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Abstract

Selection of traits for growth, form, and wood quality

were ihvestigated in full-sib progeny trials of coastal
Douglas;fir (Pseudotsuga menziesil var. menziesii (Mirb.)
Franco) in- British Columbia. Sources of wvarilation for
additive genetic variance were significant for 20 of ‘21
traits 1Investigated. Other sources of genetic variation
(dominance genetic variance and G.E.I. sources of variance)
were, by and large, non-significant. High individual tree
heritabilities were f0u;d for branch angle (hf=0.73) and
wood density (hf=0.90), indicating that these traits would.
respond well to hna§s selection. Traits of form including
branch number, partitioning traitg?(branch to stem diameter
ratios and branch length to total height ratios), stem
sinuosity, early height measurements, and diameters showed
moderate heritabilities (h?20.15; h’20.7). Other form
traits: forking and bole taper; and growth traits of later
height measurement§, Stem volume, and direct branch growth
measures were of low individual tree heritabilities
(hf=0.10; hf=0.50). However all traits except for branch
thickness (non-signifiqant) indicated that they would
-respond well to family selection. Expected response to stem
volume selections are large (=10% per selection intensity
unit) because of large phenotypic variance among family
~m§ans. Moderate and favourable genetic correlations exiét
between traits of yield, and traits of crown form, and

~

partitioning. Unfavourable genetic correlations exist

iv



between traits of vyield and wood dens{ty (r =-.53) and
between traits of form and wood density. These parameter
estimates are similar to results published both for
Douglas-fir and other conifers.

Genetic parameters were used to establish key traits
that can be effectively measured and used in Douglas-fir
progeny evaluations. They were also wused to point out
important strategies that can be used in genetic selections.
Early height can be effective for early selections for
traits of growth and yield. Later selections for growth and
yield are more efficiently made with diameter measurements.
Partitioning traits are more effective for form selections
than direct.crown measurements. Genetic covariances among
crown form traits and yield traits can be effectively
exploited to promote a fine—branchingﬁ form type. Several
selection index op;ions were investigated to deal with the
strong negative cgrrelation that exists between wood density
and diameter growth. Selections that max}mize the minimum
expected response to both traits would offer the best
strateqy and would help to break down this negative
correlation.

Options for incorporating these selection strategies

into current breeding practices are briefly discussed.
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1. INTRODUCTION

1.1 Biology and Thesis Objectives

Doualas fiv (Pseudot stiga meniest | {Mirb.) Franco)
dominates the most productive forest lands ot westein North
America (Silen 1978). It 1s valued 1n this region and :n

s
areas where 1t has been i1ntroduced as an exotic (Birot 198.)
ot 1ts growth potential, Jood form characteii1st s,
relative freedom from major pests, and  superiot wood
gquality. It 1s, theretore, a candidate tor tree 1mprovement
programs 1n the many parts of the world where 1t 1s planted.
The purpose of thas thesis 1s to 1nvestigate the potential
foer genetic 1mprovement for traits of growth, torm, and wood
quality 1 a population  of coastal Douglas f1: from

Vancouver Island and *the southern mainland of British

Columbia.

1.1.1 Systematics and Distribution of Douglas-fir

Ei1ght species of the genus Pseudotsuga are recognized,
two 1n western North America and the others 1n Asia (lsaac
and Dimock 1965). The genus Pseudotsuga is distinguished by
1ts woody cones with persistent scales and protruding

)

trident-like bracts; by conical, sharp-pointed buds; by
linear, soft leaves; and by resin blisters on smooth bark
that becomes furrowed and marbled with cork layers as it

matures (Hosie 1973; Silen 1978). One of the species of the

genus found 1in North America 1is big-cone Douglas-fir



(Pseudotsuga macrocarpa Mayr), which has a limited range 1in

California (Griffin and Critchtield 1972). The other specles
(Pseudotsuga menzies)i) 1s a wide-ranging gymnosperm
occurring from central British Columbia (lat. $5° N.), south
along the Pacific Coast to Central California (lat. 37° N.),
inland to western Alberta and down the Cordilleran chain to
souther'n Mexico (lat. 19°  N.) (Fig. 1). Elevational

distribution varies with latitude ranging from over 800 m in

the extreme northern part of its range, to over 3350 m for

?s rangedy
.

