class. 

Latewood proportion within the dominant taper class generally remained static over the longest 

period. Douglas-fir continualiy displayad the greatest values overall. The proportion of latewood 

for both westem hemlock and westem redcedar was substantiaily lower at ail ages. 

The earlywood to latewood boundary was set in this study at a relative density of 0.54 for 

Douglas-fi, 0.52 for western hemlock and 0.44 for western redcedar. In order to profile relative 

density developrnent, transition wood was classified under t h  criteria as either earlywood or 

latewood. A large qmti ty  of transition wood, displayhg a relative density süghtly greater ihan a 

value listed above, would therefore have led to a slight mcrease in latewood width, and to a 

corresponding slight decrease in mean latewood relative density. In tum, a large quantity of transition 

wood, disp laying a relative density s lightly lower than a value listed above, would have brought about 

a slight increase in both earlywood width and mean eariywd relative density. A notaMe portion 

of t he variability observed in tenns of eariywood width, latewood width, earlywood relative density 

and latewood relative density was therefore linked to the presence of transition wood. 



O 20 40 60 80 100 

staidadised ring width (%) 

O 20 40 60 80 100 

staidardised ring wiâth (%) 

O 20 40 60 80 100 

~~ ring Mth  (%) 

ring dags 24-28 

0.1 I l l . l . 1 . .  

O 20 40 60 80 100 

s t a i d a d i  ring mdlti (%) 

. ring dias 2933 

o . l " l L * l L ~ L  
O 20 40 60 80 100 

Jtandadised ring m(%) 
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The minimum earlywood relative density values attaiaed nom the onset of ring class 4-8 

varied Linle by taper class. Stight increases in value were nonellieles conmon to the suppressed 

taper class during the final years of development. Greater variabüity 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, foliowed by decreases, were 

O bserved 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 mainiained over the range of growth rings sampled. Subsequent 

decreases in maximum latewood relative density, dong with correspondhg hreases in minimum 

earlywood relative density, are foreseeable within this group as a fùnct ion of further cambii ageing 

and crown recession. 

Greater homogeneity in ternis of intra-ring relative density was generdy displayed during the 

initial years of development. Greater arnounts of transition wood were produced at this tirne. A 

maximum value for latewood relative density had not yet been achieved. As crown recession 

pro ce eded, an inc reasing ly greater range between minimum earlywood relative density and maximum 

latewood relative density developed for al1 taper classes. The intensification of tree-to-tree 

cornpetition 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 dormity was once again achieved at this tirne through the 

renewed production of transition wood. 

Changes in whoie-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 Ui turn 

linked to changes m either earlywood width, latewood d t h ,  or both. Changes in earlywood width, 

and to some extent latewood width, were both a function of ring width developrnent. 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 foregohg growth rate and repeated 

measures analyses will be referenced. For brevity, onîy the taper class results will be considered. 



In the case of Douglas-fir, changes in earlywood width and latewood width (except near the 

pit h) were strong ly associated with Oag width. A somewhat similar ratio of earlywood to latewood 

was there fore maintained at eac h growth ring sampüng point, regardless of ring width. Only s d  

amounts of variability for latewood proportion were therefore associated with growth rate. An 

identical pattern O flatewood proportion development was subsequentîy identined for al taper classes. 

Slope coefficients fiom rektionships between earlywood width and ring width decreased in a more- 

or-less constant fashion. Slope coefficients for latewood width increased. Ongoing decreases in 

ear lywood widt h were therefore greater relative to latewood width A gradual increase in latewood 

proportion over tirne was subsequently observed for dl 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 . In tum, süghtly lower 

earlywood relative density values and süghtly higher iatewood relative density values were associated 

with the wider growth rings toward the bsrk. nie mean levels obtained for both earlywood relative 

density and latewood relative density did not Vary over tirne. However, the profles identified for 

each variable were recognised as nonparailel. The lower earlywood relative density values initially 

ident ified within the suppRssed taper chss were in effect countered by comparatively higher latewood 

relative density values. The same pattern held true during the tinal years of development. Higher 

earlywood relative density values within a specï6c growth increment were generally associated with 

lower latewood relative density values. 

Douglas-tir whole-ring relative density therefore remained comparable in value for each taper 

class at each growth ring samphg point. ?'he general increase m whole -~g  relative density over 

time was Iargely 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 identüied for aii taper classes. Ring width 

t herefo re had üttle impact on whole-ring relative density development over time. 

In the case of western hernlock, very üttle variability for earlywood relative density and 

latewood relative density was associated with Nig width development. Identicai taper chss profiles 

were identified in each case. Earlywood width variability was in turn strongly associated with ring 



width development, whereas very little association was displayed for latewood width. Paralkl 

profiles were identified in each case. Highly signiscant and non-sigdicant treatment tneans were 

obtained respectively. Süght decreases m earlywood width, with little cortesponding change in 

late wood width, were therebre being dispfayed over time as a function of decreasing ring wi& 

Parallel pro tiles of development were according ly ident Sed for iatewood pro port ion, with 

sigdïcantly different @ = 0.0446) mwui levels recorded over tirne. Latewood proportion within the 

dominant taper class varied linle over tirne. Earlywood width development was largely maintained 

at a more-or-less constant level, and in üne with ring width development. The suppressed taper class 

displayed an increasing ly larger proportion of latewood as time passed. Earlywood development 

within t his taper class was largely reduced during the 6nal years of growth. Latewood proportion 

at this tirne therefore became increasingly associated with ~g width development. 

An ident ical pattern of w hole-ring relative density devebpment was subsequently ident ified 

for western hemlock. Ring width accordingly had little impact on whole-ring relative density 

variability, save for a rninor 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 ciass at this tirne. These values largeiy correspondcd 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 duMg the early years ofdevelopment. In tum, slightly lowet 

earlywood relative density values were associated with the wider growth rings toward the bark. The 

mean levels obtained for both eariywood refat ive density and latewood relative density did no t Vary 

over t irne. Nonparallel profiles were nonetheless identifid for each variable, as a result of the minor 

fluctuations observed within the suppressed taper class. 

Changes in earlywood width were stmngly associated with ring width development. 

Lat ewood width variabiiity became kreasing iy associated with ring width develo pment over t ime. 

A nonparallel pattern of development was identified for earlywood width. A paralie1 pattern of 

development was identified for iatewood width. Signifïcantly different mean levels over time were 



recorded in each case. The s u p p d  taper cbss disphyed a steady decüne in eariywood widthover 

time that mirrored corresponding decreases m ring width. The dominant taper class demonstrated 

an Unport ant reduction Ui eariywood width during the 6nal years of development O*. Minor, but 

constant, decreases in latewood width were displayed throughout by al1 taper classes. Comparat ively 

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

Profile development for latewood proportion was accordingly nonparaIlel with sigdicantly 

different mean levels recorded over time. Latewood proportion withh the suppressed taper class 

displayed a steeper initial decline fiom the pith, to a bwer minimum due.  Earlywood width within 

this taper claçs was the first to reach a msucimum, but at a lower value relative to the other taper 

classes. The steady decline in earlywood width that foUowed led to a slow, but steady increase in 

latewood proportion over tirne. The dominant taper class demonstrated a steadier initial decline in 

latewood proportion l?om the pith, with relatively stable values thereafter. A maximum earlywood 

width was produced by this taper class over an extended period of t h e .  A sunilar ratio in the deche  

of earlywood width to latewood width was therefore king rnaintained at each growth ring sarnpling 

point. 

Ultimately, the minor earlywood relative demity decreases observed within the suppressed 

taper class were countered by minor increases in latewood relative density at corresponding points 

of t irne. A non pardel pattern of whole-ring relative density develo pment was according ly identified 

for western redcedar, with significantly dxerent mean levels recorded over tirne. A steeper drop in 

who Ie-ring relative density was initially displayed by the suppressed taper class. This sudden drop 

largely parallelied the sharp decrease o î x e n d  for ktewood proportion. A higher whole-ring relative 

density value was attained by this taper class during the final years ofgrowth. Such values largely 

corresponded to the narrower earlywood increments produced, and subsequently, to a süghtly greater 

proportion of latewood. An kreasingly negative reiationship was accordmgly identified over time 

for the species between whole-ring relative density variabüity and ring width development. 



S. STUDY OF JUVENILE AND MATURE WOOD DEVELOPMENT 

5.1 Introduction 

Iuvenile wood is oAen considered inferior in wood quaîiîy due to the greater variabiiity 

displayed in t e m  of wood properties. In contrast, mature wood generally dernonstrates l e s  

variability, rendering it more valuable to the wood processing industry. There exists no sharp 

demarcation between the two wood types, with one generaüy blending into the other as a tree ages. 

Definhg a juvenile wood transition zone has accordingly received much attention in past studies. 

Compticating the work has been the fdure by researchers to agree upon a cornmon transition 

variable. Dflerent wood properties will generally attain a more-or-les steady state at a unique point 

in time relative to tree development. Longitudinal tracheid length, microfibril angle, lignin-cellulose 

ratio, ring widt h, latewood proportion, latewood relative density and whole-ring relative density have 

al1 ken  considered for anaiysis. Transition age resuhs have accordingly varied between studies. 

Non-destructive sampling for juvenik wood was accompüshed in this study using a 5 mm 

increment borer. The use of a 12 mm incrernent borer was avoided for such work to prevent 

excessive tree damage, unacceptable in the context of the Haney spacing triais. Tracheid length and 

micro fibril angle data were, as a resuh, unavailab1e for denning a juvenüe wood transition zone. Only 

a select number of wood properties, measurable by way of x-ray densitometry, were subsequently 

available for anaiysis. Ring width was perhaps the most straightforward choice available. Wtder 

growth rings are typically produced within the juvenile wood core, and narrower growth rings are 

generdy rnaintained throughout mature wood development. A transition h m  juvenile wood to 

mature wood can therefore be pinpointed u s 4  visual means oniy (Bendtsen and Se& 1986, Kucera 

1994, Yang et al. 1986, 1994). Such an approach was avoided in this study shce h g  width was 

show in Figures 4.17,4.18 and 4.19 to be a poor smgate for relative density, tracheid length and 

microfïbril angle variability, hence wood quaiity. 



Whole-ring relative density was prefened, as it is oflen considered the best stngie measrire of 

wood quality. Whole-ring relative deasdy was d e s c r i i  in section 4.4 as a composite wood property 

that developed as a function of earlywood width, latewood width, latewood proportion, earîywood 

relative density and latewood relative density. In an i n d m  setting, each of these mdividual wood 

properties would be diacult to associate with end-product value. Whole-ring relative density wodd 

be much easier to relate, providing a simple measure of clear wood strength and stitlwss. Whole-ring 

relative density is fùrthermore a concept f d a r  to mst people practising süviculture, making it a 

ratio na1 cho ice 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 withm 

second-growth stands estabîished over a range of initiai spacing intervals. The first objective was to 

determine a juvenile wood to mature wood transition point based on whole-ring relative density 

trends fiom pith to bark. Pro& depictîng juvenile wood distniution by height interval for each tree 

sampled were to be established according to both h g  number and radial distance fkom the pith. 

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

develo pment a10 ng the stem. Based on previous research, the passage €rom juvenile wood to mature 

wood is believed to occur at, or just below, the base of the üve crown (Larson 1969, 1973). Wood 

format ion at breast height, as üiustrated in Figures 4.2 1 to 4.26, is sttongiy associated with changes 

in crown structure over the .  The greater the ratio of crown foliage to length of branch-fiee stem, 

the lower the proportion of latewood, the greater the amount of transition wood, and the lower the 

who le-ring relative density produced within successive growth rings. In section 4.3.7 (Figure 4.1 4), 

a slower increase in whole-ring reiative density at breast height, especiaIiy for western hemlock and 

western redcedar, was generaiiy associated with Uicreased diameter growth. Reiativety stable values 

characteristic of mature wood development haâ yet to be achieved by many of the faer  growing 

trees sampled. Crown recession was wnetheless wel undenvay, suggesthg that the upward 

development ofmature wood was progressing at a much sbwer rate relative to crown recession. The 

fo ilo wing hypo thesis was tested for each tree sampled: 

H : the passage dong a tree stem, liomjwenile wmd to mature wood, occurs at the base of the 

Live crown 



The shape of the juvenile core, h m  stump level up to the base of the live crown, has 

commonly been described as cyündrical (Panshin and de Zeeuw 1980, Krahmer 1985, Jozsa and 

Middleton 1994, BC Ministry of Forests 1999). Variations have inciuded conical with a slight 

diameter decrease upward (Zobel and TaIbert 1984, Yang et al. 1986, Kucera 1994, Yang et al. 

1 994), and conical with a süght diameter decrease downward (BC Ministry of Forests 1 999). A third 

objective was to detine the shape of the juvenile core as a fuaction of initial spacing and stem taper. 

Previo usly 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 (bzsa et 

al. 1989, 1998). Whether growth rate, as govemed by available g r o h g  space, had a subsequent 

effec t on the shape of the juvenile core was unknown The fblowing hypot hesis was tested for each 

tree sarnpled: 

H, ?: the shape of the juvenile core, in ternis of ring number h m  pith, is cylindncal 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 resuhs obtained with corresponding relative densty stem 

profles. 

5.2 Data Analysis 

5.2.1 Juvenile Wood Transition Zone Detemination 

Various segrnented regression mdels have been used in p s t  studks to define a boundary 

between juvenile wood and mature wood. A liwar version, fitted to mdividuai whole-ring relative 

density data sets (Di Lucca 1989, Abdel-Gadir and Kralmier 1 993, Tasissa and Burkhart l998), was 

ùiitially employed in this study: 



(4) 

where 

y, predicted value ( who le-ring relative density) 

B's regression coefficients 

x, ring number fiom pith 

x, juvenile wood transition age estimate 

Di l ifx,>%, 

Oifqsx,  

ei independent, n o d y  distri'buted random error term 

Regression segments were chosen to mlliimise the total residual surn 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 jwenile wood core. An additional 

CO nst raint involved forcing the dope coetncient of the second iine segment to be greater than O r equal 

to zero, and l e s  than or equal to the dope coefficient of the ûrst 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 m Figure 2.1 typically demonstrate an initial decrease in value 60m the pith 

for the three species considered h this study. A minimum is eventually reached &er which a 

subsequent increase may, or may not, be observeci. The choice of the lowest relative density value 

as a starting point for segmented ünear regression therefore ir~aat that data points closest to the pith 

would be ignored during analysis. 

Use of segmented hear regression in pst studies has W i t i o d y  been Wed to samples 

bearing a minHnurn of 50 growth rings. AU core samples in this study were collected h m  relatively 

young trees, approxhating 40 rings at the shimp, and as low as 15 near toward the base of the live 



crown. The low number of data points avaüable h m  each core simple ofien resulted in transition 

zones too broad to a b w  hypoîhesis testhg and for makmg 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. Furthemore, by taking into 

account al1 data points, the proposed mode! more closely municked the characteristic whole-ring 

relative density profiies illustrated in Figure 2.1. The following mode1 was used: 

where 

Y, predicted valw (whole-ring reiative density) 

p's regression coefficients 

~g number from pith 

x, juvenile wood transition age esthate 

e, independent, nonnally distniuted raadom error tenn 

Regression segments were once again chosen to minimise the mean squared e m r  under the 

constraint that the demarcation age wouM occur between two consecut ive data points that split the 

data set. An assurnpt ion was initially made that who le-ring relative density develo pment w i t h  the 

mature wood segment would remain more-or-less constant, hence the slo pe coefficient equalling zero 

when x, 2 q,. A juvenile wood transition age was identified at the intersection point between the 

quadratic and the iinear portions of the modeL in tum, the rehtive density value correspondmg to 

this transition age represented the mean value for aii &ta points dispersed about the horizontal line 



segment within the mature wood zone. AU estirnates of the regression parameters were obtained 

using SAS NLIN (SAS Inc. 1989). 

A F-test was conducted to ver@ the need for a segmented regression. A simple Iinear 

regression model (equation 3) was inithiiy fitted to each data set, from the iowest value omrJard A 

ratio was then calculated between the mean squared enor obtained using the simple k a t  model and 

the corresponding value O btaiwd via the segmented quadratic model. Pro mes yielding F-values les 

than or equal to one were classifieci as exchisively juvede wood. If ody the quadratk portion of 

Model 1 could be fitted, but a F-value greater thanone was nonetheless obtained, then it was likewise 

assumed t hat the profile of interest contained juvede wood only. Profiles yielding F-values greater 

than one sigrufied the presnce of mature wood and the need For a segmented regression analysis. 

Three regression models were accordngly fitted to eac h whole-ring relative density profile. 

These included Model 1 (segmented quadratic regression), Mode12 (segmenteci ünear regression) 

and Mode13 (simple linear regression). A cornparison of the three regression models, fitted to a 

cornmon data set, is provided in Figure 5.1. 

