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CHAPTER 1.0 - LITERATURE REVIEW

1.1 Overview of critical period of weed competition and vegetation control

Vegetation management is the manipulation of pdaesence and abundance
to meet specific management goals, and includeprdmice of weed control or
suppression of non-crop plants, for enhancing tbdyxtion of crop plants (Walstad
and Kuch 1987; Radosevich et al. 1997). Weeds haga categorized as plants
growing in a place where they are unwanted or wtterg interfere with the growth of
a crop plant or tree (Harper 1960; Salisbury 196a4g 1966). The objectives and
perspectives of the person managing the land daterptants that are considered
weeds (King 1966; Walstad and Kuch 1987). The cohtteat certain plants are
undesirable is even mentioned in the Bible in Gsn&48 when God says “...thorns
and thistles it shall bring forth to you.” The gigle between humans and weeds dates
back to the earliest farmers, (Smith and Secoy 1Dégpsch 1998) even though
earliest experimentation on the detrimental eftédateeds on crop plant yields was
not documented until the work of Jethro Tull in #ely 18 century (Smith and
Secoy 1976). Weed interference with the produadiocrop plants has been well
documented, and much research is devoted to teaation between weeds and crop
plants, as well as mitigation of this effect.

The concept that there is a period of time duritgchv weeds should be
controlled in order to prevent significant lossesittop yield is known as “the critical

period concept.” Zimdahl (1988) considered th&aai period to be the time period



during crop development when interspecific compeatibetween weed and crop
plants is particularly acute. This concept wad filesveloped for agricultural
application in the late 1950s to early 1960s (Nedtal. 1968). Nieto et al. (1968)
studied corn under differing levels of weed inféstain Mexico, suggesting that
weeds should be controlled during the first 35 d&fyer planting to achieve maximum
corn yields. This time period was termed as thé#ital period for competition,” and
from this, it was realized that development of¢h&cal period concept could aid
managers in applying herbicides according to sfpecibp needs, to ensure that weeds
were controlled purposefully and economically (Miet al. 1968). Weaver and Tan
(21983) further developed the critical period corideptomato crops when they
identified two components of the critical periokde length of time weed control
should be maintained in order to reduce loss ip greld and the length of time weeds
can be present before causing unacceptable redsdticrop yield.

The critical period concept first appeared in femeBterature in the late
nineties when Robert Wagner tested the concepbamncbnifer species in northern
Ontario, Canada (Wagner et al. 1996). An objeativd/agner’s (2006) study was to
determine the time of equal interference, i.e.pbiat of intersection between the
weed-infested and weed-free curve when crop yadd from interspecific
competition is the same on both curves (WagnemRotinson 2006). The results of
Wagner and Robinson (2006) for several species siaméar to those found by the

Vegetation Management Research Cooperative (2008)vd conifer species in
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Western Oregon, where the number of years of weetta rather than the timing of
application (immediate vs. delayed) had a strongrence on volume growth.
Essential to identifying the critical period is ebgation of the growth response of
seedlings to weed-free and weed-infested envirotsrmrer a several year period
(Rosner and Rose 2006, Wagner et al. 1996).

Earlier studies on height, diameter, and stem velumrement in the initial
years of stand development (Cole and Newton 198&: €t al. 1989; Creighton et al.
1987; Newton and Preest 1988; Walstad and Kuch)18@lped to focus research on
optimizing seedling growth response during thel@stiament period and explored the
use of herbicides for releasing seedlings from catitipn. Studies were conducted on
a variety of facets including area of weed cont@dle and Newton 1989; Oester et al.
1995; Rose and Rosner 2005), fertilizer-vegetatmmtrol interactions (Rose and
Ketchum 2002), vegetation management regime cosgasi(Balandier et al. 2006;
Dinger 2006; Lauer et al. 1993; Richardson 19939, iateraction between vegetation
control and seedling size (Long and Carrier 19985éRand Ketchum 2003; Rosner
and Rose 2006). These studies were designed tofyditre elements essential to
achieving forest regeneration goals. Common tthae studies was the conclusion
that herbicides effectively reduced weed covernve the desired crop trees a
temporary competitive advantage during the crifpeiod of establishment in the

presence of interspecific competition (Dinger 2006)



1.2 Wood production

The concept of secondary growth was formed in #@0% and further
confirmed in the 1850’s by Thomas Hartig (Fraser1862). Priestley (1935) and
Avery et al. (1937) expanded on this concept furtbexplain that wood production
begins in the spring at the apex of the stem addéstly related to the swelling of
newly formed buds. Within these newly forming bads growth hormones, or
auxins, which trigger cambial growth from the topthe bottom of the stem (Snow
1935; Bailey 1952). It is known that high auximdés produced in the terminal shoot
and active buds are associated with large diantbiener-walled cells (Larson 1962;
Larson 1969; Koch 1972; Megraw 1986; Zobel andBaijtenen 1989). These cells,
also known as tracheids, are developed early igtbeing season and are thus part
of the earlywood zone of cell formation. As thasan progresses and environmental
conditions vary, auxin levels decrease and moidawels decrease, reducing cambial
division and causing smaller-diameter, thicker-egltells to be produced in conifers
(Koch 1972; Jozsa and Middleton 1994). This zdneet formation is known as
latewood because it occurs in the later part ofjtiesving season. Production of
latewood cells begins at the base of the stenhdattfrom the source of auxins, and
progresses up the stem toward the apex as mogtess increases and movement of
auxins down the stem decreases (Koch 1972; ClatiSancier 1989). Larson (1969)
describes earlywood formation as the period whdraraxpansion is favored over
secondary wall thickening and latewood formatiomhasperiod when secondary wall

thickening is favored over radial expansion.



The mechanism that triggers latewood formatioriilsdebated in the
literature. Some studies have looked into thertgraf crown and leader growth
cessation in relation to transition to latewoodvation (Larson 1969; Jayawickrama
et al. 1997; Jozsa and Middleton 1994; Larson.e2@01; Renninger et al. 2006).
Renninger et al. (2006) measured height and tiandib latewood of 14 Douglas-fir
(Pseudostuga menziesii (Mirb.) Franco) trees after they reached age fileey found
there to be no correlation between timing of leagtexwth cessation and initiation of
latewood formation. Their results suggest thattitineng of transition is not
dependent on the development of the leader, biuérain foliar development in
general. They also recognize that temperature gpleoibd, and precipitation also
influence both leader growth cessation and trasiid latewood. According to
Larson (1969), the most important thing to undergtabout earlywood and latewood
development is the crown-stem relationship andeliants occurring in the crown,
regardless of the cause, determine the patterroofiiormation on the stem.

Wood closest to the active crown and pith has loefamred to as juvenile
wood, pith wood, the juvenile core (Burdon et &02), or as Trendelenburg termed it
in 1935, crown-formed wood (Paul 1957). Juvenitod/is generally characterized
by shorter fibers, larger micro-fibril angle, lowezllulose content, and lower density,
depending on species. Gradually increasing trehdsod density from pith to bark
have been reported most often in southern pinealbatfor Douglas-fir (McKimmy

1959). Several reports of an initial decreasingdrigom the pith for several years,
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followed by a gradual increase have been repogembmmon for species such as fir,
hemlock, spruce, cedars, and ponderosa pine (Aologelan Buijtenen 1989; Koch
and Fins 2000). This trend has been reported doglas-fir as well, (Megraw 1986;
Jozsa et al. 1989; Abdel-Gadir et al. 1991) empinagithe fact that no rule is
steadfast and exceptions do exist. The charadtsrist juvenile wood are generally
unfavorable because they result in wood with lawrgjth and high longitudinal
shrinkage (Megraw 1986; Jozsa and Middleton 1984)enile wood has generally
been assigned to the first 10-15 rings of growthathata pineRinus radiata) (Cown
et al. 1991) and the first 15 to 30 rings in Dosgfia (Jozsa and Middleton 1994). The
actual number of rings from the pith where the ¢rigon from juvenile wood to
mature wood occurs varies widely by species, gemesikeup, and environmental
conditions (Zobel and van Buijtenen 1989; JozsaMiudlleton 1994); thus the
transition from the juvenile phase to the maturageghis said to be a function of
distance from the active live-crown and/or age fitbm pith (Zobel 1959; Larson
1969).

In young trees with live branches growing alongstesn all the way to the
ground, radial growth is allocated along a graddeypending on longitudinal distance
from the active crown and the time period in whitclvas formed (Jozsa and
Middleton 1994), also defined by radial distanaarfrthe pith. As the lower branches
die off or become less vigorous, the active crovaves up the stem and a greater

proportion of wood having more mature charactessthigher specific gravity, longer
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tracheids, decreased fibril angle, and increasédramty) is produced in the lower
part of the stem. Zobel and van Buijtenen (1989leasized that lower density
juvenile wood is produced near the pith regarditésbe growth rate in order to clear
up the misconception that all fast grown wood lbas dlensity. Because of the concern
over quality and extent of juvenile wood proportiafluencing production of end-use
products, Abdel-Gadir et al. (1993) developed aho@iof analysis of radial patterns
in wood properties for the purpose of estimatirgydlge of transition from juvenile to
mature wood in Douglas-fir using piece-wise regmssX-ray densitometry was used
to obtain density-profile data from increment casideen at breast-height from 360
Douglas-fir trees (ages 38-50) in western Oregtwe rEsults of the piece-wise
regression analysis of ring density showed thetasfsmature characteristics ranging
from 15 to 38 rings from the pith. This range wasrfd to fluctuate when the same
model was applied to other tree ring componenth sgdatewood proportion,
earlywood density, or ring width, but the usefukmesthe model in recognizing the
transition from juvenile to mature wood is stilli@ent.

A reduced proportion of wood with juvenile charaistiécs is desirable for
certain end use products because of the large intimadype of wood can have on the
mechanical properties of solid wood (Koch 1972;égarand McDonald 1997), thus it
is important to understand the characteristicsie¢nile wood and their effect on
different end use products (Zobel and Jett 19®8cause it is assumed that juvenile

wood does not have the desired characteristiceglZotd Sprague (1998) and Jozsa et
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al. (1989) suggest the obvious way to achieve aaed proportion of juvenile wood
core is by extending the age of harvest. Bendts8rn8) emphasized the importance
of tree improvement research, improved screenistesys for identification of trees

with desirable mechanical properties, and changimyuse processing requirements.

1.3 Definition and importance of wood quality

According to the literature, wood quality is defihiey the context of its end
use (Briggs and Smith 1986; Jozsa and Middleto1Bi@ygreen and Bowyer 1996).
Wood quality is the term used to describe the coedbattributes for a particular
wood product. The attribute referred to as woausdg, also known as relative
density or specific gravity, is of similar importnfor all contexts of wood use
because of its direct relationship to strengtlffr&ss, hardness, thermal conductivity,
shrinkage, machinability, pulp yield, and paper mglquality (Larson 1969; Koch
1972; Jozsa and Brix 1989; Vargas-Hernandez andn8d#®91; Jozsa and Middleton
1994; Zobel and Sprague 1998). Specific gravigetermined by the combination of
percent latewood, cells per unit area, cell diameted cell wall thickness, as well as
the amounts of various extractives (Zobel and vait@en 1989). Other attributes
often reported in combination with specific grawte tracheid length, micro-fibril
angle, and juvenile/mature wood distribution. Altigh studies have looked into
using other measures, such as modulus of elastMiBE) rather than specific gravity
for the prediction of wood quality (Green and Mc@&@h1997), the literature

overwhelmingly indicates that specific gravity e tprimary attribute by which wood
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guality is determined (Koch 1972; Cown 1976; Zadnadl van Buijtenen 1989; Zobel
and Sprague 1998; Jozsa et al. 1989). It hastbeeght that the utility of specific
gravity as a principle wood quality attribute is ihoderate to high heritability ranging
from 0.5 to 0.9 (Zobel 1961), and thus its potdritiainclusion in breeding programs
which are focused on meeting end-use requiremgotse{ and van Buijtenen 1989).

Relationships between factors influencing radialgh patterns and wood
guality of Douglas-fir such as climatic and geodpiapnfluences have been studied
(Kennedy 1961; Lassen and Okkonen 1969; Robertsaln £389; Zhang and Hebda
2004). Lassen and Okkonen (1969) investigatedffeetef elevation and summer
precipitation on specific gravity of ~50 year-oldastal Douglas-fir in Washington
and Oregon. Eight-mm increment cores were sampted five trees at each of the 45
sampling locations. They found that specific gnawas highest at sites with low
summer precipitation and low elevation; converssigs with high summer
precipitation and high elevation had the lowestgmegravity. When describing the
variation among and within trees, it is importamtécognize the geographic and
climatic factors that also have a strong influeaodhe variability. Other studies call
for recognition of the within-tree and within-rignetic variation that influences
wood quality attributes (Resch and Arganbright 19@ovic and Rozenberg 2004).

Study of the causes of within-ring variation is ongant because within-ring
uniformity is an important factor for meeting woptbduct processing requirements

(Larson 1969; Zobel and van Buijtenen 1989). SwmbieDeBell et al. (2004) and
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Zhang (1998) discovered that ring width in westeemlock {[Tsuga heterophylla
(Raf.) Sarg.) and black sprudei¢ea mariana) was negatively correlated with ring
density at younger ages (less than 21 years falewebemlock and less than 7 years
for black spruce), but was less negatively coreglatith density at older ages. This
result indicates that rapid growth may only hawtgaificant effect on wood density
up to a certain age, after which, increases in troate have a less profound effect on

wood density.

1.4 Silviculture and wood quality

Sivicultural practices such as initial spacing, gi@improvement, thinning,
and fertilization can have a strong influence oryedevelopment of wood
characteristics and the volume and quality of wolbichately produced in a stand
(Megraw 1986; Jozsa and Brix 1989; Hermann and haee1999; Watson et al.
2003; Lundgren 2004). Only one study could be fotlnad investigated the effect of
weed control on wood quality. A 2 x 2 factorialamandomized block design tested
the effects of 10 years of sustained weed contrdharious applications of fertilizer
on the productivity of 18-year old loblolly pinPifustaeda L.) (Martin and Jokela
2004). Specific gravity was calculated indire@hd resulted in average increases by
ring associated with weed control. Typically, stockdensity influences the
proportion and vigor of the live crown, in turnedting the juvenile and mature wood
distribution at a given age. Trees with a larget arore vigorous crown tend to grow

faster and have a greater proportion of juveniledvimr any given diameter than trees
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that have already experienced crown recessiondJuas Middleton 1994). Because
of the influence of the crown size and vigor on @alstribution along the stem, open
grown trees have a more conical shaped stem aadydow percentage of mature
wood, whereas densely stocked trees have a monglieghl shaped stem and a higher
percentage of mature wood (Paul 1957; Zahner 183%&a and Middleton 1994).

Numerous successful studies have been conducteddstigate the influence
of spacing and thinning on wood density and qualaystudy by Watson et al.
(2003), designed to investigate the effect of stderkity on 38-year old western
hemlock in the context of effect on pulp fibre pedies, showed that extremely wide
spacing (4.6 m) had a negative effect on wood tuas far as increasing the juvenile
wood proportion, but mature wood density was nfgciéd by spacing (0.9 m, 1.8 m,
2.7 m, and 3.7 m). This result may be attributableelatively low survival on the site,
lack of adequate replication, or to insensitivitymmod density in this instance to a
decrease in tree-to-tree competition for reasolase@ to genetics or environmental
conditions. A study conducted by DeBell et al. (@06omparing a wide range of
stand density conditions for western hemlock fotred ring components of
earlywood and latewood density to become less taifidny increased growth rate as
age increased beyond 21 years. Percent latewoweivieo, continued to decrease
significantly with increasing growth rate after dars of age. Climatic factors such as
an increase in early summer rainfall may have sofigence on not only the

increased growth rate, but also the reduced prigpoof latewood associated with it
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(Chalk 1953). It is observed that increases iemaiod proportion are often associated
with spring moisture stress as well as with higrels of late summer rainfall (Paul
and Smith 1950; Zahner 1963). In Douglas-fir, fthvener serves to expedite the
transition to latewood, therefore reducing the prtipn of earlywood, and the latter
serves to extend the period of latewood format@nalk 1951; Kennedy 1961). A
statistical comparison of three thinning intensitflow, 40 ni/ha; normal, 27fiha;
and high, 24 riha) in mature Norway sprucPBitea abies (L.) Karst.) resulted in a
significant increase in basal area increment (exireg ring width by 41%) with
greater intensity, but no significant differencennood density among treatments
(Jaakkola et al. 2005). Common to these studigsigffect of spacing among trees
on the radial growth and its relationship to rirenslity, with the result that radial
growth is affected by silvicultural treatments lbten rings of the same age are
compared, specific gravity or density is relativehychanged (Jozsa et al. 1989;
Megraw 1986).