raintall varies from 450 mm to over 5000 mm per year. i .

some Rocky Mountain sites (Silen 1978). Within i

The wide and varied environments together with the
1solation potential of mountain topography have produced a
species of extreme genetic diversity. Two main varieties are
recognized: coastal Douglas-fir (Pseudotsuga menziesii var.
menziesii (Mirb.) Franco) and interior Douglas-fir (Pseudo-
tsuga menziesii var. glauca (Beissn.) Franco). The coastal
variety 1s the more commercially valuable of the two and was
the first—reéognized form of the species. References in this
texf to Douglas-fir refer primarily to the coastal variety

/

unless otherwise stated.

M. 1.2 Ecology and Silvics of Douglas-fir

Over its wide range Douglas-fir prefers moist, well
drained soils; although intolerant of wet soils and
anaerobic conditions, it can be Es}atively tolerant of

summer droughts. In the cold, wet conditions of the coastal
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Natural range of Douglas-fir,

Pseudotsuga menziesii (after Little 1971).
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tog belt other conifers such as Sitka spruce (Picea
sitchensis (Bong.) Carr.)” and western hemlock (T suga
h@féPOphyliﬁ (Raf.) Sarg.) are favoured. On poorly drained
so1ls and on floodplains, Sitka spruce, western redcedar
(Thuja plicata Donn.), and hardwood species such as

cottonwood (Populus trichocarpa Torr. & Gray) are better

able to survive (Krajina et al. 1982). The coastal varilety
\ .

does not tolerate frosts below -10°C for a period of more

than about a week (Krajina et al. 1982). At high elevations

it 1s replaced by cold-hardy species such as mountain
hemlock (Tsuga mertensiana (Bong.) Carr.), western white
pine (Pinus monticola Dougl.), and lodgepole pine (Pinus
contorta Dougl. ).

There are difficulties on many good sites with the

establishment of Douglas-fir due to competition from shrubs

(Silen 1978, Klinka et al. 1981). This is a particular
problem on more moist soils, where 1t 1s more shade
intolarant (Krajina et al. 1982) and - shrub "growth 1is

vigourous. Compared with its commonly associated conifers,
Douglas-fir ranks as a shade intolerant species (Isaac and
Dimock 1965). Because of its association with shade tolerant
speclies such as westerh hemlock, Sitka spruce, westérn
redcedar, grand fir (Abjes grandis (Dougl.) Lindl.), - and
amabalis fir (Abies amabalis (Dougl.) Forbes), Douglas-fir
is recognized as a d4ub-climax species (Isaac and Dimock
1965). However, over much of the Pacific slopés, a region

-

associated with summer droughts, Douglas$-fir occurs 1in



essentially pure, even-aged stands as the major conifer
species. Douglas-fir's thick fire-resistant bark, }apid
growth and long life span make/it a highly successsful fire
climax species. The noted lon evity of Douglas-fir (more
than 1000 years) (McArdle et dJ. 1961), and its ecological

1

relationship with fires (Schm(ét 1960) has established its

’
-

dominance in the forest community.

The nutritional -requirements of Douglas-fir are
moderate, but it grows poorly on wligotrophic soils, where

calcium, magnesium, nitrogen, phosphorus and potassium are

1n low supply (Krajina et al. 1982).