Figure 5.1 Exampie of juvenilemature wood bansioon point determiriation a kesilt height 
(ûouglas-fir. 4.57 rn spoang. tree # 64) vsing Modal 1 (sqmmted quabaoc regression). 
Modd 2 (segmanted linier regrasaiai) and Maôel3 (linear mgressÎon). 
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5.2.2 Juvenile W d  Taper Modelling 

Diameter inside bark dong the stem wes p r o W  using Kozak's (1 988) variable exponent 

taper model. The foiiowing model was used: 

where 

and 

dib, 

dl&, 

P 

4 
H 

D 

CL 

CR 

CE3 

b's 

diameter h i d e  bark (cm) at 4 
diarneter inside bark (cm) at breast height 

inflection point 

height fiom ground (m), O i 4 s H 

totai height (m) 

diameter outside bark (cm) at breast height 

live-crown-length 

Live-cro wn-rat io 

height to the base of the live cmwn 

regression coefficients 

Juvenile wood diarneter dong the stem was d e s c n i  ushg a modifieci version of this model 

with the diameter inside bark ratio diQdiiH replaced by the juvenile wood diameter ratio jwdjjwd,, 



üwdi = juvenile wood diameter (cm) at h,, jwd,, = juvenüe wood diameter (cm) at breast height). 

Juvenile wood transition ages were transferred into radid distance vaiues using correspondibg x-ray 

densitometry ring width readings. Live-crown-length, tive-crown-ratio and height to the base of live 

crown were ail htegrated into the revised model. The above modifications (addition of crown 

variables) were similar to those suggested by Maguire and Batista (1996) for modelüng sapwood 

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

The folowing formulae were used to calculate meaa bias (B) and standard error of estimate 

(SE,) by vertical position for both dibi and jw4: 

SE, = 1= 1 

, n-rn 

where 

Y, actualobservation 

predicted value 

n number of observations 

m number of estimated parameters 

Data fiom ail spacmgs were initiay. pooled to O bain better parameter estimation h m  a wider 

range of tree sizes. AU models were fitted by ordinary least squares and linearised by logarithmic 

transformation. The subsequent evduation of the Med taper-estimatmg systems was not attempted 

due to the insutFcient size of the data set. Juvenile wood diameter by height interval was estimted 

by doubling the corresponding radial width value previously obtanied. Diameter inside bark at breast 

height was estimated direct ly fiom core samples. Once dehed, the relative proportion of juvede 

wood was profiled by initial spacing and species ushg the caiculated estimation parameten. 



5.3 Results and Discussion 

Sampling dong the branchfRe bole was impossibie within the 1.83 and 2.74 m spacmgs for 

Douglas- fir, the 1.83 m spacing for westem hemlock and the 0.91 and 1.83 m spacings for westem 

redcedar. AU of the above were excluded h m  this portion of the study. A total of 54 trees were 

subsequently avaihble for anaiysis (3 species, 3 spacings/species, 6 treedspacing). The following tree 

count subtotals were established as a fhction of taper ckss; suppressed taper c k  (6 Douglas-fk 

and 1 1 westem hemlock), intemiediate taper class (5 Douglas-fw, 4 westem hemlock and 3 westem 

redcedar) and dominant taper c k  (7 Douglas-6r, 3 westem hemlock and 15 westem redcedar). 

5.3.1 Juvenile Wood Transition Zone Analysia 

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 f?om pith 

to bark. Difficulties were soon encountered during a preliminary d y s i s  with both the tnicheid 

length and microfibril angle data. Sampüng for both wood properties. due to its labourious nature, 

had k e n  conducted starting at the third growth ring h m  the pith, and on every third growth ring 

thereafter. Practically ali of the core sarnples coUected displayed a maximum of 30 to 35 growth 

rings. Consequently, only 10 or 1 1 data points were available per profile for segrnented 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 ditficuit. Calcuiated 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 

fieedom often resulted in very wide juven.de wood transition zones. Making cornparisons between 

relative density, tracheid lengtb and rnicroobril angle under such conditions would have ken 

meaning less. 

Results of the juvenile wood transition zone andysis are presented in Tables 5.1 to 5.9 

(Appendix II). AU core length and juvenüe wood thickness values reflect an equi l iwn moisture 

content of approxhately 8 %. Missing height intervais represent cases where a juvenile wood 

transition age could not be determined d w  to insufkient data points h m  damageci cores. Missing 



height intervals also identify instances where the mean square! emr (MSE) obtained using Model 3 

was inferior to that obtained using Model 1, resuhing in a F-value less than or equal to 1. Cases 

where only the quadratic portion of Model 1 could be fitted to the &ta, and where the F-valw 

obtained was greater than 1, are identifieci by an asterix (*). A total of 471 COR samples were 

analysed (204 Douglas- tir, 1 30 westem hembck and 1 37 western redcedar), with a F-value greater 

than one obtained from 339 of the profiles considered ( 168 Douglas-fk, 88 westem hemlock and 83 

western redcedar). A juvenile wood transition age was, in  ni, successhi~y determined €tom 281 

of the profiles considered (150 Douglas-fir, 69 westem 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. Al1 core sunples had ken collected fiom relatively young 

trees (4 l years-of-age for Douglas-6r, 40 years for both western hemlock and westem redcedar). A 

limited nurnber of data points were subsequently avaüable for analysis. The fact that Model2 was 

fitted ont0 the data set beginning at the lowest value data point m e r  reduced the number of degrees 

of f?eedom. Moreover, locaîing a definite minimum whole-ring relative density data point for rnany 

of the westem redcedar profiles often proved difncult when a subsequent increase in value was not 

readily observed over tirne. Thisdficuhy, coupkd with the fact that Model 1 more closely mhicked 

whole-ring relative density development for the three species considemi, justifieci its use over Model 

2 throughout the remainder of the study. 

Figures 5.2, 5.3 and 5.4 illustrate the juveniie wood @ion ages and juvenile wood 

transition zones est imated by way of Model 1 for Douglas-£ir, western hemlock and westem redcedar, 

respect ively. The trees sampled within each spacing are arranged h m  miallest hdr (greatest taper) 

to largest (least taper). Many of the foregoing trees featured confidence intervals which did not 

overlap with increasing height. Signiscant difletences between transition ages were accordmgly 

identified at the 5 % level. A gradua1 dectea~e in the number of growth rings within the juvede 

wood core was therefore impüed fiom stimrp level up to the base of the Live crown. An unc hanging 

transition age was assumed for al1 other trea where coafidence bands remained overlapping. 

Table 5.10 (Appendàt II) s u d  the mean jwenile wood transition ages obtained 

according to species, taper class and heigbt position. A meaa breast height value of 2 I .O years (data 



Figure 5.2 Jweniie-mahire vvood transiüond ages (Model 1) illustrated aamâing to sampled 
tee, height over diameter -0 (hdr) and by initial spadng for Douglasfir. 
t+ : transition age plus confÎderice inteml O : to(a grovyfh rings (pithrtcAmk) 

: assumed as sdely juvenile wood : livecrainr-lerigth 
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fiom aü spacings combined) was identiûed for Douglas-fi. This compares with 15 yeats reported 

by Wellwood and Smith (1962), 22.4 years by Di Lucca (1989) and 26.0 years by Abdel-Gadir and 

Krahrner (1 993). Ail of the preceding transition ages were kewise estabLished bas& on whoie-~g 

relative density trends fiom pith to bark. Mean breast height transition age valws of 2 1 .S years and 

26.0 years were obtained for westem hemlock and western redcedar, respectively. Very little 

comparative information e d s  in the îiterature relative to these two species. 

Only a stight decrease in rnean juvenile wood transition age was displayed h m  the dominant 

to the suppressed taper class for ail species considerd (Table 5.10). A more important decrease in 

transition age was genedy disphyed with inrreasing height. Such a trend is contrary to that 

reported by Di Lucca (1 989), who concluded that transition age and sampling height (for Douglas-fk) 

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 %. Nonetheles, it must be noted that 

Di Lucca's conclusion was based upon a sampüng of nine trees ranging in hdr from 72 to 91 (breast 

height age ranging fiom 43 to 63 years). Sampling was restricted to what was deîjned as dominant 

and codominant crown class trees of unifiorni growth rate. 

The preceding results can perhaps be interpreted through the fol10 wing discussion which 

examines stand dynamics in the context of even-aged, single-species stands estabüshed at initial 

square spacing intervals. A common site-index value by species, dong wit h relatively few micro-site 

differences, and strong epinast ic control is assumeci throughout . 

Regardless of spatial arrangement, ali trees can iniiiany be classilied as open-grown. A smiüar 

rate of crown expansion is typically displayed by all stems so long as growing conditions rernain 

unifo rm throughout . With tirne, Io wer branches begin to interlock, thus curbing lateral expansion. 

As interlocking slowly progresses to overlying branches, the lower branches g r a d u e  becorne 

shaded, ieading to a decrease in photosynthetic activity. Stagnation and braiifh death eventually 

occur, the exact timing king intimately rekted to the sbade tolerance of the species in question. 

Since the upper branches of adjacent trees wül conhue to expand into their individual growing 

spaces at similar rates, complete crown cover will mvariably be maintained. Provided no cornpetition- 

Uiduced mortality occurs, the shading of uaderlying layers of branches will persist, and crown 



recession wiil proceed unaisateci (Krahmer 1966, Curtis and Reukema 1970, MitcheU 1975, Oliver 

and Larson 1 996). 

Crown recession is Uiitiated sooner among closely-spaced trees, but wül proceed at about the 

same rate for aii spacings so long as the potential for height growth remains the same for a!i trees 

(Oliver and Larson 1996). Since it has been assumed that the passage fiom juveniie wood to mature 

wood occurs at, or just below, the base of the üve crown (Larson 1969, 1973), the omet of mature 

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

Height growth for a tree does w t  proceed at a constant rate. It is initially slow during youth 

when too little foiiage is avaüable to accumulate sutncient energy for rapid terminal growth. As 

fo iiage volume expands, height growth uicreases rapidly and exponentially. At the onset of crown 

closure, the tree crown becornes restrkted in lateral expansion. A constant in gros  photosynthate 

production is soon reached, resulting in practically Linear height growth weU into maturity. At 

senescence, height growth slows and eventually levels off. The increased respiration demands at this 

tirne, along with stresses created by the extrerne heighi, exposure and crown size, combine to ümit 

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, nom pith to bark and at 2 m intervals 

fiom sturnp to tree top, should observably decrease in nurnber at a non-constant rate. 

An equal number of growth rings throughout the juveniie wood core would imply a pattern 

of crown recession over tirne that would parailel beight growth. In order to maintain a constant 

number of g o  wth rings, crown recession would have to follow the sigrnoidal pattern of king initially 

slow. foliowed by a steep increase in activity. A steady rate of progression would ensue, succeeded 

by a final period of decreasing activiîy. In effect, crown recession through its ntst year would have 

to equal height growth achieved by the tree at age one. Crown recession the foUowing year would 

have to quai height growth achieved during year two. aad so o n  No competition-induced mortality 

t hat CO uld alter the makeup of the stand and afFect the rate of crown recession would be permitted. 

The above also assumes that the passage along a tree stem, h m  juvenik wooà to mature wood, 

would always remain at a constant position relative to the base of the he crown. 



When ail trees in a stand grow in height at an e q d  rate, all should niaintain crown dimensions 

comparable to those displayed at crown closure (Oliver ard Lama 19%). A constant live-crown- 

length over tirne would ideally require a pattern of crown receSSjOn that would correspond to height 

growth following crown closure. A constant rate of crown recession would be observed fiom the 

onset, followed by a decrease in activity to a 6nal period of very little change. An initial period of 

arrested cro wn recession, foilowed by an exponential imease in activity (as would be the case for 

height growth fkom the onset of stand development), would not be observed. Conseqwnt to the 

above pattern of crown development, a sornewhat greater ring count sbould 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 curent annual height incrernent. 

This hypothesis essentdy 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 withni the reach of its 

cuimi~t  ion point. Accordingly, a short period of brisk crown recession couId be O bserved fiom the 

beginning, resulting in a rapid decrease in ring count wit hin the juvenile wood core fiom stump level 

upward. Conversely, a very wide initial spacing could see the synchronization of the onset of crown 

recession with height growth culiaination, or possibîy even to a subsequent period of tirne. As the 

rate of muai  height growth would have stabüised at this point, the juvenile wood core should 

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

With continued height growth, increasingiy greater levels of photosynthate wîil be required 

for maint enance 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 cany on unhterrupted. However, very 

little correspondhg growth indiameter wili be observeci at brwisz height, resuithg in the development 

of narro w, cyhdrical boles (e.g. hdr greater than or equal to 100). If not subjected to windthrow 

or snow-related damage, such closely-spaced trees dl eventually enter a phase where even height 

growth could becorne repressed (Oliver and Larson 1996, Smith et al. 1997). This was presumabIy 

the case for trees #235, #369, #51 and #1% at the 0.91 m spacing for Dougkî-fir (Figure 5.2). 



If no signincant mortality is incurred, and full crown closure is maintained, crown recession 

within such narrowly-spaced stands should carry on at a reg& pace. However, tree crowns wül 

eventually becorne Bat-topped due to the sharp reduction in height growth (e.g. tree #1%), with only 

the uppermost h b s  exposed to direct sunlight (Kozbwski et al. 1991, Oliver and Larson 19%, 

Smith et al. 1 997). Both live-crown-length and the total number of growth rings identitKd at the base 

of the live cro wn will have decreased. If the argument holds ûue that the m e  h m  juvenile wood 

io mature wood occurs at, or just below, the base of the iive crown, then a huther decrease in the 

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

Upon creation of a large-scale opering within a narrowly-spaced stand, or foiiowing a 

CO mrnercial thinning operation, remnant trees that were previously suppressed are suddenly released. 

Oliver and Larson (1996) stated that only rarely will a tree actually rebound fiom an overtopped 

crown class position and rnerge into an upper dominant crown class. The fiequency of such an 

occurrence ultirnately depends on the piasticity of the species, the age at tirne of  release, the severity 

ofthe suppression and the ability ofthe tree to withstand further windthrow and snow daniage. Upon 

release, crown recession may slow d o m  significantly or may even cease over a period of tirne. Both 

live-crown-length and crown width, and subsequently the overail photosynthetic efficiency of the tree 

crown, should in turn increase. I t  is therefore presumable that the juvenile wood ring count at the 

base of the iive crown wili likewise increase. 

Art ificial pruning would iikely pmduce an opposite effect, with a stand-grown tree suddenly 

created fiom an open-grown tree. Di Lucca (1 989) stated that the pruning of lower branches fiom 

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 identined h m  pith to bark ai the base of the iive crown 

wouid suddenly decrease. A correspondingly sharp reduction in the number of growth rings identified 

w i t h  the juvenile wood core should tkrefore also be observed. 

Even w i t b  stands that have not expienceci major losses to competiiion-induced mortaüty 

(e.g. 3.66 m spacing for Douglas-fir, Figure 5.2), the intensification ofcornpetition will pmgiessiveiy 

lead to crown class dinerentiation (Oiiver and Larson 1 996). The less vigorous trees (e.g. tree #30) 



will eventuaüy display a certain reduction in height growth. If crown closure remah  complete, and 

ifa constant rate of crown recession is rnaintained, then grrater variab'ity in juvenile wood ring count 

should be displayed at the base of the live cmwa Dominant trees would p r e s d l y  demonstrate the 

greatest number ofjuvenile wood rings c o d o h t  trees woukl display fewer, d overtopped trees 

would show the least. The range in ring count at the base of the live crown would mrdingly reflect 

the intensity of cornpetition, with the most homogenous stands dispiaying the least variab'ity. 

A distance of at least 3.8 m below the base of the live crown was d e W  by Di Lucca (1 989) 

as the average point along the stem where the passage h m  juvenile wood to mature wood codd be 

observed for Douglas-£2. Di Lucca concluded that this value apparently decreased with increasing 

age and tree height, and suggested that it codd approach the base of the tive crown as a tree became 

older and taller. The resuhs obtained for Douglas-6r (Figure 5.2) are sirnilar to Di Lucca's with 

respect to those trees classüied within his identifid range ofhdr values (72 to 91). Most points of 

transition along the stem ranged h m  zero to several rnetres below the base of the live crown 

However. some of the slower growing trees did demonstrate a transition point that extended weU mto 

the live crown. Locating an exact point oftransition dong the stem was ultimatety deemed infeasibie 

in this study. Such an approach would have required a more piecise definition than the one employed 

for locating the base of the üve crown. 