Studies have found that there is no relationshipvéen ring width and relative
density (specific gravity) when rings of the samaenbial age are evaluated for
Douglas-fir, southern pines, western hemlock, andi\dy spruce (Megraw 1986;
Jozsa et al. 1989; Watson et al. 2003; DeBell.€2G04; Jaakola et al. 2005). Despite
these findings, studies on the influence of agevantical or radial position on wood
quality and density have shown that increased droate will greatly affect the

proportion of juvenile wood depending on the agbarfest, which does have a
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significant effect on wood quality regardless of g#ffect on density at a particular age
(Bendtsen 1978; Megraw 1986). Jozsa et al. (198@)Larson (1962) in a review of
auxin gradient regulation on cell size reported &werage wood properties are
affected by tree age and height position in themstgher than growth rate. He also
stated that low density and wide rings near the aie the inherent physiological
result of the crown’s influence on wood formatidReason for this is associated with
the distribution of auxin taking place in the buenetheless, it is emphasized that
plantation growers in general must understandrtipact of fast-grown wood on end-
use quality and how to select trees and managestranegies that will optimize the
quality of wood produced in shorter rotations tcetrtbe demand of an ever-growing

resource need (Bendtsen 1978).

1.5 Genetics and wood quality

In addition to manipulating the growing environmémtaichieve desirable stem
form, branch size and growth rates, tree improveémpesgrams can be a useful tool
for silviculturists to select individual trees hagithe desired heritable characteristics
that will produce quality end products (Vargas-Herez and Adams 1991; Jozsa and
Middleton 1994). Specific gravity has been repttebe a moderately to highly
heritable trait in conifers (Zobel 1961; King et #088). Some reported heritabilities
for specific gravity are 0.59 in Douglas-fir (Vasgelernandez and Adams 1991), 0.5-
0.7 in radiata pine, (Dadswell et al. 1961) an®>0.Douglas-fir (King et al. 1988).

Many studies have focused on the genetic variaifomg specific gravity and its
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appropriateness for inclusion in a tree breedirmg@m for various species. Cown
(1976) studied variation in radial patterns of E&yold Douglas-fir growth ring
components using gravimetric and densitometricrtegles from different seed
sources by sampling increment cores from ten firees five seed sources at five sites
in Oregon and British Columbia. Cown reported thabd quality attributes were
highly variable among and within individual sterhaf reported non-significant
differences in specific gravity among seed sourdesmilar result was found for
specific gravity and tracheid length from incremeottes sampled from 27-year old
Tawain incense cedaC#élocedrus formosana) (Yang and Chiu 2006). From these
results, it would seem that solid evidence of tngpesed great potential for genetic
improvement of wood quality has yet to be establish

Other studies have focused on the genetic reltiprbetween wood quality
traits and growth patterns and characteristicomfers. Jayawickrama et al. (1997)
evaluated the genetic relationships between heaigthtdiameter growth cessation and
percent latewood, transition to latewood date, spetific gravity of five and six year-
old loblolly pine among and within provenances.rffigant differences for specific
gravity were observed only within provenances \sjplcific gravity values ranging
from ~0.42-0.50. They also found that trees withiovenances having faster height
and diameter growth tended to have lower specragity. They suggest that selecting
provenances having suitable growth rate and adiiptailmmbined with selecting

trees within provenances for high specific gratig potential to be a useful
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improvement strategy for loblolly pine, but do dfer any statistics related to the
gains in either volume or specific gravity that 8deen achieved. In another study,
Douglas-fir stem strength was studied indirecthptigh evaluation of genetic
variation of the density and ring-width trend (Maokiny and Campbell 1981). Two
increment cores were sampled at breast height @@®4-year old trees from a
genetics study in Washington and Oregon. Juvenienaature wood were analyzed
separately. Their results revealed significant gemariability for ring width and
wood density, though the structure of the varigpias quite different. Despite
limitations in sampling design and the indirectunatof the experiment, McKimmy
and Campbell (1981) concluded that stem strengipesties are influenced by genetic
variation and that because of the apparent famigntption interaction the density
and ring width trend should be considered in Dostdjlatree breeding programs.
Though these studies provide some evidence thgtdtemtial for genetic
improvement of wood quality exists, there is littkemerical evidence offered in terms
of the potential gains that could be achieved.

Some research has shown that specific wood quatitiputes are more
heritable than others, which has importance in $epfhfocusing goals for
improvement breeding. Louzada and Fonseca (2@pbyted ring-by-ring earlywood
density using x-ray densitometry at breast-heidlit8syear old maritime pineP{nus
pinaster). Based on three completely randomized block$ywand density was

determined to be more highly heritable than latedvdensity (0.52-1.01 vs. 0.03-
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0.52), and perhaps even an improvement over aveirageensity (0.53-0.74) when
included in a tree breeding program. They note vewehat more work is needed on
the genetic correlations of these characteristigsinvyjuvenile/mature wood. Another
recent study found a similar result from breasthigres taken from 26-year old
Douglas-fir (Ukrainetz et al. 2008), suggesting t@ins in wood quality achieved
through breeding for higher density earlywood (fadility = 0.54), because of its
supposed correlation with micro-fibril angle, wowldtweigh any losses in volume
produced. Somewhat contradictory to the previaugsdtudies, in their study on ring
density components of breast-high increment comaa fL5-year old Douglas-fir from
60 open-pollinated families, Vargas Hernandez addms (1991) reported that ring
density components of earlywood and latewood dgasitl percent latewood were not
any more highly heritable than overall ring densigrlywood, latewood, and overall
density heritability were reported to be 0.51, Q&&d 0.55, respectively. Heritability
values were averaged across rings in this stuthgraihan presented ring-by-ring,
possibly contributing to the incongruity with retsubf Louzada and Fonseca (2001).

Results from studies of heritability of wood depsihd its components vary
widely in the literature (Zobel and van Buijtened89; Fugimoto et al. 2005) because
of variation among species and environmental cadit There is an emphasis on
understanding the effect of tree age on genetiqgpaiedotypic correlations among
wood quality components (Zobel and Sprague 1998d&en 1978). Chemical

components of lignin and cellulose are thoughteabder genetic control, but the
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patterns and variability are less understood (Z&B&ll). Improvement of juvenile
wood through vegetative propagation for increas#ilose content and reduced
lignin content has been proposed (Zobel and vajidh@n 1989), however little is
known regarding the potential effects on overalbdaguality. Vargas-Hernandez and
Adams (1991) state that decreases as little a®®id Bpecific gravity can manifest
losses in dry fiber yield as great as 11,000 kddrecemphasizing the importance of
balancing wood quality and volume growth when deigdraits for tree improvement
programs. They also conclude that changes maaeytone trait will affect all traits
and maximum gains cannot be achieved for any taitstsimultaneously. Itis
important to consider the tradeoffs associated gittwing higher density wood and
the potential that free-to-grow status may notdlgevable with the slower growth
that could be associated with genetically improtreds.

Cown (1976) notes the need for more detailed antpcehensive research in
the arena of genetic improvement of wood qualithwufficient replications in space
and time. Although, there does seem to be poteiotiglenetic improvement in wood
guality in plantations, there is still much worlatineeds to be done to understand the

consequences and tradeoffs involved with genetidifncation.

1.6 Methods for measuring specific gravity

Specific gravity is the most commonly used criterfor assessing wood
guality. Itis a unitless measurement similar b derived differently than relative

density or basic density. It is the ratio of tlemsity of a wood sample to the density
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of an equal volume of water at a given temperatusaally 4°C because at this
temperature, the density of water is equal to ing{¢iaygreen and Bowyer 1996;
Larson et al. 2001). Specific gravity is alwaysaeed using the oven-dry weight of a
wood sample; however, volume of the sample careperted at green, oven-dry, or
any other specified moisture content (HaygreenBmayer 1996). This standard
method of measurement makes it a desirable to@domparison among researchers.

Several methods exist for the purpose of measspegific gravity of wood
samples. The objective driving the developmenteat methods has been to more
accurately and easily estimate the specific grasdfitywood samples. Traditionally,
small wood samples were most commonly measured tisewwater immersion
method based on Archimedes principle of floatindibs or buoyancy which states
that “if a solid lighter than a fluid be forciblynmersed in it, the solid will be driven
upwards by a force equal to the difference betwisaneight and the weight of the
fluid displaced” (Heath 1897). This method wassidared ideal for measuring
volume and density of irregularly shaped wood saspln 1954 and 1955, Diane
Smith described a method called the maximum mastugthod which estimates
specific gravity using an equation with a correatiactor that assumes the standard
density of wood substance to be 1.53. This metiasiconsidered by Smith to be a
much simpler and more reliable approach to estimgagpecific gravity because it

eliminated the separate measurements of volumevaight of the sample.
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A study by Valencia-Manzo and Vargas-Hernandez 71 8%bked into the use
of the empirical method for estimating specific\gnaof regularly shaped wood
samples (measurement of volume using the formulthBovolume of a cylinder =
length x r?)) and its correlation with the water immersion huet and the maximum
moisture method. They found significant correlai@mong mean values, standard
deviations, and specific gravity minimum and maximualues for the three methods,
suggesting that for regularly shaped increment sameples, the empirical method can
be used as a reliable and simple approach.

Because simple and economical methods may not alyiald the kind of
accurate results one may be seeking, methods leredeveloped to assess tree ring
density using x-ray densitometry. The Geologiaahv8y of Canada developed the
prototype which was designed to produce densitisptong-width measurements,
maximum density bar graphs, and ring-width bar gsadones and Parker 1970).
Most research in the study of wood science culyartilizes x-ray densitometry
because of the wide range of wood properties iturap and the degree of accuracy
with which they can be estimated; however, theais#der methods is still practical

depending on the objectives of the research stBdgison and Enquist 2008).

1.7 Thesis objectives and resear ch approach

Copious amounts of research have been conducttddy the effects of
manipulation of the growing environment and genetiprovement on tree wood

guality components, however; no research studyegmmonstrating the effects of
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vegetation control regimes on wood quality in Dasgfir. Two research objectives
were developed to begin to approach this topibénpresent study. The first objective
was to evaluate the cumulative eight-year gronsipoese of the Sweet Home,
Critical Period Threshold Study, including Dougfasand western redcedariuja
plicata Donn ex D. Don) growing under vegetation contretments with varied
timing and duration. The second objective wasit@stigate the effect of these
treatments on wood quality of Douglas-fir and relgtowth rate to wood quality
attributes. Wood quality was specifically reprasédrby differences in specific
gravity, ring segment length, percent latewood, ladiass increment, and cells per
unit area among the various weed control treatments

It is hoped that this study will contribute sonewninformation to the body of
knowledge surrounding vegetation management irskeblishment phase of young
plantations and will spur further research of tffea that timing and duration of
controlling interspecific competition has on yourge wood quality, and hence on the
core of juvenile wood within eight years from théhgor mature trees grown under
the same regimes. Knowledge of the effect of veigetaontrol on wood quality
attributes as well as volume growth is essentiapfantation growers and the forest
products industry to develop appropriate silvicdtstrategies to meet their

objectives.
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CHAPTER 2.0 - EFFECT OF VARIED TIMING AND DURATIO®F WEED

CONTROL ON GROWTH OF DOUGLAS-FIR AND WESTERN REDCER
SEEDLINGS IN WESTERN OREGON

2.1 Introduction

With increasing demand for wood volume comes #wdifor a strategy that
will optimize growth of conifer species. Many sdultural techniques will increase
growth, but the best way to avoid losses in cra@bdyirom interspecific competition is
through the application of herbicide early on ianst development. After disturbance,
colonizing species compete for resources aggrdgsmh target conifer species
(Radosevich 1997). Control of these competitort/emar in stand establishment is
necessary to achieve a consistent gain in volunmeg(\&t et al. 1999).

The critical period is the time during crop deysteent when intense
interspecific competition occurs between crop @antd weed plants. It is the period
when weeds should be controlled to avoid critioakkes in crop yield. This concept
was developed for agricultural use in the 1960isn@ahl 1988) and was applied to
forest plantations in the 1990’s (Wagner et al.6l9%agner et al.1999). Research by
Wagner et al. (1999) in northern Ontario, Canadayw&d increases in stem volume
with increased duration of weed control that vaaetbng northern conifer species.
The response of Pacific Northwest conifer spedies three and four years of varied
timing and duration of vegetation control has bsteried by Chen (2004) and Rosner
and Rose (2006). The current study evaluatedigtheyear growth response of

Douglas-fir and western redcedar at the Sweet H@regon site with specific
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objectives to 1pstimate the duration of continuous weed conteelded to maximize
early plantation growth and 2) quantify growth lessesulting from delaying

vegetation control for one or two years after plamt

2.2 Materialsand Methods
2.2.1 Study Site

Four different sites were selected in western OneglsA based on vegetation
and climatic type, such that they covered a raridmbitat types. The four sites,
known as the Critical Period Threshold study (CRvéte selected to represent the
range of sites that most private timber companiasage in the Pacific Northwest.
The Sweet Home site is located at 44° 28’ 32" N2°1£3’ 16” W, on the western
slope of the Cascade Range on flat terrain witblawmation of about 200 m. Figure
2.1 shows a map of Oregon and the locations of efttte CPT study sites. Figure
2.2 shows the block and plot layout of the SweanhEsite. The soils at this site range
from deep and well-drained to poorly drained arel@mposed of silty clay loams
from recent alluvial deposits. Average annual jpigation is 100-150 cm. Average
annual temperature is 12 °C with a frost-free gedbabout 165-210 days.
Vegetation composition is variable but many speted to invade quickly. The
typical competing species are sword féPolystichummunitum (Kaulf.) K. Presl)
salal(Gaultheria shallon Pursh) Oregon grapéMJahonia nervosa (Pursh) Nutt.)and
various small shrubs and trees. The previous stesddominated by 60-70 year-old

Douglas-fir(Pseudotsuga menziesii (Mirb.) Franco) bitter cherry Prunus emarginata
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(Dougl. Ex Hook.) D. Dietr.), and bigleaf mapkcér macrophyllum Pursh). The
previous stand’s understory was composed of swarg $alal and evergreen
blackberry Rubus lacinaiatus Willd.). In March 2000, a feller-buncher was used
harvest the site. To alleviate harvesting compactan excavator was used to subsoil

the site using a one tooth tool following the coetigin of excavator piling.
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Figure 2.1. Map of Oregon and four Critical Periddeshold study sites.
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2.2.2 Experimental Design

This study conformed to a complete randomized btedign with 8
treatments and 4 replications (blocks). The sgeienterest at the Sweet Home site
were Douglas-fir and western redce(Euja plicata Donn ex D. Don)

Each treatment plot was 24 m x 24 m in size andt@thin winter 2001 with
36 seedlings at a spacing of 3 m x 3 m with 6 treesch of 6 rows. Each treatment
plot was surrounded by a row of buffer trees pldtethe same spacing. Plots were
arranged as contiguously as possible, excludingavests. Figure 2.3 shows a graphic

of the layout of two plots within a block and treeishin each treatment plot.