1.1.3 Breeding Methods and Goals

The growth potential and high quality timber of
Douglas-fir have made it the prime species for intensive
foresé}y practices and tree breeding 1n the Pacific
Northwest. British Columbia's tree improvement program for
Douglas-fir began in 1957 with Shenotypic selectioﬁ of
plus-trees (Orr-Ewing 1969). Selections were made for growth
and form from a broadly defined seed zone of coa%tal British
Columbia and Northern Washington (Heaman 1967). First
generation orchards currently provide much of the seed for
the reforestation program (Yeh et gl. 1981).

The breeding program. in B.C. has developed; i) to
establish a breed population for recurrent selections, ji)

to estimate genetic variances and establish parameters as an

aid to selection, and 1ii) to test the breeding values’ of



first generation selected parent trees (base population).

The vehicle for this program’is a disconnected six-parent

half-diallel genetic test of the base population (Heaman

1981). An earlier factorial test (Yeh and Heaman 1982 ;

EP707) ot 26 trees chosen randomly from the base populat}on

1s limited in 1ts opportunity of allowing‘ recurrent

selections but provides excelient research material for
objectives 1i) and 11i). This factorial test offers the
1deal magerial for research because:

. 1t 1s full-sib material from a factorial mating design,
thus 1t permits the direct estiTation of édditive and
dominance genetic variances (Namkoong 1959);

2. 1t 1s at an age where traits of form and guality traits
can start to be evaluated;

3. 1t allows the opportunity of researching * select ion
strategies that can be applied in the ‘darger-scale
breeding program.

Traits” of Qquality refer to traits that affect the
quality of the clear-wodd resource. Specifica%}y these are
traits of crown form, stem form and wood qualifyu Traits “of
crown form’ are: branch angle, branch numbe}, branch
thickness, and branch length. Crown form traits are
important, not only for their effect® on the clear-wood
resource - heavier and m;re persistent branches (knots),
more compression wood, less strength in stress grading of

lumber and poorer pulp and paper yield and guality; but also

for management and handling - pruning and delimbing costs,

.



-

and also because of‘their importarfice to the partitioning for
valuable bole wood rather than undesirable branching
matertal. Branc% thickness and branch length can alsqibe
considered as growth traits. Traits of stem form refer to
straightness of stem, stem taper, and forking, and are
important for their effect on the quality and uniforﬁ;ty of
the clear-wood resource.vWOog’densiry 1s considered the most

impértant'clear»wood characteristic affecting wood quality

for pulp, lumber, and plywood (K#llogg 1982).

1.1.4 Objectives

This thesis. attempts to address the question of whether
1t 1s possible to‘select for traits of growth, form, and
wood quality in Douglas-gir, using parameters estimated from

a éenetic experiment (EP707) est;blished by the British

Columbia Ministry of Forests, Research Branch. The specific

objectives are: ) )

. to test for the significance of/ genetic sources of
variation and estimate genetic parameters for traits of
growth, form and wood quality; )

2. to gﬁtablish key traits of growth, form and wood quality

/ﬁﬁthat can be effectively measured and‘useq in laﬁge-scale
progeny test evaluations; -

3. to investigate multiple trait selection strategies for

the genetic improvement of Douglas-fir.

N



\ :
1.2 Growth of Douglas-fir
Height and growthlare not only pripe @conomic traits,
but in a species such as DouglasAfirﬂ which forms pure
even-aged stands following fire (Schmidt 1960), height 1s an
important component of fitness. Suppression and eventual
meortality will occur for genotypes that cannot remain in
competition with their neighbours within the dominant and
co-dominant canopy classes.