For a widely-spaced tree possessing a large volume of crown foliage relative to Iength of 

branch-fiee stem, high auxin levels are generally believeâ to promote the formation of hrge diameter, 

thin-walled tracheids over an extended portion of the growing season. Due to stronger auxin 

gradients within the upper reaches of the bmch-kee stem, latewood production is ternpered, thus 

leadmg to the development of mostly transitional-type tracheids over the latter portion of the growing 

season. Due to weaker auxin gradients furiher down the stem, htewood tracheids will be produced 

in somewhat greater quantities over the same tirne period (Larson 1973). A gradua1 relative density 

transit ion fiom earlywood to latewood should there fore be dspiayed at the base of the üve crown, 

resulting in a generaily lower whole-ring relative density, and in the subsequent conthuation of 

juvenile wood production. A defmite btewood Urnement shouid in tum develop toward the stump, 

resulting m a more abrupt htra-ring transition, a higher whole-ring reiative density, and in the 

subsequent development of mature wood. 



For a narrowly-spaced tree undergoing the effects of greater cornpetition, high auin 

production would presumably be limited to the upper reaches of tk m w n  where branches are most 

vigorous and have the shortest translocation pathways to the stem Uaderlying branches subject to 

the effects of shading would, in tum, experience a decruise in photosynthetic activity. Smaîier buds 

would develo p eac h year, further decreasing the potential for photosynthate and auxin production 

during the following seasons. Awcin 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 fiom earlywood to latewood within each growth ring would thus becorne more abrupt. 

The relative proportion of latewood immediately below the base of the live crown would also 

Uicrease, resulting in the production of mature wood (Larson 1973). T'k passage fiom juvede wood 

to mature wood along the stem, relative to that observed for a widely-spaced tree, would theiefore 

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

A highly suppressed tree can be compareci to a branch undergoing senesceme. The live 

crown is generaily short, narrow, oflen has gaps and fokge is sparse. Photosynthetic activity isofien 

severely limited, to the point that only a limited nurnber of earlywood tracheids are produced within 

veiy narrow growth rings. Transitional-type tracheids are generally produced into what reniains of 

the live crown. An abrupt earlywood to latewood transition should therefore be obsewed along the 

length of the branch-fiee stem, and the passage from juvenile wood to mature wood should 

acco rding ly rernain abrupt (Larson 1 973). Mature wood production could presumably even extend 

into the live crown. Such an extension wouid, in tum, b ~ g  about a Furiher decrease in the nurnber 

of growth rings identified within the juvede wood core at the base of the live crown. This was 

p r e m b l y  the case for trees #369, #5 1 and #1% at the 0.91 m spacing for Douglas-tir (Figure 5.2). 

Height growth and crown recession for westem hemlock (Figure 5.3) and western redcedar 

(Figure 5.4) were both much slower than chat O bserved for Douglas-tir (Figure 5.2). Reukema and 

Smith ( 1 987) O bserved very litt le crown Ming within the 3.66 m spacing for Douglas- fïr prior to age 

16 (same spacing trial plots sampled as m this study). in tum, very little crown Ming was observed 

within the 3.66 m spacing for both western hemloçk and westem redcedar prior to age 20. By age 

25, the base of the Live crown for Douglas-fir apjmached 7 a That for westem hemlock and 

westem redcedar approlanmted 2 m. 



The larger tree crowns at the wider spacmgs for both westem hemlock and westem redcedar, 

coupled with a shortened translocation pathway, apparently resulted in an exteded period ofjuvenile 

wood development. A defjnite juvenile wood transition zone was accordingly difncult to identify for 

both species. Furthemiore, aü of the western redcedar trees selected for study orighted fiom the 

t hree wider spacings available. Slow growing trees were unavaüable for analysis, as no large-de 

blowdowns had occurred withh the 0.9 1 and 1.83 m spachgs. 

The juvenile wood transition zones for both westem hemlock and westem redcedar, as 

de pic ted by the wider confidence bands, tended to be very gradual. Many of the wtiole-ring relative 

density profiles established for western hemiock never attained a relatively stable period of 

development that would othenvise have pinpointed the onset of maturity. Many of the profiles 

analysed for westem redcedar did not display a subsquent rise in w h d e - ~ g  relative density 

following the initial decrease in value tom the pith. Even though a subsequent increase was 

displayed by some of the slower growing trees, relatively stable values were seldom achieved. 

Co nsequent ly, a large proportion of t he samples aoaiysed for bot h species su pported the assurnption 

that only juveniie wood was present fiom pith to bark. 

5.3.2 Diameter and Shape of Juveaik Wood Core 

Figures 5.5,5.6 and 5.7 illustrate the diameter and shap ofthe juvenile wood cores identifieci 

for Douglas- fir, westem hemlock and westem redcedar, respectively. AU crown pro files correspond 

to measurements obtained on site (1 5: 1 ratio for crown raâiius to stem radius at breast height). Ail 

stems were profiled by relative height to fàcilitate comparisoos between individual trees and spacings, 

Each tree was arranged within each spacing h m  wnalkst hâr value to iargest. AU data points 

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

Allowing the ïtveîrown-ratio to decrease to a level mughly less than 30 % will generaby kad 

to a reduction in diameter growth, whereas a ratio uader 20 % will commonly see a reduction in 

height growth (Smith et al. 1997). Most of the t~es sairpied h m  the nmwest spacmgs displayed 

relat ively low Live-crown-ratios, dong with small amounts of stem taper. The intendkation of 



Figure 5.5 Juvenile Mlod aiida#ss vdues corresponding to transitional ages obtained using 
Madel 1 and illustrated accding to sarnpled tree, height over diameter ratio (Mt) 
and by initial mng for Douglas-fir (1 5:l ~ r ~ ~ l l ~ ~ l l - d t h  scale). 
m:juvenileHfoodVHdOneSS O:pilh-1~thidaiess h : m p r o f i l e  



Figure 5.6 Jwenile wood thidcness values awrespanding to transitional ages obbined usirtg 
MOCM 1 and illustrated acmrding to sarnpîed tree, height wer diameter ratio (hdr) 
and by initial spacing for M e m  hemlodc (15:t cranmuidth scale). 
a : juvenile wood thidmess O : pith-tdmdc thidoiass b : cniriun profile 
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cornpetit ion at these spacings accordingly led to d e r  diameter juvede cores. Even though the 

development of mature wood was generally initiated at an earüer date, its distribution about the 

juvenile wood, as a direct consequeme of the poorer incremental growth, rernaiaed very thia 

The larger juvenile core diameters for each species were generally associateci with the b e r  

crown dimensions at the wider spacings. In the case O FDouglas- fir (Figure 5 . 9 ,  the greatest arnounts 

of mature wood were iikewise produced at the wider spacings (3.66 and 4.57 m). Given time and 

assurning superior incrernental gro wth was maintained, one could expect a substant ial decrease in the 

proportion ofjuvenile wood within such stems. The proportion ofjuvenile wood could conceivably 

even, at some point, becorne lower than for trees growing at the narrower spachgs. 

Minimal arnounts 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 identlfy for both species. Limited crown recession, coupled with 

large volumes O fcro wn foüage, O ften resuhed in a very gradual increase in whok-ring relative density 

bel0 w the base of the live crown, and in a subsequent gradual transition tiom juvenile wood to mature 

wood. Nonetheless, with M e r  crown recession, one could expect the eventual development of 

relat ively stable who le-ring relative density values. Such values were, on occasion, observed at the 

narro wer 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 proded that superior 

incremental growth was maintained over time. 

Juven.de wood, when profilecl by ring number from pith (Figures 5.2 ,s  .3 and 5.4), displayed 

a higher degree of tapering with mcieasing height than when pronled by radial distance (Figures 5.5, 

5.6 and 5.7). Such a trend can be expkiwd by way of Figure 4.1 which illustrates ring width 

development over time by species and spacing. Ring width developrnent was initially subject to an 

increase followed by a continuai decrease to a pomt at which moresr-kss constant values were 

rnaintained. The initial hcrease in ring width was g d y  of greater duration at the wider spacings 

where larger values were also attamed. Minimum constant values were reached at an eattier age as 

spacing decreased, and these values tended to be Iowa than those observed at the wider spacings. 

Consequent ly, the fïrst 1 S growth increments considered as a who k for any profile in Figure 4.1 were 



significantly wider than the e d g  15. As a decrease in the number of growth rings within the 

juvenile wood core would reflect the outer Nigs only, the actual change in core dimension would be 

tempered. Oniy a minor change in core dimension would thefore be displayed by a slow growing 

tree due to the narrower growth rings produced throughout. 

Mature wood, when pronled by h g  number iiorn pith, would a h  appear thicker relative to 

juvenile wood. S ince mature wood is essentially formed during a period of decreasing incremental 

growth, the growth rings produced are much narrower than those obse~ed within the juvenile wood 

core. Its distnition about the juvenile core, when pronled as a huntion of radial distance, should 

thercfore appear very thin. 

Juvenile wood, when profled by radial distance, ranged in shape fkom highly tapering to 

more-or-less cylindncd. At 0.91 m, the juvenile cores for Douglas-6r (Figure 5.5) appeared 

relatively cylindricai. A slight increase in diameter was nonetheless observed toward the stump as 

spac ing inc reased. The juvenile cores for western hemloc k (Figure 5.6) remained mo re-or-less 

c y linciricd for al1 spacings, essent ially pardelhg the contours of the individual stems. Perhaps 

greater tapering would have ben encountered had the 4.57 m spacing been available for samphg. 

Western redcedar (Figure 5.7) continually demonstrateci excessive tapering at stump level. Again, 

it must be noted that only the wider spacings were available for amdysis (2.74,3.66 and 4.5 7 m), and 

that a juvenile wood transition age remained ditncult to identify for many of the sampks collected. 

A rapid decrease in juvede wood core d i t e r  was generalîy observed for western redcedar 

boom O to 10 % relative height. As previously discussed, crown recession, once initiated, will proceed 

at a rate mer than height growth immediately fo Uowing stand estaùlishrmnt. The juveniie ring count 

at stump level should therefore be greater than that dispkyed at successive height intervais above. 

Furthemore, t here are stresses created by a tree's weight and from mcreasingiy strong winds in an 

exposed environment that will genedy alter incremental growth at the shunp. Excessive ring width 

swelling wiii take place, providing greater amhoring support and wînd-6rmness (Larson 1963). 

Many of the trees sampled for western redcedar (especiay. within tbe 3.66 and 4.57 m spacings) 

featured large amounts of buttressing. W h  wider than normal growth rings produced the effect of 

a -ter nurnber 0fjuven.de growth rings at stump leveî, in terms ofcore diameter, was compoumled. 



53.3 Juvenile Wood Taper ModeUing 

Kozak ( 1 988) proposed a variable-exponent taper equation for modehg the shape of the 

bole for a standing tree. A single, continuous fiinction incorporating a changing exponent fiom 

ground level to tree top was used to descnhe the neiloid, paraboloid and conic f o m  inherent to a 

tree stem The existence of similar tapehg wi(hin the juvenile wood cores in this study (ail three 

species previously considered by Konik) suggested the use of a variable exponent taper equation fbr 

describing juvenile wood distniution. 

The fitting of the variable-exponent taper equation to data for both dib and jwd produced 

highly significant results (p = 0.001) for ail species. The partial regression coefficients and the 

multiple coefficients of determination obtained are displayed for dib and jwd in Tables 5.1 la and 

5.12a. respectively (Appendix II) . AU coefficient of deterrnination values correspond to estimations 

based upon the original untransformed independent variable. Average bias and standard enor of 

estimate values are presented for dib and jwd in Tables 5.1 1 b and 5.12, respectively (Appendix II). 

nie variable-exportent taper equation was most effective at modeiiing dib for Douglas-fi. 

Higher coefficient of determination values would most likely have been observed for al1 species had 

sampling been conducted within the he crown as well. The suggested mode1 nowt heless provided 

a very good fit, with average bias values for the rnost part less than 1 cm The only exception was 

for westem redcedar, wbere a bias value of 1.1 7 cm was obtained at breast height. Due to excessive 

buttressing in many ofthe trees sampled, a telatively higher standard e m r  ofestimate value (6.32 cm) 

was recorded for the species at stump level. 

The coefficient ofdetermination values O btained for jwd were compiuativeiy 10 wer than those 

listed for dib. Values of0.83 1,O.N 1 and 0.923 were obtaineû for Douglas-6r, western hemlock and 

western redcedar, respectively. Values of O.863,0.83 1 and 0.898 would have been obtained for jwd 

had the unmodified version of Kozak's taper equatioa been used. C hoice of the better mode1 would 

ultimately require a much larger samphg of trees. Average jwd bias, for the mst part, âid oot 

exceed 1 cm However, the values obtained were generally greater than those listeci at correspondhg 

height intervals for dib. The same applied for the standard error of es th te ,  with values obtahed for 



jwd largely greater than those obtained for di%. Missing data, originating h m  profiles where a 

juvenile wood transition age could n>t be determineci, was an important conm'buor to the above. 

Variabiiity for aii species, in terms of jwd, was greatest at stump kvel and also as the base of 

the Live crown was approached. Such a trend points to the possibiüty of the suggested taper model 

performing more poorly within certain spacings. As previously discussed, the base of t he live crown 

for an overtopped, small-crowned tree does not necessdy represent the full extent of mature wood 

distribution. Some mature wood devebpnent rnay be observed within the live crown Conversely, 

the passage fiom juvenile wood to mature wood within a dominant, largeîrowned tree may occur 

at a significant distance below the base of the üve crown. In either case, the base of the live crown 

is not synonymous with the passage koom juveniie wood to mature wood as was initially assumed. 

Missing data were a major problem during the fitthg of the jwd data set. I d d y ,  stem 

analysis (destructive sunpüng) conducted on O lder trees that demonstrate p a t e r  amounts of mature 

wood deveiopment would have yielded better results. Sampling above the base of the live crown 

would. in tum, have ken conceivable. Taper equations function best if 6 to 15 measurements are 

obtained at weli spread out intervals from ground level to tree top (Kozak 1988). The sarnples 

obtained through stem anaiysis would also have been of better quaüty since increment boring, wMe 

using climbing gear, would have been avoided. The possibüity of repeated sarnpüng at a specific 

height position would also have eliminated the problem of misshg data arising from darnaged core 

samples. 

Sarnpling would kewise have been conductedon a greater number of tree stems. A total of 

I 8 trees per species were available for test ing in this study. Kozak (1 988) mggested that parameters 

should be estirnated fkom a minimum of about 60 to 100 trees that cover a wide range of heights and 

breast height diametea. With more trees available, the performance of the taper model couid then 

have ken evaluated as a function of initial spacing. The validation of the taper model wouid also 

have k e n  a possibllity. The effects of a range of inflection points on the performance of the equation 

could fùrthemore have been mvestigated. Juvenile wood volume calcuktions would ultimately have 

been conceivable. 



The fitted dib and jwd variable-equation taper models are pictured within the lefi-hand mlumn 

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 livecmwn-length (by spacing) was used 

to descriptiveîy assess the behaviour of both the rnodified (jwd) and unmodined (dib) versions of the 

variable-equation taper modeL The partial regression coefficients listed in Tables 5.1 1 a and 5.12a 

were used for plotting. The rnean m w n  width üiustrated for each spacing is scaled to 1 5: 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 üiustrated within the right-hand column. Stemwood relative density 

zones equalhg 0.03 were arbitrariiy selected for gradient mapping. The average profiles iiiustnited 

for each spacing, in both the right-hand and lefi-hand columns, are in direct proportion to one 

ano t her. AU data were pro filed by relative height to allow compariîons between the various spacings 

and species sampled. 

The predicted shapes of the juveniie wood cores compare well with the observed juveniie 

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 wt wcessady reflect the variabiiity of measurements O bserved within 

each spacing. The possibility exists that the proposeci mode1 could perform better within some dbh 

classes than others. Bias is also a concem, as juvenile wood diameter at each height position was 

estirnated by doubling the radial distance value conesponding to the juvenile wood transition age 

de fined. Sampiing on a larger sale (minimum of two transition age estimates obtained per height 

interval), dong with a complete data set, would uhimately be required to estabüsh reüable parameters. 

Douglas-fir (Figure 5.8) dispiayed 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 smunded this higher density cote. 

Greatest widihs within this low-density wood zone were achieved at the 4.57 m spacing. High- 

density wood (> 0.48) was continuaiiy disphyed next to the bark. Its thickness was greatest at the 

stump, and gradually tapered off as the base of the iive crown was approached. The wider the 

spacing, the fùrther the point below the base of the üve c rom at which it hded. The wider spacîngs 
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Figure 5.8 Predided diamde, irrside bark and juvenile wooâ taper (left). observed jwenile wwd 
thiC1V)es (centre) and meai stemm#d dative den- distribution (ngM) by initial 
spacing for Douglas-tir. 
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Figure 5.9 Predided diameter inside bark and jwenile wDod taper (left), observed juvenile wood 
thidmes (centre) and mean stemwwd dative denoity distribution (right) by initial 
spacing for western hemlodc 
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Figure 5.1 0 Predided diameter inside badc and juvenile rvmd taper (left). observed jwenile wood 
thickness (centre) and mean stemulood relative derrsity distribution (ngM) by initiai 
spacirig for d e m  redœûar. 
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also displayed the most graduai transition h m  a low-density wood during early development, to a 

high-density wood at matwity. 