24m

° 3 10 15 22 27 34 e ° 3 10 15 22 27 34 e

° 2 11 14 23 26 35 e ° 2 11 14 23 26 35 e

e: border trees
1-36: measurement trees

Figure 2.3. Plot layout showing 36 measuremenstreerder trees, and excavator
routes.
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The 2000 site preparation at Sweet Home considtpilimgy excavator slash
outside of the treatment areas. Most slash wasvedin order to plant seedlings in a
strict grid pattern without causing extensive siskurbance. Prior to piling, block
boundaries and excavator routes were marked tawraicompaction within the
treatment areas. Excavator routes were limitadéaentermost 6 m of the buffer
rows. Large shrub clumps were removed during eadtaw. The slash piled in the 6
m zone was burned prior to planting. All treatmglots, including the controls,
received a follow up herbicide treatment applicaiicthere were potentially sprouting
hardwoods (e.g., bigleaf maple, cottonwood, androra) present. For plots
receiving herbicide treatment in the first yeagrthwas an additional fall site prep
herbicide application of a mixture containing sutieturon, metsulfuron, and
glyphosate (0.15 L/ha (2.0/ounces/acre), 0.04 [@faounces/acre), and 4.68 L/ha
(64 ounces/acre), respectively.) (Chen 2004).

All seedlings were grown in the same greenhousigeasame nursery, Plum
Creek in Cottage Grove, Oregon, in order to lifné inherent variability associated
with nursery stock. For the same reason, all seggilvere grown in Styroblock
60/250 ml containers (Beaver Plastics, EdmontobheAl, Canada) in media
containing the same slow-release fertilizer.

The entire site was fenced to reduce confoundisglts due to elk or deer
browse and Vexar® (Conwed Plastics, LLC, MinneapdiN) tubing was used in the

western red cedar plots to protect seedlings frotargial rodent damage.
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2.2.3 Vegetation Treatments

Vegetation control was implemented with the goahaiintaining <25% weed
cover throughout the season by applying springfalhtreatments. All spring
herbicide treatments consisted of the applicatfostr@azine (2 kg/ha) and clopyralid
(0.58 L/ha) using a waving wand operated by a échiapplicator.

Weed control treatments at the Sweet Home site fwsteconducted in 2001
and over the subsequent four years. Plots wererditeated (“T”) or untreated (O”)
in each year of the study. Seven treatments wepkemented along with an eighth no
treatment “control” (OOOOO) that received only & gireparation treatment and no
herbicide release. One set of treatments recdieduicide treatment in the first year
(TOOOO); first two (TTOOO); first three years (TTOY, first four years (TTTTO);
first five years (TTTTT). In addition, vegetaticontrol treatments were delayed for
one year followed by 4 years of herbicide treatrf@¥TTT) or for two years
followed by 3 years of herbicide treatment (OOTT T Thable 2.1 shows the treatment
regimes explicitly. The treatments were randonsigigned to plots within each

replication.



36

Table 2.1. Treatment by year of application.

year
2001 2002 2003 2004 2005

treatment

Oo0OHd4-d4 4440
Od4—-4 44400
44444000
44440000
44400000

2.2.4 Data Collection

Initial height and basal diameter of conifer sesghi were measured within a
few weeks after planting in 2001. In August oftegear of the study (years 1-5) and
in November 2008, survival and size (height, bdsaheter, and diameter at breast
height when applicable) of all seedlings were rdedr Crown radius was measured
in years 4, 5, and 8.

In November 2008, crews were assembled to measowétlgresponse of the
entire Sweet Home study site. Each crew was asdigrblock and was instructed to
measure height, basal diameter, diameter at bineggtt (dbh), and crown radius.

2.2.4.1 Height

Height was measured in centimeters using a tel@sgdgight pole. The
person recording the data walked away from theliedeg measured in order to get a

good vantage point and then watched for the hgigle to reach the top of the tree,
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notifying the person operating the height pole wttenheight pole was properly
positioned and the height reading could be observed

2.2.4.2 Basal Diameter

Basal diameter was measured in centimeters at lpd§hcm above ground
using a small diameter tape. The person measdramgeter was careful to keep the
tape parallel to the ground, weaving the tape thindhe lower branches to get an
accurate reading of the stem diameter.

2.2.4.3 Diameter at Breast Height (dbh)

Dbh was measured to the 0.1 centimeter breastth@icgd¥ m above ground)
using a small diameter tape. The person measdhbhgvas also careful to keep the
tape parallel to the ground, weaving the tape thinahe branches where necessary.

2.2.4.4 Crown Radius

Crown radius was measured to the nearest 0.1ncetati. The length of the
longest branch was measured using a cm stick lirtgpthe stick horizontally from
the tree stem to the end of the branch, being glamet to stretch the branch out, but
only measuring the length of the natural drip lii¢he branch. Then the branch most
perpendicular to the first branch was measurebdlersame way. The two branch
length measurements were averaged to obtain meam cadius.

2.2.4.5 Vegetation

Vegetation was assessed at each site in Julycbfyesar of the study (years 1-

5) (Chen 2004). No vegetation data were measur2dis.
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2.25Derived Variables
2.2.5.1 Conifer Growth

Stem volume and height/diameter ratio were caledl&om height and basal
diameter for each conifer seedling through yeandagain in year 8. Volume was
calculated in cubic centimeters (®nusing the formula for a cone (Rosner and Rose
2006) and converted to cubic decimetersdmy dividing volume in criby 1000.

2.2.6 Statistical Approach

Treatment effects were tested by ANOVA under a oamded complete block
design using Statistical Analysis Software ver€ddh(SAS Institute Inc. Cary, North
Carolina). The ANOVA model assumptions of nornyalitomogeneity of variance,
and linearity of the residuals were satisfied. lises of tree growth response
variables were analyzed separately for each spasieg analysis of variance general
linear models in SAS (Proc GLM) to determine treattineffects. Fisher’s protected
least significant difference tests were used tatifietreatment differences < 0.05).
Standard errors for all variables were calculatedreatment means across
replications.

2.2.6.1 Conifer Growth

Differences in seedling volume, basal stem diameiameter at breast height
(dbh), height, height/diameter ratio, and crownuadvere tested independently for
each conifer species using standard analysis ainag procedures (ANOVA) for a

completely randomized block design as shown in g aki.



39

Table 2.2. Basic ANOVA table used for all conifeogth analysis.

Source of variation df

Total (8*4)-1=31

Block (4-1)=3

Treatment 8-1)=7

Error (31-3-7)=21
2.2.6.2 Vegetation

Difference in vegetation response at the Sweetdisite was analyzed for the
first 5 years of the study by pooling the data fribra different conifer species.
Vegetation was not assessed in 2008 but the irdriehvegetation composition on
tree growth early on in the study and can be reatétail in Chen (2004) and Rosner

and Rose (2006).

2.3 Reaults
2.3.1. Douglasfir

In the Douglas-fir plots, eight years after theibamg of the study and three
years following its completion, plots with threemore consecutive years of weed
control showed consistently higher values for vauitvasal diameter, dbh, height and
crown radius and consistently lower values for hetg diameter ratiop(< 0.05,

Table 2.3, Figure 2.4).
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Table 2.3. ANOVA table for all growth variables uate (dni), basal diameter (cm),
dbh (cm), height (cm), height/diameter ratio, craadius (cm), and survival (%) for
Douglas-fir ¢ < 0.05).

Douglas-fir
Parameter Source DF Typelll SS Mean Square FValue Pr>F
Volume 08 block 3 212.57 70.86 1.70 0.1982
treatment 7 4510.80 644.40 15.43 <0.0001
Basal diameter 08 block 3 8.42 281 1.72  0.1939
treatment 7 189.93 27.13 16.60 <0.0001
DBH 08 block 3 2.33 0.78 0.95 0.4337
treatment 7 56.29 8.04 9.86 <0.0001
Height 08 block 3 15740.71 5246.90 1.96 0.1506
treatment 7 96104.97 13729.28 5.13 0.0016
Height/ Diameter
Ratio 08 block 3 139.60 46.53 6.54 0.0027
treatment 7 1064.47 152.07  21.38 <0.0001
Crown Radius 08 block 3 272.05 90.68 0.44 0.7268
treatment 7 14819.09 2117.01  10.27 <0.0001
Survival 08 block 3 79.58 26.53 4.42 0.0043

treatment 7 80.22 11.46 1.91 0.0649
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Figure 2.4. Douglas-fir mean volume (§rbasal diameter (cm), dbh (cm), height
(cm), crown radius (cm) and height/diameter rateasured from 2000 to 2008. SE
shown refers only to analysis of year eight.
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Treatments TTTTT, TTTTO, and TTTOO showed a 239%4,92, and 199%
increase in volume over the OO0OO0, respectively.diarowth variables, there was
no significant improvement over the control (OOO@@)adding one year of weed
control (TOOOO). Delaying weed control in the ffiyear (OTTTT) did not prove to
have any significant effect on growth relativelte TTTTO or TTTTT treatments for
all growth variables. All growth variables for ttegnts having the same number of
treatment years did not vary significantly regasdlef the timing of weed control, in
other words, delaying treatment for two years gmalyang treatment in the last three
years (OOTTT) was not significantly different frapplying treatment in the first
three years only (TTTOO). All Douglas-fir growthnable estimates are shown in
Table 2.4. Douglas-fir survival was not signifidgrdaffected by treatments and ranged

from 88% in the OOTTT treatment to 97% in the TTTF@tment (Figure 2.5).



Table 2.4. Total mean volume, basal diameter, deight, height/diameter ratio, crown radius, anline growth 2005-2008 of

Douglas-fir for data collected in year 8 at the 8tldome site. Standard errors (1 SE) of treatmezans are shown in

parentheses. Values within a column with diffeletters are significantly different (& 0.05).

Basal Height/  Crown
Volume diam DBH  Height diam  radius  Survival
Species Treatment (dm’) (cm) (cm) (cm) ratio (cm) (%)
Douglas-fir () (3.23) (064) (045) (25.85) (1.33)  (7.18) (0.02)
00000 13.7e 9.3d 6.5d 503c 56.0a 126.7d  0.93
OOTTT 323bc 139b 89ch 6l4ab 45.1c 159.8bc 0.88
OTTTT 38.8ab 14.9ab 9.0ab 625ab 429c 174.7ab 0.92
TOOOO 15.6de 9.8cd 7.0d 557bc 58.2a 129.9d 0.93
TTOOO 234cd 11.6c 7.8cd 580b 51.2b 145.4cd 0.95
TTTOO 40.9ab 15.0ab 9.9ab 663a 45.1c 165.7bc 0.91
TTTTO 42.6a 15.3ab 9.9ab 660a 442c 179.2ab 0.97
TTTTT 46.5a 15.0a 10.2a 668a 42.5¢c 189.5a 0.94

ev
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Figure 2.5. Douglas-fir and western redcedar sai\f@) for 2008. Means labeled
with different letters within species represenngigant differences ai(< 0.05).

2.3.2 Western redcedar

In the western redcedar plots after eight yeatsplith three or more
consecutive years of weed control showed conslgtbigher values for volume, basal
diameter, dbh, height and crown radius and congigtlower values for height to

diameter ratioff < 0.05, Table 2.5, Figure 2.6).
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Table 2.5. ANOVA table for all growth variables uate (dni), basal diameter (cm),
dbh (cm), height (cm), height/diameter ratio, craadius (cm), and survival (%) for
western redcedan 0.05).

Western redcedar

Parameter Source DF Typelll SS Mean Square FValue Pr>F

Volume 08 block 3 320.82 106.94 3.76 0.0264
treatment 7 802.77 114.68 4.03 0.006

Basal diameter 08 block 3 56.50 18.83 5.33 0.0069
treatment 7 125.32 17.90 5.06 0.0017

DBH 08 block 3 3.39 1.13 146 0.2530
treatment 7 37.98 5.43 7.03 0.0002

Height 08 block 3 8431.01 2810.34 1.77 0.1840
treatment 7 76549.49 10935.64 6.88 0.0003

Height/ Diameter

Ratio 08 block 3 626.33 208.78 5.02 0.0089
treatment 7 736.05 105.15 253 0.0471

Crown Radius 08 block 3 652.60 217.53 1.19 0.3372
treatment 7 4724.66 674.95 3.70 0.0093

Survival 08 block 3 450.32 150.11 9.13 <0.0001
treatment 7 3075.51 439.36  26.73 <0.0001
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Figure 2.6. Western redcedar mean volume®{dbasal diameter (cm), dbh (cm),
height (cm), crown radius (cm) and height/diamedéio measured from 2000 to

2008. SE shown refers only to analysis of yearteigh
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Volume proved to be sensitive to an increase inberof years of weed
control for both species. This variable showedharease of 692% for five
consecutive years of treatment (TTTTT) over theti@fOOOQOO). For all growth
variables, there was no significant difference lestwdelaying one (OTTTT) or two
(OOTTT) years. When treatment was delayed for s pnly, there was no
significant difference between 5, 4, and 3 yearnsitihl weed control for all growth
variables. For volume, dbh, height, and crownusgdielaying treatment for two
years (OOTTT) showed significant losses in growdmpared to five consecutive
years of treatment (TTTTT) but the OOTTT treatm®&as not significantly different
from three or four years of initial or delayed treant. Adding a first year release
treatment (TOOOO) caused significant increase$e8,774%, and 37%, respectively,
over the control (OOOOO) for basal diameter, dil, laeight, and a 28%, decrease
for height/diameter ratio.

With the exception of height, growth variables fi@atments having the same
number of treatment years did not vary significantigardless of the timing of weed
control. Interesting to note is that for heightfdeter ratio, there was no significant
difference between any of the treatments with ar@are years of weed control, but
there was a significant decrease of 32% in heigltidter ratio of the treatments with
one or more years of weed control compared to ¢héral condition (OOOOO0)
(Table 2.6). Survival in the Western redcedarpleas significantly affected by

treatment, ranging from 35% in the OOOOO to 87%menTTTTT. Figure 2.5
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illustrates the pronounced decreased survivalatsghat did not receive herbicide in

the first two years of establishment.



Table 2.6. Total mean volume, basal diameter, bbight, height/diameter ratio, crown radius, andine growth 2005-2008 of

western redcedar for data collected in year 8eaBtilveet Home site. Standard errors (1 SE) of tey@tmeans are shown in

parentheses. Values within a column with diffeletters are significantly differen&( 0.05).

Height/  Crown
Volume Basal diam DBH Height  diam radius Survival
Species Treatment (dm’) (cm) (cm) (cm) ratio (cm) (%)
Western redcedar (SE) (2.67) (0.94) (0.43) (1993) (322 (6.76) (0.04)
00000 2.6¢c 4.9c 2.3d 247d 55.1a 60.4c 0.35e
OOTTT 11.7b 9.3ab 45bc 323c 42.4b  81.4b 0.53d
OTTTT 14.6ab 10.4ab 49abc 357abc 37.7b 86.1ab 0.65c
TOOOO 8.9bc 8.6b 4.0c 338bc  43.0b 79.5bc  0.8lab
TTOOO 12.7b 9.9ab 5.3ab 394ab 429b 9l1.1ab 0.83ab
TTTOO 14.6ab 10.3ab 5.8ab 393ab 43.4b 97.6ab 0.83ab
TTTTO 16.5ab  10.7ab 5.4ab 379abc 42.7b 93.7ab  0.74bc
TTTTT  20.6a 12.0a 5.8a 406a 39.8b 101.6a 0.87a

174



50

2.4 Discussion

The eighth year growth results show that increadungtion of weed control
still had a strong effect on conifer growth at 8weet Home CPT site (Chen 2004).
The trend of increasing volume, diameter, heighh,@&nd crown radius along with a
decreasing height/diameter ratio is supported bgragtudies (Lauer 1993; Wagner
1999; Wagner 2006). Consistent with Chen’s (2084lts, as well as with studies of
several other species (Wagner et al. 1999; Ricbardsal. 1999), height growth was
consistently less sensitive to weed control thas basal diameter or dbh.