Initial seedling growth (prior -to six years) can be
slow (Isaac and Dimock 1965) for Douglas-fir, but this
probably reflects environmental constraints (Silen 1978).
Once past the seedling stage annuai growth can surpass 2
metres, and 60 cm annual height increments can continue for
a century on best sites (Silen 1978). Volumes of over 1500
m’/ha are not vunusual in stands of coastal Douglas-fir

(Silen 1978). ’ ‘

1.2.1 Variability Studies on the Growth of Douglas-fir
Douglas-fir achieves its greatest growth potential in
~Oregon and Washington west of the Cascades, southern coastal<
British Columbia, and Vancouver Island. In these regions,
i1ts stature and héight (often exceeding.70 m) give it an
imposing presence in old growth stands. ) ‘
-On  the west coast of Noréh America there 1is, in
general, a cline of growth rate potential that follows a

westward trend of increasing precipitation and availability

of moisture in summer drought times (Silen 1978). Variation

\d .



attributable to environgfntal clines associated with
elevation or soil moisturg gradients can occur even 1n
small-scale geographic distributions (Silen 1978, Campbel!
1979} . _

The exploitati&n ot seed source differences can be
profiitable in tree 1mprovement programs and is a necessary
first step 1n species introductions (Birot 1982). wWhite and
Ching (198%) found that once the poor southern Oreqgon
provenance wa$ removed, the differences among 13 other
provenances - using 25 year field performanceé - was slight
and often not statistically significant. One of the earliest.
provenance variation studigs was the Douglas-fir Heredity
Study (Munger and Morris 1936) establiéhed in 1912, The
study was based én 120 open-pollinated (0.P.) families from
13 svurces 1n western Ofegon and Wéshington and was planted
on five sites. Namkoong et al. (1972) used this study to
look at time-trend results 1in geneﬁic and environmental
variances. Although in the end they felt they could only
make general 1nferences from one site: they found a steady
and siénificant increase between seed-source means as the
test matured after age 15. Jarret (1978) found an increa;:ﬁg
provenance effect‘:zth age 1in tﬁe French IUFRO' provenance
trials. |

Provenance research for coastal Douglas-fir in B.C. has

revealed that large and real differencés among seed sources

can be exploited, especially by the introduction of

' International Union of Forestry Research Organizations
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Washington provenances into mild coastal sites (Illingworth
1978/ Ying 1984). Introduction of low-elevation provenance
material at high elevation sites (above 900 m) involves the
risk of severe snow or frost damage (Ying 1984). If gains
from seed source selections are to be realized, care must be
taken that these gains are not lost to reduced hardiness and
adaptability (Silen 1978). |

The capture of a racial effect through wide crosses has
also been investigateq 1in Douglas-fir and may offer some

promise (Orr-Ewing and Yeh 1978).

1.2.2 Genetic Variation in the Growth of Douglas-fir .

Variation within populations is maintained as a method
of ‘temporal adaption for a longl living species such as
Douglas-fir (Hesslop-Harrison 1964) . Several published
accounfs report that significant and important amounts of
additive genetic vafiance are availlable for ;mprovement of
growth traits in Douglas-fir. Campbell (1972) found
siénificant differences but low heritabilities (hf2
=0.10-0.16) for height increments of full-sib seedlings. Yeh
and Heaman (1982) reported significant values for sources of
additive genetic variance (oﬂ for height and diameter at
age six in the same haterial used in this study;

Heritability values were h’=0.1420.10 and 0.1940.11 for

height and diameter respectively. Estimates of non-additive

o - — - )

: hf=heritability appropriate fof‘mass'(phenotypic)

selection, Appendix Table B
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gégetic variances were non-significant. Genetic studies of
Douglas-tir 1n France show moderate heritabilities and
expected response to selection. Jarret (1978) found, using
height at eignht years on 15 open-pollinated families within
one of the IUFRO provenances, moderate heritability wvalues
(hi:0.3biO.19). Birot and Christophe {1983) reported
heritability estimates from 26 provenances of the French
Douglas-fir trials that ranged from 0.0 to 0.77 for height
at 12 years. Most of the provenances had levels of hj>0.3;
and heritabilities of tree girth were similar. Fashler et
al. (1985) also reported significant amounts of additive
genetic varlances and moderate to high within-provenance
heritabilities for height growth from O.P. seedlings from
IUFRO collections at the U.B.C. Research Forest. Rehfeldt
(1983) found higg :jthin‘population\ heritabilities for
height growth in four-year-old 0.P. seedlings o(\intérior
Douglas-fir (h’=0.5220.10).