Greater variability was observed for western hemlock (Figure 5.9). Mediumdensity wood 

(0.39 to 0.45) was associateci with the pith at aU spacings. This higher density Umer-core was 

invariably encased by low-density wood ( s 0.39). The diameter of this bw-density cy liader increased 

as spacing widened with the transition h m  a low-density to a highdensity wood (> 0.45) becoming 

more gradual. A relative density exceeding 0.45 was O bserved next to the bark at the 0.9 1 m spacing 

only. The deposition of high-density wood was greatest et the stump, d graddy  tapered off with 

increasing height. The greater the vo tume of crown foliage, the ftrther below the base of the Live 

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

High-density wood (>0.36) for westem 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 

( 0.3 3) was found most ly at stump level, with the wider spacings dispiam the largest volumes. The 

transit ion between low and high deasity wood became more graduai with increased crown size. The 

smaller the volume of crown foüage relative to length of branchk stem, the furiher the downward 

progression of high-density wood (next to the bark) along the stem. 

The rnean relative density values obtained for juvenile wood, mature wood, ancl fiom pith to 

bark as a whole (ailculated as a mean along the radius), are presented in Tables 5.13, 5.14 and 5.15 

for Douglas-Gr, westem hemlock and westem redcedar, respectively (Appendix II). Onîy conmon 

height intervals were üsted, with values obtained at the base of the live crown omitted. The mean 

juvenile wood relative density oôserved at common heights for Douglas-fir varied little by spacing. 

Values for bot h westem hemloc k and westem redcedar teaded to decrease as spacing kreased. A 

slight decrease in rnean juvenile wood relative density was observed with increasmg height for 

Douglas-fu. A simihr decrease m value was observed for western hemlock, whereas a süght increase 

vdue was obsewed for western redcedar. &nerally speakiog, the transition fiom juvede wood 

to mature wood occurred at a progressively lower relative density with increasing height for aü 

spec ies considered. 



A pattem of decreasing meaa stemwood relative density was observed with increashg height 

for Douglas-fïr. A ssimila trend was ieported for the mies by Wellwood and Smith (1 %2), kzsa 

and Kellogg (1986), Megraw (1986), Di Lucca (1989) and Jozsa (1989). A pattern of decmiog 

mean stemwood relative density was also observed for westem hemlock, with a sUnilar 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) ad western hemlock (Figure 5.9) was 

initiated at sturnp level fÙst (where the pith to bark ring count is grratest), and g r a d d y  worked its 

way up dong the stem in tirne with crown recession. The greater the volume of mature wood relaîive 

to juvenile wood at any specific height, the greater the stemwood (pith to bark) relative density 

subsequently recorded. 

A pattern of Uicreasing rnean stemwood relative density was observed with increasing height 

for western redcedar. A s i m k  trend was reported for the species by Wellwood and Jurazs (1968) 

and Jozsa and Kellogg (1986). Heavy stem tapering for westem redcedar was displayed at the 3.66 

and 4.5 7 m spacings by many of the m e r  growing trees sampled. The growth increments produced 

at stump level were among the widest observed in this study. Les stem tapering was observed ai the 

2.74 m spachg, with a narrower growth Uicrement produced throughout. Markediy slower radial 

gro wth was dispiayed by ail trees t o w d  the base of the live crown 

An increasùigly negative relationship ovet tirne for westem redcedar ( h m  growth M g  13 

O nward) was previousiy identised at bieast height between ring width and whole-ring relative dendy 

(Figure 4.1 9). If a somewhat similar relationship can be assurned for di height positions dong the 

branch-f?ee stem, then a tapid decrease m ring width with increasing height should logically b h g  

about a corresponding rapid increase in whole-ring relative density. Mature wood development for 

western redcedar was accordingly initiated at the base ofthe Live mwn first, and g r a d u e  poceeded 

in bo th the upward (in tirne with crown recession) and downward (in time with slower radial growth) 

direct ions (Figue 5.1 0). Presumably, a certain minimum cmwn vo hune and live-crown-ratio had to 

be attained in order to initiate the development. 

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

density profiles m Figures 5.8,s .9 and 5.1 0, was deikitely associateci with the development of mature 



wood next to the bark. Jozsa et al. (1 998) employed such trends to define a juvenile wood traisition 

age in western hemlock. Mature wood was denaed as the portion of the outer bole displayhg a 

whole-ring relative density value greater than 0.43. Fmm the perspective of the wood processing 

industry, such relative density mapping clearly identifies the areas withn a tree h m  which a stronger, 

and therefore a higher-valued wood product can be obtained. Fundamentaliy, a demarcation point 

based on a single whole-ring relative density value is insufncient to dEerent iate between juvede 

wood and mature wood. 

The generally accepted dennition for mature wood alludes to the developrnent of relatively 

stable values for a specinc wood property (e.g . whole-ring relative density) fobwing an initial period 

of extreme variability. Yet, the precise level at which a rnore-or-leu stable value is eventually 

attained by a species may Vary with genetic stock and by geographic site (Zobel and Sprague 19%). 

Variation rnay also exist within a tree according to height position (Tables 5.13,s. (4 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 mappcd 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, fiom siump level up to the 

base of the iive crown, was descnid by the BC Ministry of Forests (1999) as more-or-les 

cylhdncal. At a narrow spacing, the juvenile wood core gradually increased in diameter with 

increasing height. A slight buttressing of the core was consistently disphyed at stump level. Such 

patterns of juvenile wood distriiôution were most likely derived using TASS (Tree and Stand 

Shulator). Developed by Mitchell (1 %9, 1979, and upgraded by the BC Ministry of Forests 

(Mitchell and Cameron 1 985), TASS is a biologicaiIy oriented spatidy expücit individual tree mode1 

that assesses the effects of various cultural practises ami environmental factors on the potential 

gro wth and yield of even-aged, single-species, rnanaged stands. TASS simulates the development 

and interaction of individual tree crowns over the,  anà produces summaries of annual volume 

increment along individual tree stems. TASS can also simulate the production of mature wooci, by 

assuming that its development mvariably extends tiom 3.8 rn below the base of the live crown, 

downward. AU incremental growth above tbis mark is chssified as jwenile wood. 



Volume estimates for both juvenile wood and mature wood can subsequenily be provided 

with TASS for any period of stand development. In tight of the resuhs obtained in this study, such 

calculations can be considered suspect. None of the trees pronled in Figures 5.5, 5.6 and 5.7 

demonstrated a juvenile wood corn that noticeably increased in diameter with increasing height. 

Furthemore, a species difference undoubtedly existed relative to the location of the passage firom 

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 stockhg densities it could pmcess, and for the t h  

species considered in this study. However, a value of 3.8 rn mostly comsponded to the &ett 

growing Douglas-fir trees ody. Some of the slower growing Douglas-iïr trees in this study 

demonstrated a transition point extendllig into the live crown. The f ~ e r  growing trees for both 

westem hemlock and westem redcedar most fkequently dernonstrated juvenile wood development 

Born pith to bark, and this dong much of the bninch-fiee stem Mature wood devebpment for 

western redcedar was apparently initiated ai the base of the live crown ûrst, and this ody &er a 

minimum crown volume and live-crown-ratio had been attained. Its subsequent progression along 

the branch-fiee stem seemingly p r o g r 4  in both the upward and downward directions. 

5.4 Geaeral Summa y 

The purpose of this portion of the study was to examine juvenile wood development within 

second-gro wth stands established over a range of initial spacing intervals. The foiio wing discussion 

sumBanses the principal results obtained. 

The fust objective was to determine ajuvenüe wood to mature wood transition point based 

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

- Model I provided a superior fit (F > 1) for 72 % of the profües considered (82 % for 

Douglas-fir, 68 8 for western hemlock and 61 % for western redcedar). 

- The confidence intervals obtaiwd using Model 1 were, for the most part, much m w e r  in 

width than those obtained ushg Model 2. 



- The transition to mature wood was maly abrupt within the slower growing trees, and 

generaiiy became more gradua1 as the ratio of crown  vol^ to branch-k stem increased. 

- A mean juveniie wood transition age equalhg 2 1 .O, 2 1.5 and 26.0 years was detemiined at 

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

- A large proportion of the fàster grown samples analysed for both westem hemlock and 

westem redcedar supported the assumption that juvenk wood was present ikom pith to bark. 

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

development dong the stem. The foilowing hypothesis was tested for each tree sampled: 

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

Live crown 

Hypothesis 5.1 was not rejected whenever the base of the iive 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 bo- of the juvenile wood transition zone confidence 

interval). Hypothesis 5.1 was rejected whenever the passage fiom juvenile wood to mature wood 

occurred at a point below the base ofthe iive cmwn, or at a point above it, (outer growih inaement 

at the base of the tive crown exceeâs the upper juvenile wood transition zone c o ~ e n c e  band). 

- Generally speaking for both Douglas-tir and westem knlock, the larger the volume of crown 

foliage relative to length of branch-fite stem, the lower the passage fiom juveniie wood to 

mature wood below the base of the üve crown. In the case of westem redcedar, the larger 

the volume of crown foliage relative to iength of branch-fke stem, the higher the passage. 

- A transition point located at the base of the üve crown, ami often extending several rnetres 

below, was displayed by many of the faster growing Douglas-iir trees. A transition point 

extending a b v e  the tive crown base was sometimes displayed by the slower growing trees. 



- The transition point for western hemlock was generaUy situateci in the vkinity of the live 

crown base for the slower growing trees, and mged h m  several metres bebw to stump 

level for the taster growing -S. 

- A transition point dong the stem was ditncult to identify for western redcedar. Many of the 

fsster gro wing trees displayed very litt le subsequent increase in who le-ring relative density 

fo Uowing 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 juvenik. core, in terms of ring number boom pith, is cylindrical tom 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 

hcreasing height , then the ident ined juvenik wood transit ion ages were considered signincant ly 

different, and Hypothesk 5.2 was rejected. An unchanghg transition age was impüed when transition 

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

- A gradua1 decrease in juvenile wood ring count was identifid with increasing height. This 

decrease progressed at a siightly greater rate for the slower growing trees, preswnabiy due 

to increased levels of crown recession. 

- AU juvenile cores, when profilecl accorâing to ring number fiom pith, demonstrated a higher 

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

- The juvede cores illustrated for the slower growing Douglas-6r @maled by tadial distance) 

were rnostiy cy1Uidtical. Greater tapering was displayed toward the snunp by the M e r  

growing trees. 



- The juvenile cores iiiustrated for western hemlock (pronled by radial distance) were 

cyündrical for most trees, except for some o f t k  brger stems which remaimi highly tapering 

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

- Since very ïittle mature wood had yet been produced for western redcedar, rnost juvenile 

cores (profïled by radial distance) retained a higbiy t a p e ~ g  shape with excessive buttressing 

displayed toward the stump. 

- The earlier onset of crown recession at the n m w e r  spacings led to a srnalier diameter 

juvenile core. Even though the production of mature wood was iikewise initiateci at an earlier 

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

- Overd, the thickest mature wood was produced by the faster growing Doplas-fi. Minimal 

arnounts 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 correspondhg relative density stem pronles. 

- The £itting of the variable-exponent taper equation to data for both dib and jwd produced 

highly signiscant results (p = 0.0001) for ail species. 

- Average bias values for dib and jwd were generaly less than 1 cm for dl height intervals 

sampled. Average standard e m r  of e s t h t e  values For dib and jwd were g e d y  greatest 

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

- lrnproving the jwd taper fùnction wouid ultimateîy require a wider range of spacings, older 

trees and a greater number of tree species. A much larger and complete data set @referaMy 

obtained via stem analysis) wouid ôe required, as weU as a minimum of two juveniie wood 

transition age estimates per height intemû, and sampüng above the base of the live crown. 



- A medium-density (0.42 to 0.48) imKr core for Doughs-fi was commonly surrounded by 

low-density wood (s 0.42). Greatest widths within this zone were ackved by the faster 

growing trees. High-density wood (> 0.48) was always displayed next to the h k .  Its 

t hickness was greatest near the shimp, gradualiy taperhg toward the base of the live crown. 

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

- A medium-density (0.39 to 0.45) ianer core for westem hemlock was generdy surrounded 

by low-density wood (~0.39). Greatest widtb 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 0.9 1 m spacing. The deposition 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 (s0.36) for westem redcedar was invariably diilayed next to the pith. 

Low-density wood (50.33) was commonly found in large amounts at the sturnp. The wider 

the spacing, the greater the amount of bwdensity wood produced. The smaller the ratio of 

cro wn volume io stem size, the further the downward developrnent of hi&-density wood 

beiow the base of the live crown. 

- A pattern of decreashg mean stemwood relative density was observed with Uicieamig height 

for both Douglas- fir and westem hemlock. A pattern of kreasing mean stemwood reiative 

density was observed with increasing height for westem redcedar. 

- Mature wood development for Douglas-îïr and western hembck was initiated at stump level 

first, and gradually worked its way up the stem m tirne with crown recession. Mature wood 

development for westem redcedar was initiated at the base of the Live crown fkt, and 

gradually proceeded in both the upward (in time with crown recession) and downward (in 

tirne with slower radial growth) directions. 



6. GENERAL CONCLUSIONS 

This report descn'bes the resuits of a non-destructive wood quslity study conducted fîom 

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 fiom 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 a) were sampleâ, 

represent hg initial stocking densities of 12076,2986, 1332,747 and 479 stems/ha, respectively. The 

information obtained pertains to one site only (site-index 39.8 (50) for Douglas-6r, 32.6 (50) for 

western hemlock and 32.9 (50) for western redcedar), and to trees aged 4 1 years and les. 

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 aii 

regression and correlation analyses involving growth rate ( ~ g  width). Having dsregarded cambial 

age would have resulted in significant relationships for most wood properties, with inflated coefficient 

of determination values. Highly significant relationships in p s t  studies, when growth rate was related 

to relative density, tracheid length or microM angle development, were kquently obtained as a 

result of this indiscret ion. Cambial age was O ften overlooked as an important contniutor to variation. 

The results obtained for Douglas-tÙ denwinstrated that accelerated diameter growth had 

relatively iittle impact on whole-ring reiative density development. Pith to bark variabûity was, to a 

large degree, a function of cambial age. An increasingly non-significant rebtionship was displayed 

over tirne with ring width. A simiiar pattern of devebpmwt was observed for trees growhg at initial 

spacings ranging fiom 0.91 to 4.57 m. Identicai profiles were hrtktmore identified by taper class. 



Douglas-fir wood quality cm therefore be considered robust in ternis of the potential for modification 

via stand density management. Rektively wide initial spacings could hypothetically be used to 

produce large diameter sawlogs o w  a shortened rotation, and this without having an adverse effect 

on whole-ring relative density development. 

Nonetheles, certain dEerences in wood quality could arise between slow-grown and hst- 

grown stems, ultimately having an impact on utiüsation. A weak significantty positive relationship 

between micro fibril angle and ring width was identifid for Douglas-fir between growth rings 9 and 

2 1 . Despite the fact that whole-riug relative de* developmnt was not significantly &ted by 

init id spacing, larger microfibril angle values were nonetheless produced over a longer period at the 

wider spacings. The dflerences observed could potentially translate into reduced levels of stitniess 

and increased longitudinal shrinkage for lumber produced nom the juvede wood of these faster- 

grown trees. 

S light ly 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 t e m  of whole-ring relative deasity, the effëcts of 

such peaks were largely cancelled out. In terms of intra-ring relative density, a narrower range of 

values was king displayed between minirnum earlywood and maximum latewood relative density. 

Greater intra-ring uniforrnity was subsequently achieved by the faster growing trees (hdr i 80) during 

early development, and by the slower growing trees (hdr z 100) toward the bark. 

Douglas- fir dernonstrated the lowest overall shade tolerance, and the West rate for crown 

rccession The subsequent rapid decrease in livenown-ratio apparently had an important influence 

on mature wood development. Generaily speaking, the larger the volume of crown foüage relative 

to length o f  branch-fiee stem, the lower the passage h m  juveaile wood to mature wood below the 

base of the Live crown. A reduction in diarneter growth (hdr a 100) led to a snialler diameter juvenile 

core surrounded by a very thin layer of matute wood that seemingly exteodeci h o  the îive crown. 

Faster diameter growth (hdr i 80) typically yieldeâ a iarger diarneter juvenile core, dong with a much 

thicker layer of mature wood concentrateci m the lower branch-fke stem. 



Given an extcnded rotation age, and with rapid incremental growth maitltahed, 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 m w e r  spacings. 

The transition fiom juvede wood to matute wood was mstly abrupt for the slow-grown trees, and 

generally gradua1 for the fast-grown stems. If lumber was to be produced fiom juvenile wooâ, 

greater relative density unifonnity by piece woukl ultimately be achieved by the fast-grown trees. 