As competition for light increases, height/diametgro typically increases
because tree crowns are allocating more resourgasmary or height growth (Cole
and Newton 1987; Lieffers and Stadt 1994). Themmedues of height/diameter ratio
for Douglas-fir and western redcedar (44 and 4&yeetively) achieved in plots
having increasing years of weed control are delsifabcause they indicate greater
mechanical stability. Trees with a lower heightideer ratio are more stable and less
prone to wind throw than are those trees with grela¢ight/diameter ratio (Smith et
al. 1997). At this age and height, susceptibttityvind throw damage is not a major
concern; however, as trees grow in height, maiirtgia height/diameter ratio less
than 100 is increasingly important.

Thinning is used in closed stands to reduce comipretind encourage lower
height/diameter ratios; however, stands grown giéi density conditions (2000

trees/hectare) have a narrower window for thinmiefpre the stand becomes too
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unstable to thin (Wilson and Oliver 2000). Conedysstands planted at lower
densities (1000 trees/hectare) have a larger wirfdoghinning without mechanical
damage. The reduction in early vegetation competit this study mimics a
condition of lower initial stand density, potenlyahllowing for greater flexibility in
thinning for future stand stability. Year eightu#s for height/diameter ratio for
Douglas-fir showed a slight increase over year fasults, suggesting that
competition among trees for light is beginning tacur now that tree crowns have
enlarged enough to overlap in some of the treatsnéestern redcedar
height/diameter ratios show an obvious decrease f@ar 5 to year 8 which suggests
that competition for light among trees is not ocow yet in these plots. The decrease
in height/diameter ratio associated with increasiaation of vegetation control may
have added long-term benefits in relation to thetheof the stand; specifically it is
recommended that height/diameter ratio and staflisy be considered among other
objectives in plantation management (Wilson andé€»I2000).

The number of years of continuous competition airgroved to have a
greater influence on year-8 growth than whetheratrerbicide application was
delayed, but the initial years of stand developnpeaved to be critical for western
redcedar survival. Douglas-fir survival was unatiéeicby delaying treatment; which
can be attributed to differences in growth ecolagyng the two species (Walters and

Reich 1996). The fact that Douglas-fir is a shadelerant, pioneer species and
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western redcedar is a shade-tolerant, secondalysgmcies contributes to the

differences observed in each species’ growth resgon

2.5 Conclusions and Recommendations

Obtaining maximized growth of conifer species irsteen Oregon plantations
is achieved through the control of competing vetgmtaduring the critical years of
stand development. At the Sweet Home site, confrobompeting vegetation in the
first three years of stand establishment maximthedgrowth of both species.
Allowing seedlings to have an advantage over weedsinuously for several years at
the beginning of their lives offers them the contpet advantage they need to
compete with weeds and gain a large amount of ciawhstem volume. This early
growth advantage sets them on a trajectory to goetio increase in volume. Itis
recommended that the economic tradeoff associaitbdmwereasing the number of
years of weed control over the industry standaronef or two years be assessed in
each particular instance; however, gaining an wstdeding of the critical period of
weed competition during which growth is maximizexd doss of crop yield is
minimized allows forest plantation managers to makarmed decisions when
choosing a vegetation management regime that vatlyce the most economical and

efficient results.
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CHAPTER 3.0 — EFFECT OF VARIED TIMING AND DURATIO®F WEED

CONTROL ON WOOD QUALITY PROPERTIES OF DOUGLAS-FIREEDLINGS
IN WESTERN OREGON

3.1 Introduction

Wood quality for any given species is broadly deieed by the quality of the
site (ie. soil type, aspect, elevation) (Paul amtls 1950) and the events, either
climatological or anthropogenic, that influence gnewth characteristics of a tree or
stand. Wood quality is also determined by cellstancture and is considered a
complex of several traits: specific gravity, peicktewood, fiber length, and micro-
fibril angle. Each of these traits is closely retato clear wood strength and pulp
yield. As the forest products industry depends nh@avily on second growth and
plantation forests to supply the world’s growingrdand for wood and pulp products,
concern over wood quality has become increasingigspread (Bendtsen 1978;
Jozsa and Brix 1989; Cown 1992; Cown 2001). Thigem is justified in the PNW
given that Douglas-firffseudotsuga menziesii (Mirb.) Franco) plantations are among
the most economically important forests in the @oslupplying timber grown in New
Zealand, North America, and Europe (Hermann ancthder 1999; Gartner et al.
2002). In addition to the increase in demand fooevthe proportion of juvenile wood
being sent to mills is increasing. For clearwond-ase purposes, the strength
characteristics of juvenile wood formed near thte pnd crown of the tree are
undesirable (Bendtsen 1978; Megraw 1986; ClarkSenatier 1989; Jozsa and

Middleton 1994). It is for this reason that woodabjty has become increasingly
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important as a key objective in plantation manageraad tree improvement
programs.

Wood quality traits are influenced by a tree’s agewell as by silvicultural
manipulation, genetics, and environmental cond#ifviegraw 1986; Jozsa etal. 1989;
Jozsa and Brix 1989; and Jozsa and Middleton 1984hajority of the literature on
silvicultural manipulation of wood quality is comoed with stand density
management. Control of competing vegetation thinabhg use of herbicides during
early stand development may also have some impawbod quality attributes;
however, little experimental evidence exists topgupthis possible effect (Zobel and
van Buijtenen 1989). The limited research in lolylpine (Pinustaeda L.) conducted
by Martin and Jokela (2004) suggested a trend fiaghfour (0.39) to ring ten (0.54)
of higher specific gravity and lower earlywood/\ateod ratio under a regime of
consecutive years of weed control and fertilizati@ignificant differences, however,
were only found at ring age six. Wood specificvifsawas also looked at by Smith
and Anderson (1977) in relation to various sitegpration treatments in slash pine
(Pinus eliottii Englm. varédliottii) stands in the Georgia Coastal Plain. A significan
difference was reported between the most intensg@geparation treatment and the
three less intense treatments, however, mean gpgkity values did not exhibit a
significant difference (0.487 vs. 0.492). The effeaf common practices employed by
forest managers in the Pacific Northwest as a meaimsrease wood volume

production must also be understood in respectein tmpacts on wood quality.
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Although it is important to understand the growtfeets of competition among older
trees for growing space, it is equally importantitalerstand the impact of a tree’s
first encounter with competition for resources.rifaontrol of competing vegetation
does influence the quantity wood produced, and &p atso affect quality. Having a
statistical comparison of the effects of variougatation control regimes on both
growth and wood quality is essential for gainingegter understanding of wood

formation in response to silvicultural manipulagson

3.2 Objectives and Hypotheses
3.2.1 Objectives

The objective of this study was to quantify Dougfiasuvenile wood quality
as influenced by timing and duration of weed cdn®pecific objectives were as

follows:

1. To evaluate the effect of timing and duration oedi€ontrol on selected tree
growth, specific gravity, ring segment length, gatclatewood, and biomass
increment of the pre-treatment (rings 3, 4, & S) apst-treatment (rings 6, 7,

& 8) growth periods.

2. To observe the difference in cell size within eaxdpd and latewood resulting
from varied timing and duration of weed controlMeeen pre-treatment and

post-treatment growth periods.
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3.2.2 Hypotheses
The following hypotheses were developed into respda the first objective
stated above.
1. There is no treatment effect on specific gravitywoibd formed during the 3-

year growth period prior to the end of treatmemgs 3, 4, and 5).

2. There is no treatment effect on specific gravityvoibd formed during the 3-

year growth period following termination of treatmiérings 6, 7, and 8).

3. There is no treatment effect on post/pre treatrapatific gravity ratio (the
three year period of post-treatment growth dividgdhe three year period of

growth prior to the end of treatment).

4. There is no treatment effect on radial growth duyitime three year growth

period prior to the end of treatment.

5. There is no treatment effect on radial growth dytime three year growth

period following termination of treatment.

6. There is no treatment effect on percent latewoathduhe three year growth

period prior to the end of treatment.

7. There is no treatment effect on percent latewoathduhe three year growth

period following termination of treatment.
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8. There is no treatment effect on biomass incremennd the three year growth

period prior to the end of treatment.

9. There is no treatment effect on biomass incremennd the three year growth

period following termination of treatment.

3.3 Materialsand Methods
3.3.1 Study Site

The Sweet Home CPT site is located on Cascadeéeri@bmpany land, on
the western slope of the Cascade Range at 44°283122° 43’ 16” W at an
elevation of about 200 m. The soils at this satege from deep and well-drained to
poorly drained and are composed of level silty éteyms from recent alluvial
deposits. Average annual precipitation is 100-d/50 Average annual temperature is
12 °C with a frost-free period of about 165-210slay

Vegetation composition is variable, but most spetéad to invade quickly.
The typical competing species are sword fern, s@agon grape, and various small
shrubs and trees. The previous stand was domibgté6-70 year-old Douglas-fir,
bitter cherry Prunus emarginata (Dougl. Ex Hook.) D. Dietr.), and bigleaf maple
(Acer macrophyllum Pursh). The previous stand’s understory was coatpossword
fern, salal, and evergreen blackbeiRRylfus lacinaiatus Willd.). In March 2000, a
feller-buncher harvested the site. To alleviatesésting compaction, an excavator

subsoiled the site using a one tooth tool followtimg completion of excavator piling.
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The site was planted with Douglas-fir and westexhaedar, however; only the
Douglas-fir was selected for wood quality testing.

3.3.2 Vegetation Treatments

Weed control treatments at the Sweet Home site fwsteconducted in 2001
and over the subsequent four years. Plots wererditeated (“T”) or untreated (O”)
in each year of the study. Seven treatments wepkemented along with an eighth no
treatment “control” (OOOOO) that received only & gireparation treatment and no
herbicide release. One set of treatments recdieduicide treatment in the first year
(TOOOO); first two (TTOOO); first three years (TTOY, first four years (TTTTO);
first five years (TTTTT). In addition, vegetaticontrol treatments were delayed for
one year followed by 4 years of herbicide treatrf@¥TTT) or for two years
followed by 3 years of herbicide treatment (OOTT T Thable 3.1 shows the treatment
regimes explicitly. The treatments were randonsigigned to plots within each
replication. Vegetation control was implementedwite goal of maintaining <25%

weed cover throughout the season by applying sumifall treatments.
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Table 3.1. Treatment by year of application.

year
2001 2002 2003 2004 2005

treatment
O4-444400
— 44244000
44440000
4400000

OO0O-d4-4-444H0

3.3.3Tree Sdection

Three sample trees were randomly selected fongani each treatment plot
from a group of the “top 50%” of trees (based axyéat basal diameter) grown at 10-
foot spacing in each plot (i.e. all neighboringesevere present.) This method for tree
selection was chosen because the trees in thedfbp dgrown at 10-foot spacing
adequately represent a high percentage of the wamd value present in the plots,
which is of interest to timberland owners. In adbgtitthis method was considered very
repeatable. In the few cases where there werenmitgh trees that met the criteria,
the remaining trees were selected at random frentagh 50% of trees with a
maximum of one missing neighbor. Justificationgelecting trees with missing
neighbors is in the fact that competition amonggris minimal at this stage in

development. To expedite the collection of cotles,trees selected for coring were
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identified, flagged, and limbs that would impede thrning of an increment borer
were removed on the southern half of each tree pteanto core collection.

3.3.4 Selected Tree Growth

Tree growth variables of volume, basal diameteh, theight, height/diameter
ratio, and crown radius were analyzed and grapbethé trees selected for wood
guality assessment in the same way as the whal@pwth variables in order to
verify the growth pattern of the selected tree mgranvth in relation to the whole plot
mean growth. Figures 3.1-3.6 show the comparis@eleicted tree growth and
average whole plot growth.

3.3.5 Experimental Design

The experiment followed a complete randomized blbesign with four
replications (blocks) of 8 treatments per blockclicreatment plot consisted of 36
seedlings planted on a 3 m x 3 m grid, with a réwuwfer trees surrounding each
treatment plot. A sub-sample of three trees frachdreatment plot was selected to
be cored, making a total of 96 sample cores.

3.3.6 Data Collection
3.3.6.1 TreeCores

During dormancy, between the beginning of Januadythe end of February
2009, all 4 blocks were visited and three increnoenés were taken from each of the
8 treatments in each block.

Using a sharpened 5.15 mm (0.25 in) diameter inergrnorer, each selected

tree was cored between 15 and 20 cm above grom@daii the southern half of the
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stem. Diameter at the location of the core wassonea and recorded in millimeters
for each tree using a small diameter tape. Thigtion was chosen because it receives
the most direct sunlight over the course of the alay year. Allowing the
measurement to be taken anywhere within the sautiemisphere also allowed some
flexibility for the crew member taking the coreawoid any barriers or obstacles (e.g.
stumps) present, while still maintaining consisteimcthe collection of the cores.
Obstacles large enough to completely obstruct xtraetion of a core were noticed
prior to final tree selection, so that an altewmatree could be randomly selected.
Only the branches that directly inhibited the taghof the handle on the increment
borer were removed to avoid unnecessary damadpe tinee. Best proper use of the
increment borer was followed as closely as possibtaigh, sampling at the base of
the tree required some adjustment of body positi@rder to obtain a straight core all
the way to the pith (Maeglin 1979; Jozsa 1988).nmA&h as possible, the increment
borer was inserted into the tree so that the cetiervould be sampled, while
keeping the instrument as level as possible sea chdial section could be viewed.
Perfect cores were not extracted every time, us#mpling protocol and procedures
were carefully followed in order to reduce samplargpr as much as possible. Once
extracted, each tree core was promptly placedpiroperly labeled straw showing the
block, plot, and tree number on a piece of mastapg. The ends of the straw were
folded and then taped tightly with blue painter'agking tape so as to create an

airtight seal. Any broken pieces of the core wdaegd in the straw in their correct
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position along the core, though this only occuméekn the bark broke off the end of a
core. The straws were kept in Ziploc bags to aymioisture level and avoid loss of
cores. Samples from each block were collected #iurs depending on weather
conditions.

3.3.6.2 Ring Width

Width of rings 1-8 was measured using the VelmeX™UniSlide System
(Velmex Inc., Bloomfield, NY) with a position reaafolinear encoder (Acu-rite Inc.,
Jamestown, NY). Upon returning to the lab afteldfimllection, each set of 24 cores
was prepared for ring width measurement. Althosigimdard procedure for
measuring ring width calls for drying, mountingdasanding of tree cores so that the
rings are easy to distinguish, it was necessakgép the cores in the green condition
during ring width measurement so that further asialpf the cores would not be
compromised. The green cores were allowed to besaturated in a 1.5% ethyl
alcohol solution before sanding the radial surfslgghtly using 600-grit sandpaper.
This procedure achieved a transverse surface tlidd be easily viewed using the
Velmex “TA” UniSlide System which displays the emjad microscope image onto a
monitor screen. A cross hair was drawn on a g&stic sheet taped to the monitor to
use for tree ring delineation. Ring delineatiorsvaéso achieved by using the cross-
hair reticle inside the microscope eyepiece. Rdorewing through the Velmex
System, the rings were identified by use of a ditisg microscope and marked with a
#2 pencil. The linear encoder allowed the posittamg each tree core to be

displayed and recorded easily.
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Within one day after sample preparation, ring widtheach core was
measured using the Velmex “TA” System located an\ttlood Science and
Engineering lab. Ring width measurements wereopeéd with the help of a crew
member who recorded the measurements of earlywoddagewood for each core,
from which total ring width was calculated. Rinfly8 were measured so that percent
latewood estimates could be made for each growtheven though other estimates
were only made for rings 3, 4, and 5 and 6, 7,&rAfter the ring width was
measured for each of the 24 cores in one blockzarrblade was used to cut each core
into three segments. The segment composed of Bifjsand 5 was termed the “pre-
segment” because it represents the growth occupring to the end of the treatment
regimes on the site. The segment composed of Bngsand 8 was termed the “post-
segment” because it represents the growth thateztafter treatment regimes had
ceased. Rings 1 and 2, closest to the pith werasenl again. The ends of each core
segment were labeled as the year of the growthusitgg an ultra-fine point Sharpie
pen. The respective core segments were placedial eontaining the same 1.5%
alcohol solution to maintain fiber saturation foeasurement of green volume and
also to keep the samples from growing mold. Eaahcontained a label including
block, plot, tree number, and years of growth haritten on “rite in the-rain” paper.