In comparison with these “O.P. studies the full-sib
studies of Campbeli (1972) aqd Yeh and Heaman (1982) have

\

reported significantly lower heritabilities. Hegitability
estimates derived from open-pollinated families are biased
when the assumption 1is made that the genetic covariance

between Oa?. progeny 1is that of half-sibs (Namkoong 1966;

Squillace 1974). Although Rehfeldt (1983) adjusted for an

inbreeding coefficient of F=0.10 this bias may account

somewhat for the differences between the 0O.P. studies and

the full-sib studies. The testing environment and age of



uhaterial@are alse 1mportant factors in the determination of

‘f&bironmentaly sensitive traits such as  heigh: qrowth.
Nursery and tarm tield trials show higher heritabilities
- E ." . .
than pr‘m*eny trials that saimulate production plantations and
heritabileaties for height growth can decline with age.
o - -

Namkoormy et Al. (1872) tound later hei1ght measurents 1n

the Douglas fir Heredity Study (Munger and Mortis 1936) were

non significant (P-.0%) ftor tamily difterences.
9 Y

1.3 Form of Douglas-fir o

Mature Douglas fir 1S characterized by a long,
branch-free, cylindrical stem ‘and a short, columnar,
tlat-topped crown (Hosie 1973). Young trees ‘have narrow

conical crowns that extend to the ground (Hosie 1973). In a
clo;ed stand lower limbs dte rapidly "ﬂ?ﬂl Increasing
overhead shade. However natural pruning of %Hese limbs can
take some time .saac and Dimock 1965). Branching and
crowq—torm tr?its are imporfant for the effect they have on
the qguality of the clear-wood resource: compression wood ig
increased with acute angled branching, and heavy limbedness
wi}l p}oduce persistent knots and retard the ability to
proauce cleaf stems (von Wedel et al. 1968). Clear stem wood
'1s not only desirable for clear-wood products and peelér
logs (von Wedel 4t al. 1968; Shelbourne 1970), but also in
the 'p. oductlo?vtj uniform pulp products (Blair et al. 1974:
Zobel and Ke}/lxson 1978) .

| |

2 \
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Crowa characteristics are likely to be important not
(\‘nly because ot thewr eftect on  wood 'qual 1ty,  but also
because  the biomass potential ot the Species 18 more
valuable when partitioned nto stem wood than into

undesirable branch wood. {

1.3.1 Variability Studies on the Form of Douglas fir
‘ Extreme phenotypic  varilabiliaty “ton Limb  and  crown
characters was found by Campbe]l (lWSB,IQbiiiqbi). Campbe 11
measured crown chavacteristics (branch numbers, lengths,
(h;(‘knesses and angles) 1n 15 to 35 year old Douglas- fi:
using 30 trees an  each of 10 locations. Most of  the
variaglllty of these characters could be accounted for by
the variability 1n volume, except for that of branch angle.
Relati1cnships between branch number: and volume, branch
length and volume, ‘and branch thickness and volume were
strong and positive. Aqe:of the tree had little 1nfluence,
except for 1its 1nfluence on volume. Campbell found the

3

tollowing rela® 1onships between branch characters:

1. trees with acute-angled branches have thicker branches,
2. trees with fewer branches have thicker and longer
branches,

-

3. taller trees of similar volume (less tapering) have

4
L J
shorter *branches.

However, the association between branch characteristics was
slight 1n comparison to the association of branch characters

with volume.