6.2 Westen Hemlock 

Ring width had little impact on whole-ring relative density for western hemkxk, 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 king displayed at this time as a fuaction of decreasing ring width. An increasingly 

negative reiationship accordingly emrged for latewood proportion. Very little variability was 

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

Identical profiles of development, by initial spacing and taper class, were identified for 

lat ewood width, earlywood relative density, latewood relative density, whole-ring trac heid length and 

microfibril angle. Variabüity in each case was rnostly relateci to ring number fiom pith. Identical 

pro files of development for whole-ring relative density were identiûed by taper class only. B a d  

upon these results, western hernlock could be considered more robust than Douglas-fir in terms of 

the ability to manipulate via stand demity management. Relatively wide initial spacings could 

hypothetically be used to increase volume production, and this without adversely &thg wood 

quality. Stem taper could, in tum, be co~isidered a poor indicator of o v d  wood quaüty. 

However, it must be noted that trees 6om the 4.57 m spacing interval were unavaüable for 

sampling. Perhaps a more important increase in whole-ring relative de* would have been mted 

had a greater number of fast-growing trees bcen avaüable for analysis. Most of the mes sampled 

were representative of the suppresseâ (hdr z 100) a d  intermediate (80 < Wr < 100) taper classes 

(as defined in this study). in a forest plantation nianagement scenario, aicb trees wodd be likely 



candidates for removal during a low-thinhg exercise. Trees fiom the dominant taper ckss (hdr 5 

80) wo uld 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 tirne, with a graduai transition 

invariably displayed kom earlywood to latewood. The species demonstmted the greatest overall 

shade tolerance and consequently, the slowest rate for crown recession Extensive tive-crown-ratios 

were supporteci even at high stand densities. The f'aster the rate for crown recession it was presumed, 

the greater the extent to which physiological gradients would be modified dong the stem and the 

greater the variability that would subsequently emerge over tirne in te= of wood formation. The 

greatest intra-ring relative density homogeneity, for all species considered, was subsequently 

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

Slower diarneter growth for the western hemlock led to the production of a srnall diarneter 

juvenile core surrounded by a very thin layer of mature wood that seemingly extended Grom stump 

level upward to the base of the live crown. Faster diameter growth yielded ümited amounts of mature 

wood concentrated at stump level. Geneially speaking, the larger the volume of crown foliage 

relative to length of branch-free stem, the lower the location of the passage h m  juvenile wood to 

mature wood belo w the base of the h e  cro wn. A very gradual increase in whole-ring relative density 

over tirne was displayed by the faster growing trees, hence the very gradual transition h m  juvenile 

wood to mature wood. If lumber was to be produced h m  the juvenile wood of such trees, greater 

relative density uniformity by piece would once again be achieved. 

6.3 Western Redcedar 

Overall, western reâcedar presented the greatest potential for modi@ng wood quaîity via 

stand density management. No identical pronles of development were identifid for any of the wood 

properties considereà, suggesting great sensitivity m terms of the relationship between available 

pwing  space and wood formation. Changes in earlywood width were strongiy associated with ring 

width development. The relatiorôhip between latewood width and ring width became sornewhat 



stronger over the.  The relationship between htewood proportion and ~g width, in turn, beuuae 

increasing ly negative. Sogh5ty bwer latewood relative density values were associated with the wider 

growth rings during the eady years ofdevelopment. Süghtly lower eariywood relative density values 

were associated with the wider growth rings toward the bark. 

Western redcedar accordotgiy displayed an increasingly negative relationship between whoie- 

ring relative density and ring width that becarne especiaily strong as mature wood was produced. 

Generally speaking, accelerated diameter growth (3.66 and 4.57 m spacings, hdr 2 80) led to very 

üttle subsequent change in whole-rùig relative de* foliowing the initial decrrase in value h m  the 

pith. A reduction in diameter growth (hâr z 1 0 )  led to a gradual increase in value over tirne. 

Relatively stable whole-ring relative density values were ptiniarily achieved by trees at the 0.91 m 

spacing that demonstrated very little earlywood width development. 

H a v y  stem tapering was displayed by many of the faster growing trees sampled. The gro wth 

rings produced at stump level were among the widest oôsewed in this study. Markedly slower radial 

growth was displayed toward the base of the tive crown. Based on the increasingly negative 

relationship identifed between whole-ring relative density and ring widtb, a pattern of increasing 

mean stemwood relative density was displayed with Uiereasing height. This is in direct contrast to 

both Douglas-tir and western hemlock, which both demonstrated greater stem cyiindricaîity, 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 fiequently dficult to idente for western redcedar. 

Many of the faster growing trees never displayed a subsequent inmase in whole-ring relative density 

fo 110 wing the initial decrease in value h m  the pith. ûthers disphyeâ a subsequent increase in value, 

but seldom achieved relatively stable values typical of mature wood. Furthemiore, slow-growing 

trees fiom the two narrower spacing intervals (0.91 and 1.83 m) were unavahble for sampüng. 

Mature wood development was initiated toward the base of the live crown h, and gradually 

proceeded in both the upward (in titne with crown recession) a d  downward (m time with siower 

radial g o  wth) directions. Presuniabiy, a certain minimum crown volume and live-crown-ratio had 



to be attained in order to initiate the devebpneid. The sxnalier the volume of crown foliage relative 

to length of branch-fiee stem, the fùrther the downward progression of high-density wood (next to 

the bark) along the stem. 

Minimal arnounts of mature wood were produced by the fasier growing trees at the wider 

spacings. If the subsequent tirnber was to be used for aesthetic purposes, or for reasons of 

dimensional stability, insulation or durabiiity, a rehtively low stemwood relative den* resulting 

nom a highly tapered stem would not present a serious disadvantage in ternis of wood quaüty. If the 

principal management goal was to produce timber suitable for structural purposes, an Unportant 

reduction in stem taper (hdr > 80) would be required. In this study, such trees were mainly identifid 

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 anaiysis and the Kajaani FS-200 Optical Fibre Analyser. Successive dips 

and nses in whole-ring tracheid kngth developrnent were commnly ident ified using both systerns. 

Signficantly shorter tracheid lengths were nonetheless obtained at aii sampiing points ushg the 

Kajaani FS-200 Optical Fibre Anaiyser. 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 inefféftive for masking the 

duence of the large number of folded andlor broken tracheids processed. Image an-, thothough 

ext reme ly tedious, was considered a more reliaMe option for chamcterising tracheid length variabiity. 

6.5 Future Work 

Little information is avaiiable regardhg earlywood tracheid diameter develo pment for 

Douglas-fîr, western hemlock and western redcedar. Little concurrent information is avaüable in 

ternis of latewood diameter development, both radidiy and tangentdIy. Such information, along 



with corresponding data on cell wall thickwss and tracheid length, would account for much of the 

variation in whole-ring relative density existing fiom pith to bark. This infiormation would, in tum, 

allow for the establishment of stronger links between the various identified patterns of wood 

formation, and the various changes in crown morphology and cornpetitive status displayed over tirne. 

Little information is likewise avaüable regarding intra-hg rnicrofibril angle developrnent. 

Large amounts of variability wdoubtedly exkt as a fiinction ofspecies, cambial age, and perhaps even 

growth rate. The limited data that is available most of€en cornes in the fom of single mean values 

generated fiom a collection of growth rings. Intra-ring profiles are iargely unheard oE Such 

informat ion would alIo w for the subsequent establishment of relat ionships between the various 

patterns of microfibril angle development identified in a tree, with the various changes in crown 

morphology and cornpetitive status displayed over tirne. 

These data would also ailow for the subsequent evaluation of ce11 w d  thickness as an 

eRect ive predictor of micro fibril angle variability. Relat ionships could in turn be estabüshed as a 

tùnc t ion of overall tracheid morphology by likewise incorporating the corresponding tracheid 

diameter and tracheid length data into the prediction model. The use of celi waii thickness as a 

surrogate measure for microfîbd angle would be beneficial in fùture tree breeding programs, and to 

wood quality research in gened. Conducting micronbril angle masurement remains a time 

consuming procedure when performed using optical means. Scanning technobgy is readily available 

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

Further research on a broder sale, eom a wider range of spacings and sites, and fiom 

slightly older trees, wiil eventually be required to tiirther the development of the relationships 

established in this study. Even tbough the spaciog triais at Haney offered the best aod ody available 

site for analysing wood quality in an even-ageâ, evenly-spaced, single-species context, serious 

limitations were nowtheless encountered m ternis of samphg design. A m;uàmm of 1 8 trees were 

po tentiaily available for sampiing at most spacings. Many trees were missing, kluding the majority 

O f those originally planted at the 4.57 rn spafing for western hemlock. Non-destructive sampling for 

juvenile wood had to be employed on aif trees, aliogether excluding the 0.91 m spachg for 

western redcedar, and the 1.83 m spacing for al1 species. 



Certain generalisations were made in this study regardhg the location of the passage from 

juvede wood to mature wood dong the branch-&ee stem Mature wood developrnent was found 

largely traceable to changes in both crown morphobgy and stem shape over tirne. Whole-ring 

relative dewity development, by species and height position, was generally f o d  to stabilise at a 

sirnilar tirne period for trees growing undet similar conditious. However, the ability to identify the 

exact position of the passage h m  juvenile wood to mature wood was ultimately deerned infeasible. 

A more precise definition than the one employed for deoning and locating the base of the live crown 

would be needed. 

The existence of tapering within the juvenile core implied the use ofa variable exponent taper 

equation for describing juvenile wood distnition. The subsequent fitting ofjuvenile wood data to 

a modified version of Kozak's vaRaMe exponent taper equation (1 988) was deemed exploratory from 

the onset. A possible long-term objective wodd be the development ofa taper model through which 

juvenile wood diameter could effectively be predicted dong a tree stem This would enable the 

modelling O fjuvenile wood development within uniformiy-spaced, single-species, even-aged stands. 

The only requirernent would be obiaining measwements for tree height, height to tk base ofthe live 

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

The results of this study demnstrated the potential for incorporating the concept ofjuvenile 

wood taper modeliing hto existing growth and yield models such as TASS. Lmimately, a very large 

researc h effort would be required to provide an effective taper function. To date, taper models have 

seldorn ken fitted to juvenile wood data Improving the model proposed in this study would requhe 

a greater nurnber of tree species. Ideally, disc samples would be coiiected fiom older trees 

(demonstrat h g  greater amounts of mature wood development) via stem analysis. A minimum of two 

juvenile wood transition age estimates woulû be obtained per height position sampieâ, and nom 6 to 

1 5 juvenile wood diameter measurements would be obtained at spreaâ out intervals fiom ground kvel 

to tree top. A cornplete data set would be required. A minimum of about 60 to 100 trees, covering 

a wide range of tree heights and breast height diameters, wodd be sampled (Kozak 1988). With 

more trees available, the performance of the taper d e l  wouid then be evaluated as a tùnction of 

initial spacing. Validation ofthe taper mode1 would foiiow. The effects ofa range of inktion points 

on the performance of the equation would also be investigated. 



7. LITERATURE CITED 

Abdel-Gadir, A.Y., R.L. Krahrner and M.D. McKimmyY 1993. Relationships between intra-ring 

variables in mature Douglas-6r trees fiom provenance plantations. Wood and Fiber Science. 

25(2):l82-191. 

Abdel-Gadir, A.Y. and R.L. Krahmer. 1993. Estimating the age of demarcation of juvenile and 

mature wood in Douglas-îïr. Wood and Fiber Science. 25(03):242-249. 

Bailey. I. W. 1923. The cambium and its derivative tissues. IV. The increase in girth of the cambium 

Am. J. Bot. 10:499-509. 

Baker. G. 1967. EstVnating specific gravity of plantation-grown red pine. For. Prod. J. 1 7(8):2 1 - 
24. 

Bannan, M. W. 1 955. The vascular cambium and radial growt h in Thuja occidentalis. Can. 3. Bot. 

33:113-138. 

Bannan, M. W. 1 95 7. The relative fiequency of the dinerent types of anticlinal division in conifer 

cambium. Can. J. Bot. 35:875-884. 

Bannan, M.W. 1962. The vascula. cambium and tree-ring development. In Tree growth. T.T. 

Kozlowski (editor). Ronald Press Co., New York. pp. 3-22. 

Bannan, M. W. 1967a. Anticlinal divisions and cell length in conifier cambium. For. Prod. 3. l7:63- 

69. 



Bamum, M. W. 1 96%. Sequential changes m rate of anticlinal division, wnbial cell length, and ring 

width in the growth of coniferous trees. Cm. J. Bot. 45: 1359-1 369. 

Barse, R.C. and P.R. Laidley. 1980. Wood specific gravity of plantation red pine linle affècted by 

spacing. USDA For. Sem. Ra. Note NC 251. 

BC Ministry O f Forests. 1 999. Guideiines for develo pùig stand density management regimes. Forest 

Practices Branch, Victoria. 

Bendtsen, B.A. and J.F. Se&. 1986. Mechanical and anatomical properties in individual growth 

rings of plantai ion-grown eastem cononwood and Io bloUy pine. Wood and Fikr Science. 

18(1):23-28. 

Bergqvist, G., U. Bergsten and B. Ahlqvist. 1996. Effect of radial incrernent core diameter on 

tracheid length measurement in Norway spmce. Wood Sci. Technol. 3 1 :241-2SO. 

Booker. R.E. and J. Sell. 1998. The nanostructure of the ce11 waU of softwoods and its hctions 

in a living tree. Holz Roh WerkstoK 56:1-8. 

Briggs. D.G. and W.R. Smith. 1986. Effects of silvicuhural practices on wood properties of 

conifea: a review. In Douglas-fi: Stand management for the future. Oliver C.D., D.P. 

Hanley and J.A. J o h n  (editors). College ofForest Resources, Seattle, Wash. pp. 108- 1 1 7. 

Bms. R.M. and B.H. Honkala. 1990. Silvics ofNorth America Vol. 1. Conifers. USDA, For. 

Serv, Washington, District of Columbia. Agric. Handbook 654. 

Carter, R. E. and K. Klinka 1992. Variation in sbade tolerance of Douglas-!k, western hernlock and 

westem redcedar in coastal British Columbia. For. Ecol. Manage. 55:87-105. 

Cave. I.D. and I.C.F. Waiker. 1994. Stiffiriess ofwood m fiist-grown plantation softwoods: The 

infiuence of microfiôril angle. For. Pmd. J. 44(5):43-48. 



Chalk, L. 1 95 3. Variation of density in stems of Douglas-tir. Forestry. 26:33-36. 

COFI. 1996. British Columbia forest odustry fact book. Couocil of Forest Mustries of British 

Columbia, Vancouver, BC. 

Cook, J.A. and RJ. Barbour. 1989. The use ofsegmentecl regressionanalysis in the determination 

ofjuvede and mature wood properties. Forintek Canada Corp, Vancouver, BC. CFS Rep. 

No.3 1. 

Côté, W.A. 1967. Wood ultrastructure: An atlas ofelectron micrograpbs. University of Washington 

Press, Seattle. 

Cown, D.J. 198 1. Cornparison of the effects of two thinning regimes on sorne wood properties of 

radiata pine. NZ J. For. Sci. 1 1:244-253. 

Curtis, R.O. and D.L. Reukema. 1970. Cmwn development and site estimates in a Douglas-fir 

plantation spacing test. For. Sci. l6:287-301. 

Dadswell, H.E. 1958. Wood structure variations occurring during tree growth and theu iduence 

on properties. J. Inst. Wood Sci. 1 : 1 1-33. 

DeBell, J.D.. J.C. Tappeiner and RL. Krahmer. 1994. Wood density of western hedock: Effect 

of ring width. Can. J. For. Res. X638-64 1. 

Di Lucca, C.M. 1989. Juvenile-mature wood transition. In Second growth Douglas-fit: lts 

management and conversion for value. RM. Kellogg (editor). Forintek Canada Corp., 

Vancouver, BC. Special Pubfication No. SP-32. pp. 23-38. 

Duff, G.H. and N.J. Nolan. 1953. Growth and morphogenesis Qi the Canadian forest species. 1. 

The controls of cambial a d  apical activity in Pinw resinosa. Can. J. Bot. 3 1 :471-5 13. 



Echols, R.M. 1955. Linear relation of fibril angle to tracheid length, and genetic control of tracheid 

length in slash pine. Tropical Woods. 1 02: 1 1 -22. 

Erickson, H.D. and T. Arima 1974. Douglas-£ir wood quality studies. Part 2: E k t s  of age and 

stimulated growth on tibril angle and chernical constitwnts. Wood Sci. Tech. 8:255-265. 

Eric kson, H.D. and A.T. Harrison. 1974. Douglas-fir wood quality studies. Part I : E ffects of age 

and stimulated growth on wood de* and anatomy. Wood Sci. Teck 8(3):207-226. 

Evans, R., R.P. Kibblewhite and S. Stringer. 1997. Kraft pulp fibre property prediction nom wood 

properties in eleven radiata pine clones. Appita 50(1):25-33. 