3.3.6.3 Photographs

Photographs of the cores were taken prior to riihhmeasurement in the
Forest Research Lab at the time of sanding to setvenly as a back-up for ring

width measurement in case something should haptre tcores, but also as a study
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catalog for future reference. Each core was phafdged with a Canon SD digital
camera (Canon U.S.A., Inc., Lake Success, NY) withose-up setting. The cores
were placed in a notched block of wood built speaily to hold them still during
analysis. A millimeter ruler was positioned nextlte core, with zero on the left,
positioned at the pith, to indicate the scale efghotograph. A label showing block,
plot and tree was visible in each photograph as wel

3.3.6.4 Specific Gravity

Specific gravity was one of several attributes emo® represent wood quality
in this study. Specific gravity of the pre-segmandl post-segment of each core was
determined on an oven-dry weight and green voluasgstusing the water-immersion
method (Smith 1954; Smith 1955; Haygreen and Bowg&6; ASTM Standard
2007). Specific gravity was calculated from greelume and oven-dry weight which
were measured for each segment using the follopiagedure.

The equipment used to measure specific gravity is:

Mettler balance

Tray of labeled vials containing alcohol solutiam $amples to remain in

before and after water weighing

Metal rig for suspending sample in tank

Plastic tank containing water

Labeled plastic trays for oven drying

Tongs for handling samples

Tissue for blotting samples

Ultra-fine point Sharpie pen for labeling samples

Procedure for weighing the samples:

1) Level and zero the balance.
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2) Place the stand and water tank on the balanceasitom rig in the water
suspended from the stand.

3) Before inserting each core sample in the metakzegy the balance with the
empty rig suspended in the water tank to elimitia¢evolume of the rig from
the core volume. Weigh each sample being carefiulatouch the sample to
the sides or bottom of the tank. After weighingctke sample must be put back
in its respective vial until all are weighed.

4) After all volumes are complete, place samplespiaatic tray to air-dry
overnight.

5) The following day, place samples in an oven at@%dt 48 hours. Remove
samples from oven and cool for 30 minutes in Ca&iccator and weigh
again as quickly as possible to avoid absorptiomoisture by the samples.

6) Calculate specific gravity according to equation 1:

oven dry weight (g)

[1]  specific gravity = ( ) /density of water (1 g/cm?)

green volume (cm?3)

As a way of validating the water-immersion meththe, volume of each ring
segment was also measured using the empirical mheldscribed by Valencia-Manzo
and Vargas-Hernandez (1997). This method of volomaasurement requires
knowledge of the inside diameter of the incrememebused to collect samples as
well as the length of each sample in the same.uilite inside diameter of the
increment borer used for this study was 5.15 mntiwhias converted to cm for the
purpose of calculating specific gravity which isbd on a g/cfhscale. Equation 2

was then used to calculate the volume:

[2] volume of ring segment in cm® = nr? X length
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Specific gravity determined by the empirical metheak then calculated by
dividing the oven-dry weight by the calculated vokt Correlation analysis was used
to assess the relationship between the volumesexific gravity values for both
methods for validation of the procedures used ponespecific gravity.

3.3.6.5 Scanning Electron Microscopy (SEM)

Following the specific gravity measurement proceduthe core segments
were stored in air tight containers until SEM cob&lperformed at the end of May
2009. Electron microscopy uses a beam of electmoseate a highly magnified
image of a specimen according to the correlatiawéen wavelength and resolution;
reducing wavelength results in increasing resotutidraditional methods required a
skilled technician as well as biological and nomgbactive samples to be prepared
with a metallic coating; however the newest techgwlutilizes a variable pressure
vacuum and does not require coated samples oll@dstgperator. This makes the use
of SEM much more accessible to a broad range efasted parties.

Using the Hitachi TM-1000 Table-top SEM (HitachigHdi Technologies
America, Inc.) provided by Marine Reef InternatibmaCosta Mesa, California,
images were obtained of several tree core segma@iis.Hitachi TM-1000 utilizes
scanning electron microscope technologies to peouskrs with a quick and
straightforward system that supplies the same paytered images as the traditional
SEM technology. Two trees were selected for imadriogn treatment TTTTT (tree 31
from block 8 and tree 33 from block 3) and two sreere selected from treatment

00000 (tree 15 from block 8 and tree 32 from bl8gkBoth the pre- and post-
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segments were imaged from each tree. Tree coresseércted for SEM imaging
based on their having the largest difference irtifipeggravity between the two same-
tree core segments (pre-segment > post-segmeig)né&ly, trees from treatments
TTOOO and OOTTT were to be imaged as well, but tivas limited, so only the
TTTTT and OOOQOO treatments were observed.

There was difficulty seeing the samples projectedhe monitor at first and it
was determined that a clean cut radial surfachetobre was necessary for viewing
the cell structure. Each core to be sampled wiaefudly cut using a sharp razor blade.
It was not possible to achieve a perfectly cleafase every time, so some images
had rough areas where the blade damaged the viewnface. It is recommended for
future studies that a sliding microtome be usegrépare the surface of the cores prior
to ring width and specific gravity measurementteAthe cores were prepared for
imaging, a core segment was positioned on the sastafje using double sided tape
so that the pith end was on the left and the badkveas on the right. The sample
could then be moved from left to right along a ¢ansY axis, using the manual dials
on the TM-1000. Because of the limited travergeacdy of the TM-1000, multiple
images were obtained of each sample segment. Betiteand 40 images of each
segment were obtained at a magnification of x15thabrows of cells could be seen
as well as transitions from earlywood to latewo@ire was taken to identify markers
at the edge of each image, so that the images tateldbe stitched together manually

after they were printed.
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Evaluation of the images consisted of laying oetstitched images of
opposing treatments side by side. The distinchdauy between ring 4 and ring 5
from the pre-segment was selected for evaluaticaulse these images were of the
highest visual quality, best capturing the boundsatyveen latewood and earlywood
in both treatments of interest. Next, a squamaé&arepresenting a 250 250 um
(micrometer) square area (1 mm = 1,000 um), wasedlan the image so that the one
edge of the opening was lined up with the bordéwéen ring 4 latewood and ring 5
earlywood. The number of cells inside the frams estimated by multiplying the
number counted on the vertical axis by the numbanted on the horizontal axis.
Ray cells were excluded from the count. This procedvas completed for the
latewood of ring 4 and earlywood of ring 5 for tia® trees in the TTTTT and the two
trees in the OOOOO0, and then averaged across bBoakd 8. The images of the
post-segments did not turn out well enough to obdaerages from the two blocks.
3.3.7 Derived Variables

3.3.7.1 Specific Gravity post/pre Ratio

To illustrate the trend of specific gravity ovang, the ratio of specific gravity
calculated for the post-segment was divided bysflexific gravity calculated for the
pre-segment for each treatment regime.

3.3.7.2 Segment Length

Ring segment length was derived from the individiung width measurements
taken using the Velmex “TA” system. The sum of &r8j 4, and 5 constitute the pre-

segment length and the sum of rings 6, 7, and 8titote the post-segment length.
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The summation of ring widths into ring segment kasgvas of particular interest
because specific gravity was calculated for thegenents rather than for individual
rings.

3.3.7.3 Percent Latewood

Percent latewood is an attribute that also couitieidto wood quality. It was
derived by multiplying the sum of the latewood e {ore- and post-segments by the
total length of each segment (Vargas-HernandeZaiadhs 1991; Koch and Fins
2000).

3.3.7.4 Biomass | ncrement

Biomass is considered to be any carbon-based mlgpeoiduced by
autotrophic or heterotrophic organisms (HaygreahBowyer 1996). In the context
of this study, biomass refers to the mass of st@wdwproduced by Douglas-fir trees.
Biomass increment is the amount of stem wood miastuped in a given time period.
This response variable provides an estimate gbthential biomass (of which, 50% is
carbon) that is being stored in the Sweet Home @€&atment plots. To calculate
biomass from wood volume, either wood density @&csfr gravity must also be
known, and the latter supplemented with densityatier. (Bettinger et al. 2009).
Because wood volume was calculated in cubic cemdiragthe density of water is
known to be 1 g/cfh and specific gravity is a unitless value, theumoé units cancel
leaving biomass in grams. The specific gravitynaf pre- and post-segments were

obtained from increment cores taken at 15-20cm altlo® ground line. This single
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value for specific gravity was used to estimatariass, despite the fact that specific
gravity is known to change vertically within a tree
The pre- and post-volume increments are the segnh@nivhich specific gravity was
measured. In order to calculate stem volume cpomding to each radial increment,
it was first necessary to calculate the basal mm@aments for wood only. All
diameters were measured outside bark (DOB), sodheersion formula based on
prediction equations developed by Larsen and H4885), shown in equation 3, was
used to convert the values to diameter inside (iR) to achieve wood only

increments:
[3] DIB = 0.903563 x DORB?-989388

Using the diameter outside bark (DIB) field meameats for basal diameter
collected at the end of years two (basal gread five (basal arggfor the pre-
increment and at the end of years five (basalpeesd eight (basal argdor the post-
increment, basal area was calculated using theularfound in Avery and Burkhart

(2002), shown in equation 4:

i
[4] basal area inside bark = 7 X basal diameter?
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Once all basal area values for the pre- and paséinents were calculated,
basal aregand basal argdor pre- and post-increments were multiplied by th
corresponding heighand height Like basal area, heightvas measured at the end of
year two and heightvas measured at the end of year five for the pcesment. For
the post-increment, heighivas measured at the end of year five and hewéhs
measured at the end of year eight. Volume incremwastthen calculated for pre- and

post-increments using equation 5 assuming a cosinage of the seedlings:

[5] volume increment (¢cm3) =

%(basal area, X height,- basal area; X height;)

Calculation of the biomass increment was similahemethod used by Bouriaud et
al. (2005) in which volume increment was multipligglcorresponding ring specific
gravity to obtain direct measurements rather thadehestimates. The volume
increments in the present study were multipliegpgcific gravity for the
corresponding ring segment to provide an estimbtieeoamount of biomass being
produced in for each growth period on these treatipiets.

In order to present the biomass increment datarmg of the EPA standard for
greenhouse gas emissions equivalency, it was regdassconvert biomass from
grams to kilograms so that it could be converteshédric tons more easily (1
kilogram = 0.001 metric tons). This is becausentigtric ton is the common unit for

reporting CQ emissions. Because dry biomass is approximateéty &rbon
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(Bettinger et al. 2009; EPA 2009), the biomassanant was multiplied by 0.5 to
determine the stored carbon equivalent. Oncettivedcarbon equivalent was
calculated, the equivalent GOould be calculated using the following basic eipma

(Fried and Zhou 2008).

[6] CO, equivalent = 3.67 x (0.5 X biomass)

One unit of stored carbon equates to 3.67 uniG@femission equivalent. This
factor is based on the ratio of the atomic magh@CQ molecule (44) to the atomic
mass of the carbon atom (12) (44/12 = 3.67) (EP@520

In addition to estimates of carbon and £&quivalent for each biomass
increment, an estimate of whole tree f&uivalent across treatments was computed.
In order to calculate whole tree biomass, meanvoé@mes obtained from the results
of the selected tree growth (Figure 3.1) and thamwd pre- and post-segment specific
gravity were multiplied. Equation 6 was appliecestimate the amount of whole tree
carbon and C@equivalent.

3.3.8 Statistical Approach

Treatment effects on average tree increment wealyzed under a
randomized complete block design using Statisticellysis Software version 9.1
(SAS Institute Inc. Cary, North Carolina). The AM® model assumptions of
normality, homogeneity of variance, and linearityhe residuals were checked for

each variable analyzed. Analyses of the growtiogdehree years prior to the end of
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treatment (pre-segment) and the growth period teaes after termination of
treatment (post-segment) were conducted sepataely analysis of variance to test
treatment effects for specific gravity, specifiagty post/pre ratio, segment length,
percent latewood, and biomass increment. Fisheo®gted least significant
difference tests were used to identify treatmeffieiginces for all variables. Standard

errors for all variables were calculated for treattnmeans across replications.

3.4 Results

Year-eight Douglas-fir growth was significantly neased by controlling
competing vegetation for three or more years. ignificant treatment effect on
specific gravity was detected, only a gradual nggatend. Ring width of pre- and
post-segments and pre-segment percent latewoodsigeiéicantly increased and
reduced, respectively, by control of competing vatgen. Biomass accumulation or
increment was also significantly increased by campgevegetation control for three
or more years. Three years is the apparent thiceétvomaximizing growth at the
Sweet Home CPT site.

3.4.1 Selected Tree Growth

Growth attributes for the trees selected for woodlity assessment were on
average higher (or lower in the case of height/@i@mratio) than for the same
attributes for all plot trees. All growth attribgtéor the selected wood quality trees

were significantly affected by treatment (Table; F&. 3.1-3.6).
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Table 3.2. ANOVA table for volume (dfjp basal diameter (cm), dbh (cm), height
(cm), height/diameter ratio, and crown radius (éon)Douglas-fir trees selected for
wood quality assessmert £ 0.05).

Douglasfir: Trees selected for wood quality testing

Parameter Source DF Typelll SS Mean Square FValue Pr>F
Volume08 block 3 779.11 259.70 1.79 0.1550
tt 7  17058.97 2437.00 16.81 <0.0001
Basal diameter 08 block 3 19.78 6.59 1.77 0.1597
tt 7 509.39 72.77 19.50 <0.0001
DBH 08 block 3 4.47 1.49 0.40 0.7510
trt 7 130.83 18.69 5.06 <0.0001
Height 08 block 3  53909.00 17969.67 2.78 0.0460
trt 7 213636.17 30519.45 472 0.0002

Height-Diameter

Ratio08 block 3 560.34 186.78 5.28 0.0022

trt 7 2335.91 333.70 9.44 <0.0001

Crown Radius08 block 3 1810.07 603.36 1.16 0.3314
tt 7 50441.02 7205.86 13.81 <0.0001
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Figure 3.1. Mean volume (dingrowth for Douglas-fir trees selected for woodhiify
compared to the mean volume @mrowth for all Douglas-fir from each treatment.
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Figure 3.2. Mean basal diameter (cm) growth for @as+fir trees selected for wood
quality compared to the mean basal diameter (cowtr for all Douglas-fir from
each treatment.
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treatment.

Treatment effects (most noticeably for volume, bd&aneter, and dbh)
appear smaller for the selected tree means thamffole plot means. There is some

shift in the pattern of treatments for the diffdreariables, but in general treatments
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having more continuous intensive competing vegatatontrol have greater growth

response and lower height/diameter ratio.

3.4.2 Specific Gravity

Comparison of the water immersion method and thegirseal method resulted

in a strong positive correlation, verifying thetual equivalence of the two methods.

Ring segment volumes calculated using the empinehod and the water immersion

method were highly correlated having ah=R0.94 for both pre- and post-segments

(Figure 3.7). Specific gravity values for both natk were also correlated, though not

as highly, having R= 0.59 for the pre-segments antl=R0.51 for the post-segments

(Figure 3.8). Specific gravity from the water immsien method were used for all

subsequent analyses.
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Figure 3.7. Scatterplots and regression equatmmngdiume of PRE (rings 3, 4, and 5)
and POST (rings 6, 7, and 8) ring segments usiagveiter immersion method vs. the
empirical method.
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Figure 3.8. Scatterplots and regression equatmnspiecific gravity of PRE (rings 3,
4, and 5) and POST (rings 6, 7, and 8) ring segasing the water immersion
method vs. the empirical method.

In regard to hypotheses 1 and 2, results from tN®OXXA showed that there
were no statistically significant treatment effeatsspecific gravity of either the pre-
or post-segments of growthat 0.05 p values = 0.0843 and 0.0984, Table 3.3). As
vegetation was controlled for an increasing nunab@onsecutive years, there was a
trend of lower specific gravity for both segmerfgy(ire 3.9). Pre-segment specific
gravity was significantly greater than for the psegment in all treatments. Mean
specific gravity in the pre-segment ranged fronb0mthe TOOOO treatment to 0.41
inthe TTTTT treatment, and in the post-segmennf0.41 in the OOOOO0 treatment
to 0.37 in the TTTTO treatment. All treatment meaecific gravity values were
within the range (0.36-0.54) of expected valuedLfouglas-fir (Haygreen and Bowyer

1996, Table 3.4).
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Figure 3.9. Comparison of specific gravity of PRIBds 3, 4, & 5) and POST (rings
6, 7, & 8) segments by number of consecutive yebtieatment. The two delayed
treatments were OTTTT and OOTTT and are represdmniélde symbol:& anc©,
respectively.
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Table 3.3. ANOVA table for Douglas-fir specific gy, specific gravity POST/PRE
ratio, segment length (mnijiomass increment (kg), and latewood (%) for PRE& an
POST segments.< 0.05).

Parameter DF Typelll SS Mean Square FValue Pr>F
PRE Specific gravity
block 3 0.0063 0.0021 6.11 0.0037
trt 7 0.0051 0.0007 2.14 0.0843
POST Specific gravity
block 3 0.0041 0.0014 5.99 0.0041
trt 7 0.0033 0.0005 2.03 0.0984

Specific gravity
POST/PRE Ratio

block 3 0.0062 0.0021 2.03 0.141
trt 7 0.0105 0.0015 146 0.2334
PRE Segment length
block 3 33.15 11.05 1.65 0.2071
tt 7 1390.05 198.58 29.74 <0.0001
POST Segment length
block 3 149.73 49,91 5.74  0.005
trt 7 333.29 47.61 5.47 0.0011
PRE Latewood (%)
block 3 1.00 0.33 0.05 0.9864
trt 7 229.40 32.77 454 0.0032
POST Latewood (%)
block 3 56.37 18.79 2.73 0.0695
trt 7 38.70 5.53 0.8 0.5934
PRE Biomass
increment
block 3 1.38 0.46 0.83 0.4793
trt 7 106.28 15.18 27.45 <0.0001
POST Biomass
increment
block 3 35.93 11.98 0.99 0.4023
trt 7 815.28 116.47 9.61 <0.0001

!Biomass increment was derived from the produchefviolume increment
in the PRE and POST segments and the correspospiawfic gravity for
those segments by treatment regime.



Table 3.4. Mean Douglas-fir specific gravity, sfieqgravity post/pre ratio, segment length (mnatelwood (%), and biomass
increment (kg) for data collected in year-eighthet Sweet Home CPT site. Standard errors of tredgtmeans are shown in
parentheses. Values within a column with diffeletters are significantly different & 0.05).

Specific

gravity

post/pre Biomass increment
Treatment Specific gravity ratio Segment length (mm) Latewood (%) (kg)

pre' post pre post pre post pre post

(SE) (0.009) (0.008) (0.016) (1.29) (1.47) (1.34) (1.31) (0.21) (1.00)
00000 0.444 0.408 0.92 15.13d  24.10b 10.80a 7.35 0.76d 6.63c
OOTTT 0.425 0.400 0.94 28.19b  30.63a 6.00bc 8.71 2.34bc  10.50b
OTTTT 0.431 0.398 0.93 32.38a 30.98a 4.36¢C 8.69 3.62a 12.77ab
TOOOO 0.447 0.408 0.92 17.41d  25.06b 11.13a 9.09 1.10d 6.29c
TTOOO 0.440 0.402 0.91 22.31c  31.86a 9.89ab 7.79 1.94c 7.27¢C
TTTOO 0.437 0.397 0.91 28.91ab 32.54a 6.39bc 7.00 2.80b 12.80ab
TTTTO 0.412 0.374 0.91 32.70a 32.74a 7.44abc  8.67 3.50a 13.03ab
TTTTT 0.412 0.396 0.96 32.58a 32.3la 3.73c 5.60 3.60a 13.37a

pre = rings 3, 4, and 5 were combined into a sisglgment for measurement.
2post =rings 6, 7, and 8 were combined into a sisggment for measurement.

¥8
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Correlation analysis between specific gravity aadheof the growth variables
analyzed for the trees selected for wood qualisgssment revealed very weak
negative linear relationship for all variablé® € 0.07), with the exception of
height/diameter ratio, which had a very weak pesitelationship with specific
gravity (R° < 0.02). The relationships between specific graaity segment length
and specific gravity and percent latewood wereyaaal, resulting in very weak
positive linear relationship between specific graaind percent latewood{ < 0.07)
and a very weak negative relationship between Bpegavity and segment lengtRy
<0.07).
3.4.3 Specific Gravity post/pre Ratio

With respect to hypothesis 3, results of the ANOM#&ealed there were no
treatment effects on the specific gravity posthate (p value = 0.2334, Table 3.3).
The ratio of post- to pre-segment specific grawss very close to 1, (ranging from
0.91-0.96) for all treatments (Figure 3.10.A antO3B) because the post-segment
specific gravity values were lower than those ef pine-segment across all treatments

(Table 3.4.)
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Figure 3.10.B. Comparison of specific gravity POPRE ratio by number of
consecutive years of treatment, fine scale. ThaathBne represents the delayed
treatments which were OTTTT and OOTTT and are smreed by the symbac2 and
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3.4.4 Segment Length

With respect to hypotheses 4 and 5, results oAth@®VA for both pre- and
post-segments revealed that segment length wagtexdfby the treatmentp yalue <
0.0001 and 0.0011, respectively, Table 3.3). ggrent lengths ranged from 15.13
mm in the OO0O0O0 treatment to 32.70 mm in the TTTigatment. Post-segment
lengths ranged from 24.10 mm in the OOOOO to 3t#in the TTTTO treatment.

Lengths for both segments increased with increasimgtion of vegetation control,
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reaching a plateau at approximately 3 consecutagsyof competing vegetation

control (Figure 3.11).
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Figure 3.11. Comparison of segment length of PRig$r3, 4, & 5) and POST (rings
6, 7, & 8) segments by number of consecutive yebtieatment. The two delayed

treatments were OTTTT and OOTTT and are represdmniélde symbol:& anc©,
respectively.

In the pre-segment, treatments having three injgars of vegetation control
or more did not differ from each other but had gigantly greater segment lengths
than treatments having less than 3 initial yeangegketation control. The treatments
having 3 years of initial control with a 1- or 2ayadelay did not differ from each

other. Two years of vegetation control had sigarfitly shorter segment lengths than
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those treatments having longer duration of vegatatontrol. Treatments having zero
or 1 initial year of vegetation control did notfeif from each other and had the
shortest segment lengths of all the treatments.

For the post-segment, treatments having 2 or meaesyof vegetation control
did not differ in segment length from each othetrrware significantly greater than
treatments having zero to one year of vegetatiotrob Mean segment length for 2+
years of vegetation control was 31.84 mm, a 30%eas®e in segment length over
treatments having zero or 1 initial year of vegetatontrol, with the latter having a
mean segment length of 24.58 mm (Table 3.4).

3.4.5 Per cent L atewood

In regard to hypotheses 6 and 7, results of the XN @evealed that for the
pre-segment, percent latewood was significantlgcéd by the treatments yalue =
0.0032, Table 3.3). No treatment effects weredetkein percent latewood of the
post-segmentp(value = 0.5934, Table 3.3). Treatment estimates are showable
3.4. Percent latewood in the pre-segment ranged 8.73% in treatment TTTTT to
11.13% in treatment TOOOO. For the same treatnthatpost-segment ranged from
9.1% to 5.6%. For the pre-segment, treatments OOJ@WOO, TTOOO, and
TTTTO were not statistically different from eactnet, having a mean percent
latewood of 9.8%. A 192% decrease in percent latelwas observed for TTTTT
relative to OOOOO, corresponding to an increasegment length of 115%.

Both segments demonstrated a general trend ofalogepercent latewood

with increasing duration of vegetation control. Tgust-segment percent latewood,
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however, increased slightly over the pre-segmertgoe latewood with the
application of three or more years of vegetationticd (Figure 3.12.A). Figure 3.12.B
shows the percent latewood per ring averaged osambent with a sharp decline
from ring 1 to ring 3, followed by a less steeploecfrom ring 3 to ring 5, after

which, percent latewood seems to be relatively @otdor rings 6, 7, and 8.
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Figure 3.12.A. Comparison of percent latewood oERRngs 3, 4, & 5) and POST
(rings 6, 7, & 8) segments by number of consecutears of treatment. The two
delayed treatments were OTTTT and OOTTT and anesepted by the symbc2
anc9, respectively.



91

24

22 A

20 A

18 -

16 -

14 1

Latewood (%)

12

10 -

6 T T T T T T T T
1 2 3 4 5 6 7 8

Ring (year)

Figure 3.12.B. Percent latewood present in ringsalreraged across all treatments.

3.4.6 Biomass I ncrement

In regard to hypotheses 8 and 9, ANOVA revealet lifmnass increment for
both the pre- and post-segments were significaitgcted by treatmenpalues <
0.0001 and < 0.0001, Table 3.3). Generally, biamasrement increased with
increasing years of competing vegetation contrigufe 3.13). For the pre-segment,
the OOOOO and TOOOO treatments did not differ $icgmtly from each other and
had a mean biomass increment of 0.93 kg. The TT@@M®ot differ significantly
from the OOTTT which did not differ significantlydm TTTOO; however, TTOOO

and TTTOO were significantly different from eachet The mean biomass
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increment of these three treatments was 2.36 k§6&o increase over the control and
the TOOOO. Treatments TTTTO, OTTTT, and TTTTT weo¢ significantly
different from each other and had a mean biomassnment of 3.57 kg, a 283%

increase over the control and the TOOOO.
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Figure 3.13. Comparison of biomass increment (kgdRE (rings 3, 4, & 5) and
POST (rings 6, 7, & 8) segments by number of camsex years of treatment. The
two delayed treatments were OTTTT and OOTTT andepeesented by the symbols

A ancO, respectively.
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For the post-segment, treatments OOO0O0, TOOOOTa@DO had the
lowest mean biomass increment (6.73 kg), and ttieaements did not differ
significantly from each other (Table 3.4). Treantsehaving three or four years of
treatment regardless of timing did not differ freach other, but had a mean biomass
increment of 12.27 kg, a 77% increase over thertreats yielding the lowest biomass
increment. A 113% increase from the highest yigjdneatment (TTTTT) over the
lowest yielding treatment (TOOOO) was observed ([@8M).

The equivalent stored carbon and £Dsorption in the wood quality
Douglas-fir trees was greater in the post-treatrtieant in the pre-treatment period at
the Sweet Home CPT site (Figure 3.14). Tests &attnent differences would be
identical to the results for biomass increment bheeahe response variables were
biomass increment multiplied by a constant (0.52u6d) for carbon and GO

respectively.
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Figure 3.14. Equivalent stored carbon and, @0metric tons for the PRE and POST
treatment periods of the Douglas-fir trees seletdeadvood quality measurement at

the Sweet Home CPT sit€he two delayed treatments were OTTTT and OOTTT and
are represented by the symb2ancC, respectively.
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Figure 3.15. Equivalent stored carbon and, @Ometric tons for the entire growth
period (2001-2008) of Douglas-fir trees selectadifood quality measurement at the
Sweet Home CPT site. The dashed line representsethged treatments which were
OTTTT and OOTTT and are represented by the syn2#acC, respectively.
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3.4.7 Scanning Electron Microscopy

Assessment of the SEM images in regard to objeétinevealed that ring 5
earlywood in treatment OOOOO compared to ring yemod in treatment TTTTT
had a 50% greater mean number of cells per 62,660 Bimilarly, ring 4 latewood
in the OOOO0O compared to ring 4 latewood in the TThad a 47% greater mean
number of cells per 62,500 fmTable 3.5 displays the mean cells per 62,500fpm
both treatments. Images from block 3 used for @ss62,500 pfmestimation can be

seen in Figures 3.16-3.19 and block 8 images caeée in Figures 3.20-3.23.

Table 3.5. Mean number of cells per 62,500 jpsntreatment for ring 4 latewood and
ring 5 earlywood for two trees in each treatment.

Treatment
TTTTT 00000
n=2  (cells/62,500uM (cells/62,500ur)
Earlywood 72 108

Latewood 168 247




2009/05/22 09:31 L

TM-1000 2008/05/22 08:32 L x150 500 um

Figure 3.16. Image of earlywood tracheids in treatbTTTTT sampled from tree 33, plot 1, block 3vihg approximately 72
cells per 62,500 pm2 area.
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TM-1000 2008/05/22  11:22 L ®150 500 um

Figure 3.17. Image of earlywood tracheids in treathrDOOOO sampled from tree 32, plot 8, block $jritapproximately 90
cells per 62,500 um?2 area.
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TM-1000

Figure 3.18. Image of latewood tracheids in treatni@ TTT sampled from tree 33,
plot 1, block 3, having approximately 156 cells 2500 umz2 area.

TM-1000 20080522 1121 L #1150 500 um

Figure 3.19. Image of latewood tracheids in trean@OOOO0 sampled from tree
32, plot 8, block 3, having approximately 224 ceks 62,500 um2 area.
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TM-1000 2008/05/21 2326 L X150 500 um

Figure 3.20. Image of earlywood tracheids in treatbTTTTT sampled from tree 31,
plot 6, block 8, having approximately 72 cells f8f500 pumz2 area.

TM-1000 2008/05/21 1136 L X150 500 um

Figure 3.21. Image of earlywood tracheids in treathfDOOOO sampled from tree 15,
plot 5, block 8, having approximately 126 cells f2f500 um2 area.



TM-1000 2009/05/21 2325 L x150  500um

Figure 3.22. Image of latewood tracheids in treati@ TTT sampled from tree
31, plot 6, block 8, having approximately 180 ceks 62,500 um2 area.