Farrar, I.L. 196 1. Longitudinal variation in the thickness of the annual ring. For. Chron. 38:323- 

331. 

Fujita. M. and H. Harada. 1991. UItrastructure and formation of wood ceIl wall. In Wood and 

cellulosic chemistry. D.N. Hon and N. Shitaishi (editors). Marcel Dekker Inc., New York. 

pp. 3-58. 

Geyer. W.A. and A.R. G h r e .  1965. Effect of spacing on wood speciôc graviîy in lobloiiy pine 

in southem Illinois. University of  IUinois, Urbana, IUinois. Agr. Expt. Stat. Note 113. 

Gordon, J.C. and P.R. Larson. 1968. Seasonal course of photosynthesis, respiration and distriiution 

of IJC in young Pinus resinosa trees as rehted to wood formation. Plant Physiol. 43: 161 7- 

1624. 

Greenhouse. S. W. and S. Geisser. 1959. On rnethods m the analysis of profle data Psychometrika. 

32:9S- 1 12. 

Grigal D.F. and E.I. SucoE 1966. Specific gra* variation among thirty jack pine plots. TAPPI. 

49:497-498. 



Grime, S. P. 1 979. Plant strategies and vegetation processes. JO hn Wdey & Sons, Toronto. 

Gurnpertz, M.L. and C. Brownie. 1992. Repeated m u r e s  in randornized block and split-biock 

experiments. Can. J. For. Res. 23525-639. 

Hamm, E.A. 1 989. Fibre length In Second growth Douglas-fir: Its management and conversion 

for value. R.M. Kellogg (editor). F o ~ t e k  Caaada Corp., Vancouver, BC. Special 

Publication No. SP-32. pp. 44-49. 

Hansen, J., R. Türk, G. Vogg, R Heim and E. Beck. 1997. Conifer carbohydrate physiology: 

updating classical views. Trees. 1 1 :97- 108. 

Hatton. I.V. and K. Hunt. 1989. Unbleached Kraft pulps. In Second growth Douglas-fir: Its 

management and CO nversion for value. R. M. Kellogg (editor). Forintek Canada Corp., 

Vancouver, BC. Special Publication No. SP-32. pp. 87- 1 13. 

Herrnan, M., P. Dutilleul and T. Avella-Shaw. 1998. Growth rate effects on temporal trajectories 

of ring width. wood density and mean tracheid length mNorway spnice (Picea dies) .  Wood 

and Fiber Science. 30(1}:6-17. 

Herrnan, M., P. Dutilleul and T. AveUa-Shaw. 1999. Growth rate effects on htra-Mg and inter-ring 

trajectories of micronbril angle in Norway spruce (Picea abies). IAWA. 2O(l):3-21. 

Hisashi, A., J. Ohtani and K. Fukazawa. 1994. A scanning electron microscope study of changes 

in microtubule distributions during secondary wall format ion in tracheids. IAWA. 1 S(2): 1 85- 

189. 

Hoadley, R.B. 1990. Identifling wood: Accurate results with simple tools. The Taunton Press, 

Newtown, Ct. 



Huynh, H. and L.S. Feldt. 1976. Estimation of the Box correction for degrees of fieedorn h m  

sample &ta in the randornized block and split plot designs. J. Educ. Stat. 1 :69-82. 

Jessome, A.P. 1 977. Strength and relateci properties of woods grown in Canada Fish. Env. Cm., 

East. For. Prod. Lab., Onawa. For. Tech. Rep. 21. 

Johansson, K. 1993. Influence of initial spacing and tree ciass on the basic density of Picea abies. 

Scand. J. For. Res. 8: 18-27. 

Jozsa L A .  and R.M. Kellogg. 1986. An exploratory study of the density and annual M g  weight 

trends in fast-growth coniferous woods in British Columbia. Forintek Canada Corp., 

Vancouver, BC. 

Jozsa. L. A. and G.R. Middleton. 1 994. A discussion of wood quaüty attriiutes and their practical 

implications. Forintek Canada Corp., Vancouver, BC. Special Publication No. SP-34. 

JO= L. A., B.D. Munro and J.R. Gordon. 1 998. Basic wood properties of second-growth western 

hemlock. Forintek Canada Corp., Vancouver, BC. Special Publication No. SP-38. 

JO- L.A. and R.M. Myronuk. 1986. Direct reading x-ray densitometer. Forintek Canada Corp., 

Vancouver, BC. Tech. Rep. No. 2 1. 

kzsa, L.A., J.E. Richards and S.G. Johnson. 1987. Calibration of Forintek's direct reading x-ray 

densitometer. Forintek Canada Corp., Vancouver, BC. 

Jozsa, L.A., S.E. Richards and S.G. Johnson. 1989. Relativedensity. In Second growth Douglas-tir: 

Its management and conversion for value. R.M. Keiiogg (editor). Forintek Canada Corp., 

Vancouver, BC. Special Publication No. SP-32. pp. 5-22. 

Kajaani Electronics Ltd. 1986. User's manual: Kajaani FS-2ûû. Kajaani Electronics Ltd., Kajaani, 

Finland. 



Kennedy, R W. 1995. Coniferous wood quality in tk m e :  Concerns and strategies. Wood Sci. 

Tech. 29(5):32 1-338. 

Kimmùis, J.P. 1987. Forest Ecology. Macmillan hiblishing Company, New York. 

Klem, G.G. 1942. Effect of plantmg space on the quality of spruce wood and sulphite pulp. Medd. 

Nor. Skogforsoksves. 8:257-293. 

Klem, G.G. 1952. The influence of spachg on spnne quality. Medd. Nor. Skogfo~ksves. 1 1 :473- 

506. 

Kozak, A. 1988. A variable-exponent taper equatiom Can. J. For. Res. 1 8: 1363- 1368. 

Kozlo wski, T.T. 1 97 1. Growth and development of trees. Volume II. Academic Press, New 

York. 

Kozlo wski, T.T. 1 992. Carbohydrate sources aad sinks in woody plants. Bot. Rev. 58: 1 07- 122. 

Kozlowski, T.T., P.J. Kramer and S.G. Pallardy. 1991. The physiologidecologyofwoody plants 

Academic Press, New York. 

Kozlo wski, T.T. and S.G. Pallardy. 1997. Growth control in woody plants. Academic Press, San 

Diego, California 

Krahmer, R.L 1966. Variation of specific gravity in western hemlock trees. Tappi 49(5):227-229. 

Krahrner, RL. 1985. Fundamental anatomy of juvenile and rriature wood. In Juvenile wood: What 

does it mean to forest management and forest products? D. Robertson (editor). For. Prod. 

Res. Soc. Proc., Madison, WB. pp. 12-16. 



Krarner, H. 1966. Crown development in conifer stands m S o o W  as influenced by initial spacmg 

and subsequent thinning treatment. Forestry. 39:40-58. 

Krajina, V.J. 1965. Biogeoclimatic maes in British Cohunbii. Ecol. West. N. Am. 1 : 1- 17. 

Kucera, B. 1994. A hypothesis relating annual height increment to juvenile wood formation in 

Norway spruce. Wood and F i b r  Science. 26( 1 ): 152- 157. 

Kuehl, R.O. 1 994. Statistical principles of research design and analysis. Daxbury Ress, Belmont, 

Calif. 

Larcher, W. 1 983. Physiological plant ecology. Springer-Verhg, New York. 

Larson. P.R. 1962. Auxin gradients and the regulation of cambial activity. In Tree growth. T.T. 

Kozlowski (editor). The Ronald Press Company, New York. pp. 97-1 17. 

Larson. P.R. 1963. Stem fomi development of forest trees. Society of American Foresters, 

Washington, DC. Forest Science - Monograph 5. 

Larson, P.R. 1964. Some indirect effects of environment on wood formation. In The formation 

ofwood in forest trees. M. Zimmermann (editor). Academic Press, New York. pp. 345-365. 

Larson, P.R. 1966. Changes m chemical composition of wood ce1 walls associated with age in Pinus 

resinosa. For. Prod. 1. 16(4):37-45. 

Larson, P.R. 1969. Wood formation and the concept of wood quality. Yale University School of 

Forestry, New Haven, Ct. Bulletin No. 74. 

Larson, P.R. 1973. The physiological basis for wood specific gravity in conifen. iüFR0 Proc. 

Div. 5 Meet. Brisbane, Australia. 2: 672-680. 



Larson, P.R. 1994. The vascular cambium: Development and structure. Sp~ger-Verlag, New 

York. 

Lindstrom, H. 1 995. Basic de* O f'Norway spnice. Part II. Predicted by stem taper, mean growth 

ring width and factors related to crown development. Wood and Fiber Science. 28(2):240- 

251. 

Little, C.H.A. and R.P. Pharis. 1995. Homw>dcontrol ofradial and longitudinal growth in the tree 

stem. In Plant stems: Physiology and functionai morphology. B. Gartner (editor). Academic 

Press, San Diego, C a  pp. 28 1-3 19. 

Little, C.H.A. and R.A. Savidge. 1987. The role o f  plant growth regulatoa in forest tree cambial 

growth. Plant Growth Regdators. 6: 139-1 67. 

Little. C. H. A. and P. F. Wareing. 1 98 1 . Control of cambial activity and d o m y  in Picea sitchensis 

by indo le-3 -acet ic acid and abscisic acid. Can. J. Bot. 59: 1480- 1493. 

Luukkonen, M., H. Suutari and L. Paavilallien. 1990. Utilization of pulp drauiage and fibre length 

measurements at a TMP mil. Appita. 43(3):2 13-2 16. 

Maguire, D.A. and J.L.F. Batista 1996. Sapwood taper models and irnpkd sapwood volume and 

foiiage profiles for coastal Douglas-fir. Can. J. For. Res. 26:849-863. 

Markstrom, D.C., H.E. Troxell and C.E. Boldt. 1983. Wood properties ofimmature ponderosa pine 

after thinnùig. For. Prod. J. 33(4):33-36. 

McMilh, C.W. 1973. Fibril angle oflobloUy pine wood as related to specinc gravity, growth rate 

and distance fiom pith. Wood Sci Technol. 7% 1-255. 

Mrgraw, R.A. 1985. Wood quality factors in loblolly pine. Tappi Press, Atlanta 



Megraw, R.A. 1986. Douglas-fîr wood properties. In Douglas-fk Stand management for the 

future. Oliver C.D., D.P. Hanley and J.A. lohnson(editors). College ofForest Resources, 

Seattle, Wash. pp. 81-96. 

Meredith, M.P. and S.V. Stehman. 199 1. Repeated masures experirnents in forestry: Focus on 

analysis of response curves. Can. I. For. Res. 2 1 : 957-965. 

Meylan, B.A. and M.C. Probine. 1969. Micro fibril angle as a parameter in timber quality assessment. 

For. Prod. J. 19(4):30-34. 

Minore, D. 1 979. Comparative autecological characteristics of northwestem tree species: A 

literature review. USDA Forest SeMce, Portland, Oregon. Tech. Rep. PNW-87. 

Mitchell, K.J. 1969. Simulationofthe growthofeven-aged stands ofwhite spmce. Bull. No. 75. 

Yale University, School of Forestry. New Haven, CT. 

Mitchell, K. J. 1975. Dynamics and simulated yield of Douglas-6r. For. Sci. Mono. 17: 1-39. 

Mitchell, K.J. and I.R. Cameron. 1985. Managed stand yield tables for coastai Douglas-fi: Initial 

density and precommercial thinning. Ministry of Forests, Victoria, BC. Land Management 

Report No. 3 1. 

Moser, E.B., A.M. Saxton and S.R. Pezeshki. 1990. Repeated measures analysis of variance: 

Application to tree research. Can. J. For. Res. 20524-535. 

Muneri, A. and V. Balodis. 19%. Variation in wood density and tracheid length in Pinus putula 

grown in Zimbabwe. South f i c a n  JO& No 182. 41-50. 

Nemec . A.F.L. 1996. Analysis o f  repeated measures and tb &es: An introduction with forestry 

examples. Biornetrics Information Handbook No.6. BC Ministry of Forests Research 

Branch, Victoria, BC. Work Paper W1996. 



Okkonen, E.A., H.E. Wahlgren and RR Maeglin. 1972. Rehtionships of specific gravity to tree 

height in commerciaity important species. For. Rod. J. 22(7):37-42. 

Olesen, P.O. 1976. The mterrelation of between h i c  density and M g  width of Norway spruce. 

Det Forstl. Forsagsv. D~MI. 34(4):340-359. 

Oliver, C.D. 198 1. Forest development in North Amenca following major disturbances. Forest 

Ecol. Manage. 3: 153- 168. 

Oliver, C.D. and B.C. Larson. 1996. Forest stand dynamics: Update editios John Wiley and Sons, 

New York. 

Panshin, A.J. and C. de Zeeuw. 1980. Textbook of wood technology. 4th ed. McGraw-HiLl Book 

Co., New York. 

Parker, M.L., R.D. Bruce and L.A. Jozsa. 1980. X-ray densitometry of wood at the W.F.P.L. 

Forintek Canada Corp., Vancouver, BC. Tech. Rep. No. 10. 

Pearson, R.G. and R.C. Gilrnore. 1971. Characterization of the strength ofjuvenile wood of 

LobloUy pine (Pinus taeda L). For. Prod. J. 2(1):23-31. 

Peet, R.K. and N.L. Christensen. 1987. Cornpetition and tree death. BioScience. 37586-595. 

Persson A. 1975. Wood and pulp of Norway spruce and Scots pine at varbus spacings. 

S kogshogsk Stockholm Iast. Skogsprod. Rapp. Uppsala 37. 

Piirainen, R. 1985. Opticai method provides quick and accurate analysis of fibre length. Pulp and 

Paper. 59(11):69-71. 

Philipson, W.R and B.G. Butterfield. 1967. A theory on the causes of size variation in wood 

elements. Phytomorphology. 17: 155- 159. 



Posey, C.E. 1965. Effect of fertilization upon wood properties of loblolly pine ( P i m  taeda). 

In Proc. 8th C o d  For. Tree Improv., Savaanah, Georgia pp. 126 1 30. 

Reeve, R.M. 1948. The tunica-corpus concept and development of shoot vices in certain 

dicotyledons. Am J. Bot. 35:65-75. 

Reukerna, D.L. and J.H.G. Smith. 1987. Developrnent over 25 years of Douglas-tir, western 

hemlock and western redcedar planted at various spacings on a vecy good site in British 

Columbia. USDA Forest Service, Portland, Oregon. Research Paper PNW-381. 

Salisbury, F.B. andC.W. Ross. 1992. Plant physiology. WadsworthPublishing Co., Belmont,CalX 

SAS Inc. 1989. SASISTAT User's guide, version 6. SAS lnstitute Inc., Cary, NC. 

Sauter, U.H., M. Rüdiger and B.D. MW. 1999. Determinhg a juvenile-mature wood transition 

in Scots pine using latewood density. Wood and F i k r  Science. 3 1 (4):4 1 6-425. 

Seagull, R. W. 1989. The role of the cytoskeleton during oriented rnicrofibril orientation. II. 

Microfibd deposition in cek with disnipted cytoskeletons. In CeUulose and wood: 

Chemistry and technology. C. Schuerch (editor). pp. 8 1 1-825. 

Sragull, R. W. 1992. A quantitative electron microscopie study of changes in microtubule arrays and 

waU micro fibril orientation during in vitro Cotton nber developrnent. J. CeU Sci. 10 1 :56 1 - 
577. 

Sheriff, D. W. 1983. Contml by indole-3-acetic acid of wood production in Pinus radiatu segments 

in culture. Aust. J. Plant Physiol. 1 O: 13 1-1 35. 

Smith, D.M. 1954. Maximum moisture content method for detennining specific gravity of d 

wood samples. USDA For. Prod. Lab. Rep. No. 2014. 



Smith, D.M., B.C. Larson, M.J. Keityand P.M. Ashton. 1997. The practice ofsilvicultwe. ghed. 

John Wiey and Sons, New York. 

Smith H.D. 1977. Economically optimum spacing and site preparation for slash pine plantations. 

NC State University, Raleigh, NC. Tech. Rep. 59. 

Smith, J.H.G. 1980. Influence of spacing on radial growth and percentage latewood of Douglas-fir, 

western hemlock and westem redcedar. Can. J, For. Res. 1 O: 169- 175. 

Smith, J.H.G., J.W. Ker and J. Csizmazia. 1961. Economics of reforestation of Douglas-fi, 

western hernlock and western redcedar in the Vancouver Forest District. University of 

British Columbia, Vancouver, BC. For. Bull. 3. 

Sundberg, B. and C.H. A. Little. 1 99 1. Trac heid production in respome to changes in the interna1 

level of indole-3-acetic acid in 1-year-old shoots of Scots pine. Plant Physiol. 94: 172 1 - 1 727. 