20090521 11:35 L

Figure 3.23. Image of latewood tracheids in treatn@OOOO sampled from
tree 15, plot 5, block 8, having approximately Zélls per 62,500 umz2 area.
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3.5 Discussion
3.5.1 Vegetation Control Regime Effect on Wood Quality Properties

Silvicultural practices such as thinning, pruniagg fertilization, interact with
environmental conditions and genetics to affectavgoality through growth rate and
percent latewood, in part by influencing the timofgransition to latewood (Megraw
1986; Jozsa and Brix 1989; and Jozsa and MiddE®&d). Results of this study
demonstrate that controlling competing vegetatramaases ring width and growth
rate at a young age, while at the same time, hawngjgnificant effect on specific
gravity. Only one study was found that investigatee effect of continuous
vegetation control on wood quality. In an attetgpévaluate productivity of loblolly
pine resulting from 10 years of continuous weedm@bm@and fertilization ina 2 x 2
factorial, Martin and Jokela (2004) reported spegfavity and earlywood/latewood
ratio trends from ring four to ring ten from 18 yedd trees. They found that specific
gravity was increased and earlywood/latewood natie decreased with continuous
vegetation control. Significant differences, hoeewere only reported for ring age
six. Specific gravity in the weed control onlydtment ranged from about 0.39 at ring
age four to 0.54 at ring age ten. Indirect metheee used to linearly derive specific
gravity from the earlywood/latewood ratio, whichyrteave some effect on their
results. Contradictory findings were reported stady by Smith and Anderson
(1977), who investigated various site preparatreatments in order to determine the
economically optimum method for use in slash piNethods for measuring specific

gravity were not reported in detail, but they olséronly the most intensive site
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preparation treatment to have a significantly logecific gravity than the others; i.e.
0.487 compared to 0.492 for the mean of the thtleer dreatments. The authors state
that this significant difference is of little cormgeence considering that the 1.2%
reduction in specific gravity was associated wib0&b increase in volume over the
control treatment.

Early vegetation control sets these trees on adi@jy to achieve maximum
stem volume at a younger age. Results from the €&y suggest that increasing the
growth rate of young stands does not necessarignm@od produced will be of poor
quality. Clark and Saucier (1989) found that ilases in early growth rate from
increased spacing in southern pines resulted ina@eased growth rate for the life of
the tree. At harvest age, this increase can uléitpaesult in a decreased proportion
of juvenile wood and overall increase in wood qyadind volume. Juvenile wood has
always been present in solid wood products (Cov@2}however the demand for
wood has changed, compelling growers to producedh® volumes in shorter
rotations. Results reported in the literature gsg¢hat growth rate and specific
gravity are not directly related to each other, #rad age or distance from pith and
vertical location within the tree have a strongeluence on wood quality than rate of
growth (Megraw 1985; Megraw 1986; Zobel and vanjiBoen 1989). Jozsa and
Middleton (1994) found that when rings of the saage were compared for Douglas-
fir and three other conifer species, the relatignbletween annual ring width and

wood density was very weak, indicating that agkerathan growth rate controls
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density. This trend strongly implies that a longgation age will ensure that a
greater proportion of harvested wood will have magualities. Young, fast-grown
trees may be the same size as older trees butamthin a high proportion of juvenile
wood; hence, there is great value in allowing yotrags to grow for a longer period
of time. Nevertheless, the objective of many plantagrowers is to increase growth
early during stand development in order to decreats¢ion age.

This study affirms that the juvenile wood zone @iuglas-fir can be
characterized by a pattern of decreasing speaiéicity from the pith to at least year
eight. Specific gravity patterns within the presstudy fell within the expected range
(0.36-0.54) presented by Haygreen and Bowyer (188@)ouglas-fir and were not
significantly altered by increasing duration of queting vegetation control. Ring
width (segment length) was significantly increabgdwo to three or more years of
competing vegetation control, and was maintainethbge treatments through year
eight. Percent latewood was significantly redulcgdhcreased duration of competing
vegetation control for only the pre-segment, bégats on percent latewood
disappeared during the three years after treatmasterminated. For both segments,
changes in latewood were not significant enougtatese significant changes in
specific gravity. Although increased growth at thigge can be equated with an
increased proportion of juvenile wood, future wapglity cannot be predicted from
wood quality at year eight because future staneéldgwment and silvicultural practices

employed will influence the proportion of juvenieod and the quality of mature
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wood. The power of this study design may not haenlsuitable for detecting
differences in specific gravity across the treattseire. a larger sample size may have
revealed significant differences among treatmedsvever, results suggest any
differences are probably not of practical significe, also, sampling only trees having
the largest basal diameters may have influencedutemme of the statistical tests
because trees having similar basal diameter arélikely to have similar values for
specific gravity. The study design itself may hawatributed to the lack of significant
treatment effect as well. The comparison of trestts by pre- and post-segments
created a comparison of treatments that were aabgtihhe same. Assuming there
was little memory of the first two years of treatihepre-segment periods of growth in
treatments TOOOO and TTOOO were essentially theesahrevised study design
that considers this similarity may be able to desggnificant treatment effects.

3.5.2 Specific Gravity in the Juvenile Zone

Juvenile wood is often characterized by its highallity within and among
individuals (Paul 1957; Zobel et al. 1959; Megre®8a; Jozsa et al. 1989; Zobel and
Sprague 1998; Abdel-Gadir et al. 1993). Generallgnile wood is known for its
lower mean specific gravity, wide growth rings, uedd proportion of latewood, short
fibers and increased micro-fibril angle. Chemimainposition is also known to be
different from mature wood, having lower cellul@s® higher lignin content closer to
the pith, with a gradual reversal toward the batkeit several of these traits can be
used to delineate juvenile from mature wood, sjpegifavity is often used because of

its relationship with the strength properties ofog@nd its correlation with more
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difficult to measure attributes. Depending on whicit is used, the timing of
transition can vary widely (Bendtsen and Senft 13&bel and Sprague 1998).

The juvenile wood pattern of specific gravity haeb observed to steadily
increase from pith to bark in some species, caugisgarchers to report this as the
typical trend for radial wood formation in all céeris (Bendtsen 1978). However,
specific gravity of the juvenile wood zone of Doasyifir is known to be quite
complex and somewhat unpredictable compared to sgiexies like loblolly pine
(Pinustaeda L.) (Megraw 1986; Abdel-Gadir et al. 1993; Zobetle&Eprague 1998).
Consistent with numerous studies on a variety e€gs, specific gravity in the
present study was observed to be high closer tpithd€rings 3-5) and gradually
decrease toward the bark between rings 6 and &aflg study of specific gravity
variation in 20-year old Douglas-fir stems demaausttl similar results (Chalk 1953).
The mean specific gravity of each of three ringsaupng 19 was reported, ranging
from 0.33 to 0.49. A general decrease from the foitabout ring 8-10 was observed,
after which a gradual increase was reported. Silyjla their study of genetic
variation, Koch and Fins (2000) observed a decreas®an green specific gravity
from the pith (0.34) to ring 21 (0.46) in 21-yedd ponderosa pinéP{nus ponderosa
Laws.). Abdel-Gadir et al. (1993) observed higinagrage specific gravity in rings 5-
10 (~0.50) than rings 6-11 (~0.45) of Douglas-firaxwith the explanation that rings
closest to the pith have a higher proportion adlaiod and a generally higher

earlywood density. Megraw (1986) also thought thgher earlywood density near
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the pith in Douglas-fir could explain this radiegnd in specific gravity. In a study on
genetic variation of specific gravity and trachkadgth, specific gravity of 27-year old
Taiwan incense cedaC#élocedrus formosano) was observed to decrease by 1cm
segments beginning with a specific gravity of Cab&he pith and steadily decreasing
to about 0.45 at 6 cm from the pith (Yang and G26106). This same pattern was
observed in blue pind’(nus wallichiana A.B. Jackson) (Seth 1984), black spruce
(Picea mariana) (Zhang 1998), western hemlocks(iga heterophylla) (DeBell et al.
2004), and again in Douglas-fir (Jozsa et al. 1989)

The studies reporting contradictory patterns foejule wood specific gravity
have generalized the pattern across several spaciesall ages of growth rings.
Bendsten’s (1978) review of the properties of wéodh intensively managed stands
displayed a schematic of the general trend of wwrogerties in conifers. This trend
showed an increase in specific gravity from tha piitward, but did not specify
values for specific gravity. Megraw (1985) repdrthis pattern in loblolly pine with
specific gravity taken at the base ranging fron®@8the pith and gradually
increasing to about 0.50 near the bark. This pateemost often reported for pines
such as slash pine and loblolly and it is recomradritiat this trend not be mistaken
for a general trend across all conifer species éZebal. 1959). A report on specific
gravity variation in Douglas-fir by McKimmy (1959¢ported specific gravity to
increase with age from pith to bark as well, howetlee procedure called for a

measurement of specific gravity of 10-ring incretseifthe average specific gravity of
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five samples for rings 1-10 was 0.35 and for riBfys40 was 0.47. Such a report
cannot be compared to reports of individual rind amaller groupings of ring specific
gravity.

Post/pre specific gravity ratio was derived to stigate the trend of specific
gravity over time. To validate this ratio betweerg segments, a study using similar
ring segments was used for comparison. Koch angl (2000) in their assessment of
genetic variability of specific gravity separatbeit ponderosa pine cores into five-
ring segments, rings 1-5 and rings 6-11. Greenipegcavity ranged from 0.34 to
0.46 for cores from Montana and Idaho, averagi§,0which was similar to the
average of 0.38 reported by the Forest ProductsNabd Handbook (FPL 1987) and
similar to the range of mean specific gravity val@eund in the present study (0.37-
0.45). Specific gravity of rings 6-11 were divideyl specific gravity of rings 1-5 and
a ratio close to one (0.97-0.99) was observeddt side. Even though our cores were
separated into three-ring segments, the outcomine ghtio were similar, ranging
from 0.91 to 0.96 with no significant treatmenteetf This confirmed the result of the
post/pre specific gravity ratio found in the prassndy.

The fact that treatment TTTTT was closest to 1 @@uiggest that more
continuous years of treatment could promote mor®um specific gravity across ring
segments in the juvenile wood zone. The benetihigftype of uniformity may be
marginal compared to the benefit of uniformity beén juvenile and mature wood.

Zobel and Sprague (1998) report several studiemating to promote this kind of



108
uniformity through genetic selection and vegetapvepagation. Results varied, but it
was determined that selection for fast growingdngles higher specific gravity can
return moderate levels of wood quality. In termshaf present study, it is clear that
juvenile wood is still being formed and there ikenent variation in the pattern by
which wood properties express themselves in tieia af complex growth, depending
on environmental conditions. However, more researchlarger sample sizes could
reveal some benefits to carrying out several yehvggetation control during the
period of juvenile wood formation in terms of protmg homogeneity among ring
specific gravity.

3.5.3 Segment Length

Segment length or ring width is related to volumawgh rate and proportion
of latewood and has been used as a surrogatenfpspiecific gravity. Oelsen (1976)
developed a model to describe the relationship éetvibasic density and ring width,
implying a causal relationship between the twoalalgs in mature Norway spruce
(Picea abies), and confirming a strong negative correlatios (0.738) between ring
width and basic density. The consistent redudtigrercent latewood was causally
attributed to increased ring width. Results frorotaer study on Norway spruce
(Dutilleul et al. 1998) revealed moderate negatineng-tree correlations between
ring width and densityr (= -0.42) studied by Oelsen (1976) relative to €ogrown
spruces. The correlations were determined to berdkmt on the rate of growth and
year of growth assessed. Conversely, no significamelations were observed

between specific gravity and ring width (segmengté) for Douglas-fir in the present
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study. A review of several species, by Zobel aa Buijtenen (1989) revealed a
wide range of results, but concluded that for Daaglr and southern pines, neither
ring width or growth rate were related to speagfravity; rather, the determinant of
specific gravity was latewood proportion, genetiasy number from pith, and
environmental influences. Megraw (1986) statedsdmae conclusions for Douglas-
fir, extending them to hemlock and southern pireewell. The presence of a strong
relationship between ring width and basic densitgtudies of Norway spruce may be
an indication of differences among species or dggance from the pith) of the rings
examined, or may have resulted from confoundingaot$ffrom the correlation
between ring width and distance from pith.

The significant treatment effect observed in segrtegth for both pre- and
post-segments is indicative of an increase in cahgpowth with increasing duration
of vegetation control. This result agrees withéighth year growth results for the

experiment; i.e., as interspecific competition dases, overall tree growth increases.

The trees in the TTTOO-TTTTT have larger crowng] #nus greater leaf area
compared to plots having fewer years of treatmengexplained in the results for the
growth of the trees selected for wood quality assent (Figure 3.1-3.6). The
advantage of a larger photosynthetic factory combmvith a greater proportion of
available soil moisture created by controlling catnpg vegetation resulted in the
production of wide growth rings in these plots. iAgaspecific competition begins

and crowns begin to lift, the distance betweendher stem and the influence of the
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active live crown grows, causing ring widths lowethe stem to exhibit more
uniformity as a result of the increase in perceataiglatewood (Larson 1969). This
response, however, is not immune from the effectéimate on radial growth patterns
(Jozsa and Brix 1989).

The juvenile wood zone is known to be highly valealn Douglas-fir
(Megraw 1986); however the pre- and post-segmeigties were both shorter (15 mm
and 24 mm, respectively) under two or fewer yedrgegetation control, and the pre-
segment was consistently shorter than the post-aeigfRigure 3.9). After three years
of continuous vegetation control, however, bothnsexgts are observed to converge at
about the same high values of segment length (~3} fiims result is consistent with
the pattern observed by DeBell et al. (2004) fostersn hemlock. They reported ring
widths to increase from 35 mm at the pith to 59 atrthe end of the first decade,
reaching a peak at age seven that remained someuastant through the end of the
second decade. Perhaps the plateau observed stuolyrindicates an increase in
uniformity, because the last six years of growtte{@nd post-treatment)
demonstrated relatively even ring widths when vaigent was controlled for three or
more years. This ring-to-ring uniformity could béesirable feature for clear wood
end-use, yielding higher quality and efficiencyidgrthe manufacturing process
(Zobel and van Buijtenen 1989).

3.5.4 Percent L atewood

Percent latewood is a potential indicator of woadliy because latewood

specific gravity is normally higher than that oflgevood. A larger proportion of
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latewood generally translates to a higher wholg-gpecific gravity (Warren 1979;
Jozsa et al. 1989; Jozsa and Middleton 1994). Jeizala (1989) reported a four-fold
increase in specific gravity for conifers, from ~®iB the latewood to ~1.0 in the
earlywood. Results from the present study showatlthe pre-segment percent
latewood was affected by treatment but the posteed percent latewood was not
affected, indicating that perhaps as tree leaf ex@aases, stabilization of the
latewood production occurs. Three or more yeargegetation control did, however,
produce a higher percentage of latewood in thesthiears after herbicide application.
When considered alongside the mean segment leagiid 30 mm) observed with
three or more years of control in both segmenesédhresults suggest that the seedlings
have been producing a greater volume of wood #@tdht six years and wood with a
slightly higher percentage of latewood in the thste years. The consistency of
latewood formation in the post-segment along whih ¢onsistency in radial growth
suggests a pattern of uniformity between ringh@jtuvenile zone.

The idea that uniformity is increased with incregsiluration of vegetation
control is fertile ground for further investigatioccording to Larson (1969),
increasing uniformity is one of the best ways tpiave wood quality. Within ring
uniformity is achieved by an increase in the widthhe latewood band. Control of
this trait is not easy to obtain because it is di@d heavily by temperature, moisture
stress, and photoperiod (Renninger et al. 2006igation in late summer can extend

the formation of latewood (Paul and Smith 1950)thig approach has limited
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practical application in the Pacific Northwest. Tdame result has been achieved
through closer spacing or more intense competitigouthern pines (Clark and
Saucier 1989), corresponding in this study to tlgbdr percent latewood observed in
the treatments having zero to two years of treatrfogrboth segments. However, it is
known that limited late-summer moisture can revéngeeffect, resulting in lower
percent latewood, further underscoring the fact fdt@wood formation is highly
influenced by environmental conditions (Larson 1,988ndtsen 1978; Megraw 1986;
Jozsa and Brix 1989; Zobel and van Buijtenen 198% spike in percent latewood
in treatment TTTTO in the pre-segment could be @xpld by the wide tree-to-tree
variation that exists or by the relative difficultyvisually demarcating the transition
between earlywood and latewood of green wood sanplenetheless, more research
is needed on the potential influence of vegetatmmtrol on ring uniformity.

3.5.5 Biomass | ncrement

The relatively static pattern of specific gravityggests that volume increment,
which is produced from height and basal area inergirthas a more influence on
biomass increment than does specific gravity. nfirmed by the non-significant
treatment effect on specific gravity coupled witle significant treatment effect on
Douglas-fir volume growth. Biomass increment igraticator of the amount of wood
substance that is produced in a given time pe#oth¢l and van Buijtenen 1989). For
the purpose of this study, the biomass incremagu(g 3.13) reflects the
simultaneous influence of volume increment (Figdike (Selected wood quality tree

means, 2008)) and specific gravity (Figure 3.9jsHssessment provides a rough



113
estimate of the potential for biomass and carb@umalation in Douglas-fir
plantations.

The accumulation of biomass at the Sweet Homegaits rise to implications
for carbon sequestration benefits associated vetetation control treatments and
plantation forests. For the pre-segment, biomaseiment showed an increase with
increasing duration of vegetation control, reactar®¥4% increase from the OOOO0O
tothe TTTTT treatment. In the post-segment, tke sf the biomass increment varied
less by number of years of treatment, but still add 3% gain in biomass increment
and carbon accumulation between the treatmentsi@péive lowest and highest values.
In the post-segment, there was no significant galmomass increment under more
than three years of vegetation control, suggeshiagat least three years of initial or
delayed vegetation control is necessary and seffidor achieving maximum biomass
increment. The amount of stored carbon and the &xSorption equivalent in these
stands observed in the pre- and post-incrementesenpts the potential for young,
vigorous plantations to sequester large amountsudifon (Bettinger et al. 2009).
There is, however, a tradeoff associated with elating competing vegetation.
Consideration should be made for the relative aatbmover rates for both
competing vegetation and young plantation tredber® is carbon storage and
sequestration benefit associated with the preseihak vegetation.

3.5.6 Scanning Electron Microscopy

Rings with more tracheids per unit area indicag ttacheids were smaller in

the OOOOO for both earlywood and latewood that@®TTTT in the pre-segment.
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This result is certainly reasonable because inergamoisture availability results in
the production of larger diameter cells per unéiaainvestigation of the earlywood
and latewood band widths taken from the pre-segmehe TTTTT and the OOO0O
revealed that the width of the earlywood band ofrdh in the TTTTT was 98%
greater than the width of the earlywood band in@i#00O. Latewood band widths
were relatively similar for both trees. Given thatume growth was 239% greater in
the TTTTT than in the OOOOO0, the conclusion candaehed that larger live crowns
combined with decreased moisture stress due toobickerspecific competition in
the TTTTT promotes the production of larger celBased on these observations of
cells per unit area in the two treatments it casgexulated that fewer, but larger cells
per unit area are produced in the TTTTT. Differenicewood quality based on the
SEM images cannot be evaluated without furthershgation of lumen diameter and
cell wall width; however there is potential forglprocedure to provide supplementary
data for assessment of wood quality.

The accessibility and ease of use of the Hitach+ZT00 Table-top SEM
could be beneficial for future assessment of waaality properties. With the use of
this machine there is potential for a large voluwwheamples to be evaluated very
quickly, without the cost and intensity of samplegaration required by the
traditional method of SEM. However, the procedumgslored in this study did not
turn out to be the most efficient. The surfacéhefsamples was not prepared

consistently at a sufficiently high level of quglthat would be helpful in more
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extensive evaluation of wood samples. It is suggethat the surface of the sample
be prepared using a sliding microtome in the gsgate prior to ring width and

specific gravity measurement to avoid damage todtal surface of the cell walls.

3.6 Conclusions and recommendations

The effects of silvicultural practices on wood quygbroperties of a variety of
conifer species has been researched extensiveleJss, there is a lack of long-term
research that provides detailed information abloetetffect of vegetation control
regimes on wood quality of Douglas-fir. The resuwlitshis study provide evidence
that wood quality is not strongly influenced by tleeluction of competing vegetation
during plantation establishment. Neverthelesywa growth was significantly
increased, greatly affecting the size and propormitthe juvenile core. This is a
marginal concern, however, given that these trez$aa from crown closure.
Silvicultural regimes applied in the years to comk have ample opportunity to alter
the size and proportion of the juvenile wood cakat considered in this study was
the seasonal effect of temperature and precipitatiothe production of earlywood
and latewood during and after treatment regime®wpplied. The influence of
climatic effects cannot be ignored, as it is ofte® major determinant of wood quality
in an individual from year to year as described_bgsen and Okkonen (1969).

The lack of significant differences in specific gty among treatments in this
study and in thinning studies across a wide rariggecies is particularly perplexing

(Megraw 1985; Watson et al. 2003; Debell et al.ZQ@&akola et al. 2005) is
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particularly perplexing. Perhaps some explanaiesih the fact that the anatomy of
the wood substance is not influenced as much Brexitfactors; i.e. climatic
conditions and stand density, but rather, it issthrangement and dimensions of the
cells and cell walls that are influenced externalipr example, a comparison of rings
of the same age and height resulted in two ringis wary different widths. Earlywood
and latewood in the wider ring is made up of gelhelarger diameter cells with
narrower walls. Earlywood and latewood in the srating is made up of generally
smaller diameter cells with wider walls. A simimount of wood substance (after
void space is eliminated) is probably producedadthlyings, generating values for
specific gravity that do not significantly diffeFhe results of the SEM images attempt
to establish this possibility to some extent, tHoatatistical comparisons were not
made.

The gains in biomass accumulation associated witeat three years of weed
control are tremendous and coupled with the redgtiunaffected specific gravity and
percent latewood (in the last three years of grpvedem to outweigh the concern
over possible adverse wood quality implicationthat stage in development. The
recommendation for plantation growers is to prontbbéemaximization of early
growth through competing vegetation control for fingt three or more years. Large
volumes of juvenile wood can be expected, but camanning of subsequent
silvicultural treatments will contribute to increasvolume of mature, high quality

wood. Good silvicultural practices, such as thignithat attempt to promote optimal
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yield and uniformity of growth are likely to proneotvood quality as well (Larson
1969). Therefore, there is added incentive, beyoadting the legal requirements of
for rapid reforestation and stand establishmemntydong plantations to reach
maximum volumes eatrlier.

Further research is recommended on the respornsseaing components to
common Douglas-fir vegetation control regimes. &mmple, a complete dataset for
wood quality would include the response of tracherdjth, micro-fibril angle, and
earlywood and latewood specific gravities. Measumets could also be taken at
various vertical heights within the tree bole. Tindusion of these components would
provide an even more complete catalog of the effettveed control regimes on early
wood quality. Returning to these plots in the fatwould further add to the
knowledge we have collected concerning wood quadisponses to these particular
vegetation control regimes. Repeating these metimooher VMRC studies would be
informative as well, providing wood quality dataterms of a wide range of
vegetation control regimes at sites of variousestag development. In general,
continued research on genetic improvement, incythe genetic control and patterns
of genetic variation of chemical components in waaglwell as research related to the
manufacturing and production of wood products isdeel. In the meantime, early
control of competing vegetation through the usherbicides is a sound method for
producing large volumes of wood from plantatiorekis in the PNW without

adversely affecting wood quality.



118

3.7 Literature Cited

Abdel-Gadir, A.Y., Krahmer, R.L., and McKimmy, M.2993. Intra-ring variations
in mature Douglas-fir trees from provenance plaotgt Wood Fiber Sck5:
170-181.

ASTM Standard D2395-07ael. 2007. Standard testadstfor specific gravity of
wood and wood based materials. ASTM Int. West Cohsbken, PA.

Avery, T.E., and Burkhart, H.E. 2002. Forest measwants. B Ed. McGraw Hill,
New York, 456 p.

Bendtsen, A.B. 1978. Properties of wood from imeand intensively managed
trees. For. Prod. J. 28(10): 61-71.

Bendtsen, B.A., and Senft, J. 1986. Mechanicalaaradomical properties in
individual growth rings of plantation-grown eastewttonwood and loblolly
pine. Wood Fiber Sci. 18(1): 23-38.

Bettinger, P., Boston, K., Siry, J., Grebner, 2009. Forest management and
planning. Academic Press/Elsevier, Amsterdam, Bos281 pp.

Bouriaud, O., Breda, N., Dupouey, J.L., and Grame005. Is ring width a reliable
proxy for stem-biomass increment? A case studyuropgean beech. Can. J.
For. Res. 35: 2920-2933.

Chalk, L. 1953. Variation of density in stems ofugéas-fir. Forestry 26(1): 33-36.
doi:10.1093/forestry/26.1.33

Chen, F. 2004. Effects of weed control on vegetatignamics in Pacific Northwest
conifer plantations. Ph.D. dissertation, OregoneStiiversity, Corvallis. 182

pp.

Clark, 1ll, A., and Saucier, J.R. 1989. Influendamtial planting density, geographic
location, and species on juvenile wood formatiosanthern pine. For. Prod.
J. 39:7/8.

Cown, J.D. 1992. Corewood (juvenile wood)Pmus radiata — Should we be
concerned? N.Z. J. For. Sci. 22: 87-95.

Cown, D. 2007. Role of intensively managed forastsiture timber supply. CAB
Reviews: Perspectives in agriculture, veterinargreme, nutrition, and natural
resources. (2)23.



119

DeBell, D.S., Singleton, R., Gartner, B.L., and Btall, D.D. 2004. Wood density of
young-growth western hemlock: relation to ring ageljal growth, stand
density, and site quality. Can. J. For. Res. 38322442.

Dutilleul, P., Herman, M., and Avella-Shaw, T. 19€3owth rate effects on
correlations among ring width wood density, and migacheid length in
Norway sprucelicea abies). Can. J. For. Res. 28: 56-68.

EPA. 2005. Emission facts: metrics for expressireggghouse gas emissions: carbon
equivalents and carbon dioxide equivalents. EPAZ25-001

EPA. 2009. Inventory of US greenhouse gas emissiodssinks: 1990-2007.
EPA430-R-09-004.

Forest Products Laboratory (FPL). 1987. Wood haokb@/ood as an engineering
material. Agric. Handb. 72. (Rev.) Washington, {SDA of Agriculture.
466 pp.

Fried, J.S., and Zhou, X. 2008. Forest inventorseblaestimation of carbon stocks and
flux in California forests in 1990. Gen. Tech. RENWGTR-750. Portland,
OR. U.S.D.A. For. Ser. P.N.W. Res. Stn.

Haygreen, J.G., and Bowyer, J.L. 1996. Forest ptsdand wood science: an
introduction. 3rd ed. lowa State University Pressies, lowa.

Hermann, R.K., Lavender, D.P., 1999. Douglas-fanpéd forests.New For. 17: 53-70.

Jaakkola, T., Makinen, H., and Saranpaa, P. 20@md/Mensity in Norway spruce:
changes with thinning intensity and tree age. QaRor. Res. 35: 1767-1778.

Jozsa, L.A. 1988. Increment core sampling techrsdaehigh quality cores. Wood
Sci. Dept. Forintek Canada Corp., Vancouver, Bjiactl publication No.
SP-30. 26 pp.

Jozsa, L.A., and Brix, H. 1989. The effects ofifedtion and thinning on wood
quality of a 24-year-old Douglas fir stand. Cark-dr. Res. 19: 1137-1145

Jozsa, L.A., Richards, J., and Johnson, S.G. 1R8ative densityln Second growth
Douglas-fir: its management and conversion for @atureport of the Douglas-
fir task force Edited by R.M. Kellogg. Forintek Canada Corp., Vancouver,
B.C. pp. 5-22.



120

Jozsa, L.A., and Middleton, G.R. 1994. A discussibwood quality attributes and
their practical implications. Forintek Canada Cp¥gestern Laboratory,
Vancouver, B.C. Publ. SP-34.

Koch, L., and Fins, L. 2000. Genetic variation iaosl specific gravity from progeny
tests of ponderosa pinBifus ponderosa Laws.) in northern Idaho and
Western Montana. Silvae Genet. 49: 174-181.

Larsen, D.R., and Hann, D.W. 1985. Equations fedjmting diameter and squared
diameter inside bark at breast height for six magorifers of southwest
Oregon. Forest Research Laboratory, Oregon Stateskdity, Corvallis,
Research Note 77, 4 pp.

Larson, P.R. 1969. Wood formation and the concéptond quality. Bull. Yale Sch.
For. 74.

Maeglin, R. 1979. Increment cores: how to colleetidle, and use them. General
Technical Report. FPL 25. USDA. For. Ser.

Martin, T.A., and Jokela, E.J. 2004. Stand develpnand production dynamics of
loblolly pine under a range of cultural treatmentsorth-central Florida USA.
For. Ecol. Manage. 192: 39-58.

McKimmy, M.D. 1959. Factors related to variationspiecific gravity in young-
growth Douglas-fir. Bulletin 8. Forest Products Bash Center. Corvallis,
Oregon.

Megraw, R.A. 1985. Wood quality factors in loblopine. Technical Association of
the Pulp and Paper Industry, Atlanta, Ga.

Megraw, R.A. 1986. Douglas-fir wood propertiesProceedings, Douglas-fir: Stand
Management for the Futuridited by C.D.O Oliver, D.P. Hanley, and J.A.
Johnson. Institute of Forest Resources, Univeddity)ashington, Seattle,
Wash. Contrib. 55: 81-96.

Olesen, P.0O. 1976. The interrelation between esisity and ring width of Norway
spruce. Forstl. Forsogsvaes Dan. 34(4): 339.359.

Paul, B.H. 1957. Juvenile wood in conifers. USDAdad Prod. Lab. Rep. No. 2094.

Paul, B.H., and Smith, D.M. 1950. Summary of growthelation to quality of
southern yellow pine. USDA For Prod. Lab. Bul. 1751



121

Renninger H.J., Gartner B.L., and Grotta A.T., 2096 correlation between latewood
formation and leader growth in Douglas-fir saplingsNVA J. 27: 183-191.

Seth, M.K. 1984. First-formed earlywood specifiagty variation from pith to bark
in blue pine. J. Tree Sci. 3(1-2): 27-33.

Smith, H.D., and Anderson, G. 1977. Economicallgirapm spacing and site
preparation for slash pine plantations. NCSU. SthbBor. Res. Tech. Rep.
Raleigh. (59): 1-104.

Valencia-Manzo, S., and Vargas-Hernandez, J. 19@¥odo empirico para estimar la
densidad basica en muestras pequefias de mitiatara y Bosques. 3(1): 81-
87.

Vargas-Hernandez, J., and Adams, W.T. 1991. Gewatiation of wood density
components in young coastal Douglas-fir: implicasidor tree breeding. Can.
J. For. Res. 21: 1801-1807.

Warren, W.G. 1979. The contribution of earlywood #tewood specific gravities to
overall wood specific gravity. Wood and Fiber. )1 (@27-135.

Watson, P., Garner, C., Robertson, R., Reath, &, @&., and Hunt, K. 2003. The
effects of initial tree spacing on the fibre prdpee of plantation-grown coastal
western hemlock. Can. J. For. Res. 33: 2460-2468.

Yang, J.C., and Chiu, C.M. 200Benetic variation of wood specific gravity and
tracheid length of open-pollinated progeny familie€al ocedrus formosana.
Taiwan J. For. Sci. 21(3): 305-15.

Zhang, S.Y. 1998. Effect of age on the variatiare&ations and inheritance of
selected wood characteristics in black spririeeg mariana). Wood Sci.
Technol. 32: 197-204.

Zobel, B.J., Webb, C., and Henson, F. 1959. Corevanile wood of loblolly pine
trees. TAPPI. 42(5): 345-356.

Zobel, B.J. and van Buijtenen, J.P. 1989. Woodatianm: its causes and control.
Springer-Verlag, Berlin.

Zobel, B.J. and Sprague, J.R. 1998. Juvenile woddrest trees. Springer-Verlag,
Berlin, Heidelberg, and New York.