Tasissa, G. and H.E. Burkhart. 1 998. Juvenile-mature wood dernarcation in loblolly pine trees. 

Wood and Fiber Science. 3q2): 1 19- 127. 

Tilman, G.D. 1988. P h t  Strategies and the dynamics and structure of plant communities. 

Princeton Monographs, New Jersey. 

Tsoumû, G. 199 1. Science and t e c b  logy of wood: Structure, properties, u t h t i o a  Van 

Nostrand Reinhold. New York. 

Walker, J.C.F. and B.G. Butterfield. 1995. The importance of rnicrofibril angle for the processing 

industries. For. Prod. J. 44(5):43-48. 

Walters, J. and J. H.G. Smith 1 973. Review of rnethods used in establishment and summacy of early 

results fiom spacing trials on the WC Research Forest. Facdty of Forestry, University of 

British Columbia, Vancouver, BC. 



Wardro p, A.B. 1 964. Cellular differentiation in xylem In Cellular ultrastructure of woody plants. 

W.A. Côté (editor). Syracuse University Press, New York. 

Weetman, G.F. and C. Farnden. 1995. Planning stand level silviculture using stand density 

management diagrams: a studeot guide to concepts and procedures. Silvicuhure Institute of 

Canada, Vancouver, BC. 

Wellwood, R. W. 1962. Tende tesiing of small wood samples. Pulp and Paper Mag. Can. 

63(2):T6 1 -T68. 

Wellwood, R. W. and P.E. lurazs. 1968. Variation in sapwood thickness, specific gravity, and 

tracheid Iength in western redcedar. For. Prod. J. 1 8(12):3746. 

Wellwood, R.W. and J.H.G. Smith. 1962. Variation in some important qualities of wood fiom 

Douglas- fir and hemloc k t rees. Faculty of Forestry, University of British Columbia, 

Vancouver, BC. Research Paper No. 50. 

Wenham. M. W. and F. Cusick. 1975. The growth of secondary wood k a .  New Phytol. 74:247- 

271. 

Wilcox, H. 1962. Cambial growth characteristics. In Tree growth. T.T. Kodowski (editor). 

Ronald Press Co., New York. 

Wilson, J. W. 1964. Wood characteristics nI: Intra-increment physical and chernid p r o e  Pulp 

Pap. Res. Inst. Can. Res. Note 45. 

Yang, K.C., C.A. Benson and J.K Wong. 1986. Distribution ofjuvenile wood in two stems of Larix 

faricina. Can. J. For. Res. 16: 104 1 - 1 O@. 

Yang, K.C., Y.S. Chen and C. Chiu. 1994. Formation and vertical distniution of juvenile and 

mature wood in a single stem of Crptomeria juponka. Can. I. For. Res. 24:969-975. 



Yang, K.C. 1994. Impact of spacing on tracheid length, relative density, and growth rate ofjuvenile 

wood and mature wood in Picea mmianu. Can. J. For. Res. 24:9%-lOO7. 

Ying, L., D.E. KretscmandB.A. Bendtseh 1994. Longitudnielshrinkage in fast-grown bbblly 

pine plantation wood. For. Rod. J. 44(1):58-62. 

Youngberg, C.T., L.C. Walker, J.R. Hamilton and RF. WiUiams. 1963. Fertilization of slash pine. 

Georgia Forest Research Councii, Atlanta. Res. Pap. 17. 

Zimmermann, M.H. and C.L. Brown. 197 1 .  Trees: Structure and function. Springer-Verlag, New 

York. 

Zobel, B.J. and J.R. Sprague. 1998. Juveniie wood in forest trees. Springer-Verhg, New York. 

Zo bel, B. J. and J.T. Talbert. 1984. Applied forest tree impmvement. John Wüey & Sons, New 

York. 

Zobel, B. J. and J.P. Van Buijteneh 1989. Wood variation: Its causes and control. Springer-Ver@, 

New York. 



APPENDIX 1 

SUPPLEMENTARY RESULTS FOR CHAPTER 4. 



Table 4.1 Basic tree statistics by species and initial spacing: DBH (diameter at breast height), H (tree height), HBLC (height to the base of the 
live crown), LCL (live-crown-length), CW (crown width), LCR ()ive-crmratio) and HDR (height over diameter ratio). 

-- - -  

species variable initial spacing 

0.91 m 1.83 m 2.74 rn 3.66 m 4.57 m 

mean cv min m a  mean cv min max m€!ân cv min rnax mean cv min rnax mean cv min m u  

Douglas-fir OBH (cm) 
H (m) 
HBLC (m) 
LCL (m) 
cw (m) 
LCR 
HDR 

C 

1 western DBH(W) 
hemlock H (m) 

HBLC (m) 
LCL (m) 
CW (ml 
LCR 
HDR 

western DBH (cm) 
redcedar H (m) 

HBLC (m) 
LCL (m) 
cw (ml 
LCR 
HDR 

. -- - - -- - - - - 

: variable unavailabte for sampling 
cv : coefficient of variation 

min : minimum value o b w e d  
max : maximum value observeci 



TaMe 4.2 Basic tree staüstics by qmch arid taper dass: DBH (diameter at kesst height), 
H (tree heigM), HBLC ( M M  d aie kxme d the live cromi), LCL (IivecraMi-lengai), 
CW ( c m  wiûth), LCR ( l ivwmnmdb) and HDR ( M g M  wer dianeter ratio). 

species variable taper dass 

mean cv min max mean ev min m a  mean cv min mm 

Douglas-fir 

western 
hem lock 

western 
redcedar 

DBH (cm) 
H (m) 
HBLC (m) 
LCL (m) 
cw (ml 
LCR 
HDR 

DBH (cm) 
H (ml 
HBLC (m) 
LCL (m) 
cw (ml 
LCR 
HDR 

DBH (cm) 
H (ml 
HBLC (m) 
LCL (m) 
cw (m) 
LCR 
HDR 

cv : coefficient of variation 
min : minimum value observed 
max : maximum value obsmed 



Table 4.3a Mean values and valability for ring Mm (mm) by in- spacing and m. 

Oouglas-fir meen 2 7  

( d W  4-33) r%) 67.5 
min mu 0.1 8.1 

western redcedar mean 1.7 
(rings 5-27) cv (96) 89.9 

mln mu 0.1 6.t 

cv : cœmient OfvarWh 
mln mu : rnlnlmum and muimum v r h m  okmid 

Table 4.3b Repeated rneasures analysis of variance for ring width (mm) by initiai spacing and qmcbs. 

GG H-F 

wstm redcah 
(rings 5-27) 



Table 4.4a Mean values and variaôility for ring widai (mm) by taper dass and speck. 

taper- 

western redcedar mean 
(rings 527) cv (%) 

mln mu 

cv : c o e ~ o f v a r i a b i n  
mln ma* : minimum and mulmum v d r m  okmd 

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

western hemlodc 
(rings 4-30) 



Douglas-fir mean 
Wnss 4-33) cvm 

mln m u  

western redœâéu m 
(rings 527) cv (96) 

min mu 

cv : ~ m c i e n i d v ~  
min mrx : mlnlmurn and ~uxlmum vJurr  akrnad 

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

western reckeâa %=W 
(rings 521) enw1 

ring 
sp-ng ' ring 

-2 



Table 4.6a Mean values and vafiability for earlywood width (mm) by taper dam and species. 

suppressed intemiediate dominant 

western hemlock mean 
(rings 4-30) cv f%) 

min mu 

cv : coetkient of vaMicm 
mln max : minimum and inulmum v i l w a  okmad  

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

Douglas-fir w d s f s  
(rings 4-33) enwf 

nn9 
taper cfass ' ring 

enw2 

western redcedar taper- 
(rings 527) mur1 

ring 
taperW'Mig 

enw2 



Table 4.7 Linear regdan equathS d ~orrelaaori d i  for eerlyiiii#rd wiah (mm) 
calculatecl yearly as a fundiorr of ring width (mm) for Douglas-fit. 

ring number n a b 
frorn pith 



ring nurnber n a b 
from pith 



Table 4.9 tinear regression equations and corre(atim COBnicientS for earlyiiiiood nridai (mm) 
catculated yearly as a funcücm of ring width (mm) for western redwdar. 

ring number n a b 
from pith 



Table 4.10a Mean values and variability for (atewmd width (mm) by initia -ng and ?rn#.jeg. 

cv : c œ f ; T i c i e n t d ~  

mln mu : mlniinuni md muhum v i l i n r  -ad 

Table 4.1 Ob Repeated measures anarysis of variance for latewwd mdth (mm) by initiai -ng and 
meS. 

Species source df MSE F P*F adjusted Pf 



TaMe 4.1 l a  Mean values and variability for latewd widai (mm) by taper dass and speues. 

su- intemiediate dominant 

western redcedar m 
(rings 527)  cv (%) 

min m u  

cv : Coe&ient of verietion 
mln mu : mlnlmum and mulmum v a h a  okmad 

Table 4.1 1 b Repeated measures analysis of variance for latewood width (mm) by taper class and 
species, 

Douglas-tir mm 
(rings 4-33) enw1 

ring 
taperclassafing 

enw2 

western redcedar taper- 
(rings 5-27) e m  7 

ring 
@lefdarrs'ring 

e m 2  



Tabte 4.1 2 Linear regrdon equaths and cone(a!ion CdeffiCiecits for latewooâ width (mm) 
cala~lateâ yeady as a fundion of ring vuidai (mm) for ûouglas-fir. 

ring number n a b 
frorn pith 



Table 4.13 Linear regression quatioris and amdaüon cœfkierits for l a t d  width (mm) 
calculateci yeady as a fundiori of ring width (mm) for HIiBsfein hemlodr. 

- - - - - 

ring nurnber n a b 
from pith 

rW 
ns 
tls 
ns 
llS 
tls 
ns 
8 

n 

ns 
ns 
ns 
+ 

n 

++I> 

ns 
ns 
ns 
ns 
ns 
+t 

m 

4a 

4 

+ 

ns 
4 



Table 4.14 Linear regressim equaths and cordation coefficients for lat- vuidth (mm) 
calculateci yearîy as a funcüon of ring vuidai (mm) for W88fm redcedar. 

ring number n a b 
from pith 



Table 4.1 5a Mean values and vaMbiiity for latewiood pccporüan (%) by initiaî ~ p d n g  and spdea  

Doug las-fir mem 
(rings 4-33) cv (96) 

mln mu 

western redcedar meen 
(rings 5-27) f3 (96) 

min m u  

cv : -mient dven'eliorr 
min m u  : mlnlmum and mulmum vdii. l  okmd 

Table 4.1 5b Repeated measures analysis of variance for latewwd proportion (%) by initial spaci'ng 
and species. 

species soum df MSE F PF adjusted P F  



Table 4.16a Mean values and vwability for latewwd proporüon (%) by taper dam and m e s .  

species 

suppressed intemiediate dominant 

Douglas-fir meen 
(rings 4-33) cv (96) 

min mu 

western redcedar mean 
(rings 527) cv (%) 

min mu 
- -- 

cv : coefiient ofvariebon 
min mu : minlmumrnd mulmum v d i w r  -ad 

Table 4.16b Repeated measures analysis of variance for l a t d  pfoportiori (%) by taW dass 
and species. 

Douglas-fir wm 
(rings 4-33) e m  I 

ring 
ta~ercbss'ring 

enw2 

western redcedar taper- 

(dng~ 5-27) - 1  

ring 
tapec dass ring 

-2 



Table 4.17 Linear regressiori equaüuns and corre(ati0ci c d k b n b  for latewod praportioon (96) 
calculated yeerty as a fundon of ring widVi (mm) for Douglas-fir, 

ring number n a b 
from pith 



TaMe 4-18 Linear regression 6qWtkJm arid ~orre(aüori DOBffjcierr& for b W O d  (%) 
calculated yeariy as a fundion of ring width (mm) for weSfm h m W .  

ring number 
from pith 



Table 4.1 9 Linear regtession equaüons and correlaüori coefficients for latewmd proportion (%) 
calculated yeedy as a hrndioil of ring wkîth (mm) for westem redcedar- 

ring number n a b 
from pith 



TaMe 4.2ûa Mean values a d  ~afi#lity for €mlywmd relative density by initiai qmcing and qedes. 

species InitiJ- 

m t e m  redcedar meen 
(rings 5-27) (96) 

mln mu 

Table 4.20b Repeated measures analysis of variance for eariywood relative density by initial spcing 
and species. 

species soum df MSE F Pf adjusted P>F 

wstm tedcedar spacing 
(rings 527) e m ~ 1  

fin9 
sgacin9 ' ring 

enw2 



Table 4.21a Mean values and van'ability for earlyw#id relative density by taper dass and species. 

species taPerdass 

~QQressad intemiediate dominant 

western redcedar mean 
(rings 5-27) cv (%) 

mln mu 

Table 4.21 b Repeateâ measures analysis of variance fw earlyiiuood relative density by taper class 
and species. 

G-G H-F 

western redcedar taper- 
(rings 527)  enw1 

ring 
taper- ring 

enrw2 



Table 4.22 Linear regressicm equations and conelatiori coefficients for edywod relative density 
calculateci yearly as a fundion d ring mdai (mm) for Dougla!Mr. 

ring number n a b 
from pith 

n : n u m i s r d m  
a : inte- estimate 
b : slope estimate 
r : ~ c o a n i c i e r i t  
P : COBtfidd&minatiari 

SE, : standard mur d &im#e 
ns : norksgndicmtrebüonship 

: reiatiorrship significait at P < 0.05 
" : reié&ionship signnicarrt é# P c 0.01 
- : relatiariship significait a P < 0.001 



Table 4.23 Linear régression quations and correlation coefficients for emdymod mktive density 
calculated yearly as a funcZion of ring width (mm) for M e r n  hemlodc 

ring number n a b 
from pith 

n :numberd&sm@ms 
a : intetmptestiniate 
b : siqmestimate 
r 
P :coenicieritd-nation 

SEE : standard error cd 
ns : non-signrficaitreiàiorrsn~ 

: reMmship significant a P < 0.05 
" : reiationship significait at P c 0.01 
" : relatioriship s i g n i f i  at P < 0.001 



Table 4.24 Linear regression eqwüons and cwdaüon cœfficiemts for eartymiod relative 
calculateci yeariy as a fudm of ring widai (mm) for UIiBSfm redcedar. 

ring number n a b 
from pith 



Table 4.2% Mean values and variability for latmmd dative density by initial !pcing arid qmch. 

western redCBdar meen 
(rings 527) cv (96) 

mln mu 

cv : coenicient of variebol, 

min m u  : mlnlmum and mulmum vilrm o b m a d  

Table 4.25b Repeated masures analysis of variance for latewood dative derisity by initial spacing 
and species. 

species source df MSE F P>F adjusCd P F  



Table 4.26a Mean values and vafiabili for latewwd relative density by taper dass and m e s .  

suppmssd intemiediate dominant 

Douglas-fir rneen 
(rings 4-33) 196) 

min mu 

western redcedar m e ~ n  

(rings 5 2 7 )  cv (%) 

mln mu 

Table 4.26b Repeated masures analysis of variance for lateWood relative derrsity by taper dass 
and species. 

GG H-F 

Douglas-fir laper- 

(rings 4-33) enw1 

"in9 
taper dass ' ring 

e m ~ 2  



Table 4.27 Linear regressh equatiorrs and correlatim coefficients for IatBWOOd W v e  density 
calculated yearty as a hindion of ring wida, (mm) for Douglas-tir. 

ring number n a b 
from pith 



Table 4.28 Linear regmm equaüons and correlation coefficierits for lateWood relative demity 
calculateci yearîy as a fundicm of ring widai (mm) for WBStern hemlodt. 

ring number n a b 
from pith 



Table 4.29 Linear regressim eqwtions and amMion CmffiaBnfS for lahmod m v e  
calculated yearly as a fundian of ring niidth (mm) for HIiBsfem redoedar. 

ring number n a b 
from pith 



Table 4.30a Mean values and variability for whde-cing relative density by initial mng and sgecies. 

western red~edar mean 
(rings 527)  (%) 

min mu 

cv : cœf i i in t  oiverieliin 
min max : mlnlmum and mulmum v a h m  o k m o d  

Table 4.30b Repeated measures analysis of variance for whoîering relative density by initial spacing 
and spdes. 

Douglas-fir S m n 9  
(rings 433) enor1 

spacing ring 
-2 



Table 4.31 a Mean vatues and vafiability for whokfing relative density by taper dass and speaes. 

species t a p e r a  

cv ; coefiientdvarie(ion 

min max : minimum md mulmum v r k m  o b m o d  

Table 4.31 b Repeated masures anaiysis of variance for HAide-ring rdative density by taper dass 
and çpecies. 

GG H-F 



Table 4.32 Linear regression equaüons and cmelaticm coefficients for whde-nng relative density 
calculated yearly as a fundion of ring wKIVi (mm) for DougfaS-fir. 

ring number n a b 
from pith 

-0.0145 
-0.0160 
-0.0121 
-0.0044 
-0.0018 
-0.0092 
-0.01 19 
-o. oon 
-0.0097 
-0.0083 
4.0133 
4.01 15 
6.0125 
4.0143 
-0.01 19 
-0.01 10 
-0.0121 
-0.0073 
-0.0085 
-0.01 53 
-0.0173 
-0.01 51 
-0.01 56 
-0.0216 
-0.0188 
-0.01 51 
-0.0043 
-0.0056 
-0.0060 
4.0144 
4.0142 



Table 4.33 Linear regression eqiat i~n~ and correlation eoeffkbflki for whobdng dative 
calculated yeady as a function of ring Hiidai (mm) for WBStem hemlodr. 

ring number n a b 
from pith 



Table 4.34 Linear regression quanidc~s and cweîation -dents for M M n g  relative 
calculated yearly as a hindion of ring widür (mm) for wstern redador. 

n :  
a :  
b :  
r :  
r ' :  

SEE : 
f i s :  
t .  

C I .  

m .  



TaMe 4.35 Mean eartywood and lateumd tracheid lerigth (mm) and standard deviaüm values 
obtained for huglas-fir at keast heigM, by initial spacing, and on wery third granRh 
incremetit from the Qiai, via image anaîysis. 

spacing tracheid ring nurn ber from pith 

- - - - - 

earlywood mean 
S m  

latewood mean 
S m  

% 
n 

earlywood mean 
std 

latewood mean 
Sm 

latewood mean 
SM 

SM : 
n :  
% :  
ns: 

. 
i n .  

.a* . 





spacing tracheid ring nurnber from pith 

latewood mean 
SM 

3.66 m earlywood mean 
std 

latewood mean 
SM 

% 
n 

4.57 m earlywood mean 
ski 

latewood mean 
std 

% 
n 



- 

spacing tractieid ring nurnber from pith 

Iatewood mean 
SM 

3.66 m earlywood mean 
std 

latewood mean 
sid 

4.57 m earlywood mean 
std 

latewood mean 
SM 



spacing tracheid ring n u m h  from piai 

0.91 m eartywood mean 
SM 

latewood mean 
std 

latewood rnean 
SM 

latewood mean 
std 



Table 4.40 Mean earlyiirirood and IatBWOOd traûmiâ lengai (mm) and standard deviadion values 
obtained for wdem mdcedar at keest height, by initiai spadng, and on every aiitd grauiiüi 
incremetit from the pith, via the Kajaarii FS-200 Opticai Fike Analyser. 

spacing tracheid ring num ber from piM 

latewood mean 
ski 

3.66 m earlywood mean 
std 

latwood mean 
std 

4.57 rn eariywood mean 
std 

latewood mean 
std 



TaMe 4.41a Mean values and variability for whle-dng tracheid length (mm) by initial mng and 
-es (image aridysis). 

Daigbs-fir rnem 3.24 
(rings 3-33) cv (%) 20.0 

min mu 9.73 424 

western redcedar meac~ 

(rings 3-33) m l  
min mu 

cv : ~ ~ ~ n i c i e n t o ( v ~  
mln m u  : mlnlmum and mulmum v 8 W s  oba8ru.d 

Table 4.41 b Repeated measures analysis of variance for Wde-ring tracMd lerigth (mm) by initial 
spacing and m i e s  (image analysis). 

Doug las-fir sWTI 
(rings $33) errua 

An9 
spaung ' ring 

emxb 



Tabîe 4.42 Linear regrtrssion equations and amelation coefficients for wbk-ring badieid length 
(mm. image anaîysis) cdculated on evcy Mid gmuiith ring lrom Iho pith as a hwidion 
of ring width (mm) for Dougladir, niie91ern hemlock and western mdœdar. 

W e m  3 
hemlock 6 

9 
12 
15 
18 
2 1 
24 
27 
30 
33 

western 3 
redcedar 6 

9 
12 
15 
98 
21 
24 
27 
30 
33 



Table 4.43 Mean eadyvmâ rnicrofibril angle and standard deviation vdues observeci by spedes and 
initiai at keest heigM, and on every third gronRh increment from the piai. 

- - - -  - 

spacing ring number from pith 

3.6ô rn mean 38.0 38.6 36.6 36.2 35.3 34.6 32.4 34.7 33.4 31.0 34.4 
std 5 9  4.7 56 6 2  5 0  7.2 7.1 7.5 7.9 6 4  7.0 

std : standard deviatiûsi 



TaMe 4.441 Mean values and variability for mMbril mgle by initiai spacing and species. 

Douglas-fir mean 18.7 
(nW 3-33) cv f%) 20.3 

min mu 123 29.8 

western redcedaf mean 
(rings 3-33) Cv (96) 

min mu 

cv : caefi5cientofvenieiiw, 

min m u  : minimum and muimum v d w a  obewad 

Table 4.44b Repeated masures analysis of variance for microfibril angle by initial s~acing and -8s. 

western hemlock 
(rings 3-33) 



TaMe 4.45 Linear regression equatiorw and canelatiori cœff~Éients for rnkdibfil angle cdculated 
on every third growth ring from the pith as a funchiori of ring widai (mm) for Douglas-fir, 
western hemlock and WBStem fdcdat. 

species ringnumber n a b 
from pith 

western 3 
hemlock 6 

9 
12 
15 
18 
21 
24 

western 3 
redcedar 6 

9 
12 
15 
18 
21 
24 
27 
30 
33 

tls 
ns 
a 

a 

m 

++ 

ns 
ns 
ns 
ns 

ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 

ns 

a 

ns 
ns 
aa 

ns 
aa 

ns 
Ils 
IIS 



APPENDDC II 

SUPPLEMENTARY RESULTS FOR CHAPTER 5. 



Table 5.1 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for Douglas-fir 
(0.91 m spacing). Cornparison of segmented quadratic, segrnented linear and simple linear models. 

mode! 1 - segmented quadratic mudei 2 - segmented linear madel 3 - linear F-value 

tree heightfrom tata1 core df Iranstîion d~stance MSE-1 SEE C. 1. df transition SEE C 1. df MSE-3 MSES / 
grwnd grwth lengîh ring from pdh xlOJ bWef U P P  ring x l  û" MSE-1 IM upper 

d l :  
MSE : 
SEf : 
C.I. : 
Note : 

. 



Table 5 . i  Juvenilemature wood transition zone expressed as number of growth rings and distance from pith (cm) for Douglas-fit 
(0.91 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models (continued). 

modei 1 - segmented quadratic mode1 2 - segmenteci linear mode1 3 - linear F-value 

tree heightfrom total cor0 ûf lransition distance MSE-1 SEE C. 1. df transition SEE C 1. df MSE-3 MSE-3 I 
ground g r d h  length ring from pith xlOJ i o w  upper ring I w r  upper KI O' MSE-1 
(ml rings (cm) (cm) 

d t :  
MSE : 

SEE : 
C.1 : 
Nde : 

* .  



Table 5.1 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for Douglasfir 
(0.91 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models (continued). 

tree tteightfrom rotai c m  df transition distance MSE-1 SEE C. 1. df transiüori SEE C. 1. df MSE-3 MSE-3 1 
ground growth length ring frompith x1o4 1- W P  m h m  UpQer x l  OJ ME-1 

d f ;  
MSE : 
SEE : 
C.I. : 
Nate: 

a .  



Table 5.2 Juvenile-mature w a a i  transition zone expressed as nurnber of growth rings and distance from pith (cm) for Douglas-fir 
(3.66 m spacing). Comparison of segmented quadratic, segment4 linear and simple linear models. 

model1 - segmenteci quadralic modei 2 - segrneriteci linear -3 - linear F-value 

tree hdgM from total core df transition distance MSE-1 SEE C. I. df transition SEE C. I. df MSE-3 MSE-3 I 
grwnd growth iength ring fram pith ni03 lm upper ml larifer UpPer x1 W ME-1 

d l :  
MSE : 
SEE : 
C.I. : 
Nale: 

i 



Table 5.2 Juvenile-mature wood transition zone expresseci as number of growth rings and distance from pith (cm) for Douglasfir 
(3.66 rn spacing). Cornparison of segmented quadratic, segmented linear and simple linear rnodels (continued). 

modei 1 - segmented quadralic model2 - segmeiited linear model3 - lima F-value 



Table 5.2 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for Douglasfir 
(3.66 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models (continued). 

model1 - segrneritecl quadraîic model3 - linear F-value 

d l :  
MSE : 
SEE : 
G.I. ; 

Nae: 
. 



Table 5.3 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for Douglas-fir 
(4.57 rn spacing). Cornparison of segmented quadratic, segmented linear and simple linear models. 

mûdel 1 - segmentai quadratic model2 - segmented linear mahi 3 - linear F-vdue 

tree haght frm told cor0 df transit'ion distance ME-1 SEE C. 1. df transition  SE^ C. i. df MSE-3 MSE -3 / 
ground growth length ring fran pith x 1 p  Irniuer upper ring 1- W xi@ MSE-1 
(ml nnss (cm) (cm) 

d :  
MSE : 
SEE : 
C.I. : 
Nds: 

. 





Table 5.3 Juvenile-mature Hilood transition zone expressed as nurnber of growth rings and distance from pith (cm) for Dougtasfir 
(4.57 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models (continued). 



Table 5.4 Juvenile-mature Iisiood transition zone expressed as number of growth rings and distance from pith (cm) for western hernlock 
(0.91 rn spacing). Cornparison of segment4 quadratic, segmented linear and simple linear models. 

model1 - segmenteci quadratic model2 - qmented lim W 3  - linear F-value 

tree height frorn totai core di transitiori distance MSE-1 SEE C. 1. df transition SEE C. 1. df MSES M E 9  I 
g r ~ n d  graivth length ring fran piîh ~ 1 0 3  I ~ a f  upper flW 1- upper K1OJ MSE-1 



Table 5.4 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for western hemlock 
(0.91 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear rnodels (continued). 

model1 - segrnented quadratic model2 - segmerrted lin- model3 - lin- F-value 

d f :  
MSE : 
SEE : 
C.I. : 
Nae: 

. 



Table 5.5 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for western hemlock 
(2.74 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models. 

trw height from ldal çore df hnsitiori distance ME-1  SEE C. 1. df transition SEE C. 1. df MSE-3 MSE-3 I 
grwnd grawth Length ring frampith x903 lai~er upger ml U F W  x i  oJ ME-1 



Table 5.5 Juvenilemature wood transition zone expresseâ as number of growth rings and distance from pith (cm) for western hemlock 
(2.74 m spacing). Cornpanson of segmented quadratic, segmented linear and simple linear models (continued). 

model 1 - segmented quadratic madei2 - segmented linear mode) 3-  l i w  F-value 

tree Wghtfrom tatai c m  df transition distance MSE-1 SEE C. 1. df transition SEE C. 1. df MSE-3 MSE-3 1 
ground growth length franpith xlOJ lawer upper ml I w  upper xlOJ MSE-1 



Table 5.6 Juvenile-mature wmd transition zone expressed as number of growth rings and distance from pith (cm) for western hemlock 
(3.66 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models. 

model1- segmentefi quadratic m a M  2 - segmentecl linear maki3 - linear F-due 

tree height from totai c m  di transition distance MSE-1 SEE C. 1. df transith SEE C. 1. dl MSE-3 MSE-3 I 
grwnd graNth length ring frun pith xlO'J uppet nn9 lm upper x l O j  MSE-1 

di : 
MSE : 
SEE : 
C.I. : 
M e  : 

9 



Table 5.6 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for western hemlock 
(3.66 m spacing). Cornparison of segmented quadratic, segmented linear and simple linear models (continued). 

model1 - segmental quadratic modei 2 - segmented linear rnodei 3 - linear F-due 

tree heighl trun totai core d transition distance M E - 1  SEE C. 1. df transith SEE C. I .  U MSE-3 MSE-3 / 
grwnd growth lengVi ring tram pith xlOJ W u P P e r  riW 1- Upper xlQJ #SE-1 



Table 5.7 Juvenile-mature wood transition zone expressed as number of growth rings and distance from pith (cm) for western redcedar 
(2.74 m spadng). Cornparison of segmented quadratic, segmented linear and simple linear models. 

tree haight frun tdal core df transiticm distance ME-1  SEE C. 1. df transitlori SEE C. 1. df MSE-3 MSE-3 1 
grounâ grawîh îength ring from pith ~ 1 0 3  l m  upper ring W u p Q e r  nl Ol' MSE-1 



Table 5.7 Juvenile-mature wood transition zone expresçed as nurnber of growth rings and distance from pith (cm) for western redceâar 
(2.74 m spacing). Cornparison of segrnented quadratic, segmented linear and simple linear models (continued). 

modell- segmentai quaciratic mode4 2 - segmented lima model3-l im F-value 

tree helght from tatal core ôf transition distance MSE-1 SEE C. I. df transitlm SEE C. 1. dl M E - 3  MSE-3 / 
grand granRh length ring frompith xi.lV lmer upper ri w b E u  UpPer x i  O“ MSE-1 





Table 5.8 Juvenile-mature wood transition zone expresseci as nurnber of growth rings and distance from pith (cm) for \irestem redcedar 
(3.66 m spacing). Cornparison of segmented quaâratic, segmented linear and simple linear models (continued). 

maid 1 - segrnented quadradic model2 - ~~ linear model3-linear F-value 

tm heightfrm tatal core âi  transition distance MSE-1 SEE C. 1. df transition SEE C. 1. df MSE-3 MSE-3 / 
grand grwîh )engVi ring franptîh xlw l m  upper ring U P P  xt oJ MSE-1 

d :  
MSE : 
SEc : 
C.I. : 
me: 

< 



a . . .  

a . . .  



Table 5.9 Juvenile-mature woad transition zone expressed as number of growth rings and distance from pith (cm) for western redcedar 
(4.57 m spacing). Comparison of segment4 quadratic, segmented linear and simple linear models (continued). 

model 1 - segmentai quadralic model2 - segrnented linear model3-linear F-value 

tree helght frm tatal core df transition ditance MSE-1 SEE C. 1. df transition SEE C. 1. df MSE-3 MSE-3 I 
grand grWh length ring from pith x l w  lww uppa ml U P W  x l  OJ MSE-1 



western hemlock 



Table 5.1 1 a Partial regression coefficients and coefficients of determination (R2) for diameter inside 
bark taper equatim. 

Douglas-fir westefn hemW westm redcedar 

parameter estirnate SEE estimate SEE estimate s k  

SEE : standard error of estimate 
n . number of observations 
Rz : coefficient of detemination, vaiues are in terms of in(dib,) 

Table 5.1 1 b Biases and standard errors of estimate (SEE), by height interval sampled, for diameter 
inside bark taper equation. 

height from ground Doug las-fi r western hemlodr western redcedar 

n bias S& n bias SEE n bias SEE 
(ml (cm) (cm) (cm) (cm) (cm) 

Total ' 

n ; nurnber of obsemtions 
SE, : standard error of estirnate 

: includes samples obtained at, or near. the base of the live mown 



Douglas-fir western hemlock western redcedar 

parameter estimate s k  estimate s k  edtimate SEE 

SEE : standard error of estimate 
n : num ber of observations 
R2 : coefficient of determination, values are in ternis of I n w )  

Table 5.1 2b Biases and standard enors of esürnate (SEE), by heigM interval sampled, for juveriile 
wood taper equation. 

height from ground Douglas-fir westm hemlock western redcedar 

n bias SE€ n bias SE€ n bias SEE 
(ml (cm) (cm) (cm) (cm) (cm (cm) 

0.3 
1.3 
2.0 
4.0 
6.0 
8.0 
10.0 
12.0 
14.0 
16.0 
18.0 

Total ' 

n : n u m h  of observations 
SEE : standard enor of estimate 

: includes samples obtained at. or near. the base of the live ffown 



Table 5.13 Mean juvenile wood. mature woad and pith to bmk dative demity observed by initiai 
spacing and M g M  for ûoqlazkfir. 

~~~~~ 

spacing height from ground juvenile Wood mature wood piîh-tebark 

(m) n rd cv n rd CU n rd cv 

n : number of observations 
rd : relative density 
cv : coefficient of variation 



Table 5.14 Mean juvenile Hlwd, mature wwd and pith to barlt dative density observeci by initial 
spacing and height for nrestem hemlodr. 

spacing height from ground juvenile wood mature wood pith-to-bark 

(m) n rd cv n rd cv n rd cv 

n : nurnber of observations 
rd : relative density 

C.V. : coefficient of variation 



Table 5.15 Mean juvenile wood, mature wood and pth to baik dative dm&y obs8rved by initial 
spacing and hdgM for wmtm mdcdaf. 

- -- - 

spacing height from ground juverrib wood mature wood pith-to-bark 

(m) n rd cv n rd cv n rd cv 

n : num ber of observations 
rd : relative density 

C.V. : coefficient of variation 