Campbell (1963) used path coeffrcrent analysis to look
af the branching relationships with \'(K)lume. Stem volume was
most aftected by varlation in the number and thickness of
branches. Mcst of the eftect branch length had on volume was
indirect through branch thickness. Branch number and branch
thickness together were associated with 60% of the variation
In stem volume. These relationships were ftairly consistent ly
expressed 1n the ei1ght separate areas studied, at least when
Jrown 1n open growth conditions. -

Because environmental intluent™%  such as spacing,
nutrients, and site gquality exert a strong influence on form
characters, significant difterences for these characters
between populations could not be verified as indicat ing
genetic differences (Campbell 1961). Campbell also found
that the phenotypig variation of branching characters was
most highly expressed 1n areas of good height growth. Site
tactors exert a strong influence on the expression of form
characters, and studies of their effect.in Douglas-fir have
been made by Walters and Soos (1961), De Champs (1978),
Carter et al. (1985).

Jarret (1978) found a strong and significant
replication effect for crown-form traits in the French IUFRO
provenance-progeny trials. He also found that provenance
effects were significant for crown-form traits: branch

angle, branch number, knot index’, and distribution of

? knot fndex was a ratio of cross-sectional areas of
branches to the cross-sectional area of the stem 10 cm below
the whorl (Campbell 1961).



branches 1n the whorl, but not tor branch thickness. A
signtificant negat :ve phenot ypic correlation (r=0.5%8)
exi1sted between the elevation ot a provenance and 1ts branch
number . Sources from lower elevat tons had more branches than
high elevation sources. Jarret also found  that northern
provenances tended to have more acute angled branching than

aht hern provenances.

1.3.2 Genetic Variation in Crown-Form Characteristics

Heri1tability estimates for crown form ttaits vary, but
tend to be larger than those ot growth traits. Herr1tability
estlmates (hj, appropriate tor mass selection) for
branching-quality traits 1n Finnish trials of Scots pine
(Pinus silvestris L.) were (.4 0.7, whereas growth traits
were low to moderate (- 0.3) and sometimes lower than 0. i
(Poykko 1982). Merrill and Mohn (198%) tound non-significant
family differences in Lake States white spruce (Prcea glauca
(Moench) Voss) for total height and branch number; but
significant heritabilities (h’) of 0.14 tor diameter, 0.l6
‘for branch thickness, and 0.44 for branch angle.

The inheritance of branch guality traits in Douglas-fir
shows similar trends (Jarret 1978; Birot ang Christophe
1983). A cémprehensive study of «crown-form traits was
conductéd by Jarret (1978) using 15 O.P. families within one

of the provenance's of the French IUFRO provenance.

Heritabilities were reported as:



Trait hj
Branch number non-significant
Branch angle 0.54+0.23
Brgzvh thickness 0.34t0.18
Knot index 0.29+0. 10
N6n751gnifzcant results for branch n;mbers petr whorl are

similar to those reported for white spruce (Merrill and Mohn
1985) and may reflect the ditficulty in assessing this trait
(Campbell 1961).

Branch anglé, 1n other studles on t he French
provenancewprogeny\ material (Birot and Christophe 1983),
showed a strong additive genetic effect similar to that
reported by Jarret (1978). Twelve percent of the variation
could be attributed to differences between families within
pr&évenances, whereas only 1.5% of the wvariation was
attributed to provenances. He{}tabilities were high
(hf=0.49), and large phenotypic wvariabilities indicated
response to selection for this trait would be good (Birot
and Christophe 1983). Jarret (1978) found moderate additive
genetic variance for branch thickness” which contrasted to
the non-significant effect he found for this trait for

' provenances.



1.3.3 Stem Form Traits

Al;hough Douglas-fir stands appear relatively
straight-stemmed and of good form, a surprising amount of
sweep  and  sinuosity  can occur. In stands marked tor
commercial pilifngs, where only slight deviations trom
straightness are permissible, seldom could 20 per cent of
the trees be wused (Silen 1978)i Stem crookedness can
increase the amount of undesirable compression wood reducing
pulp yield and quality (Zobel 1971) and producing poorer
quality lumber and plywood (Shelbourne 196Ya). Orr-Ewing
(1967) 1n a limited study of stem torm showed that selection
might be useful for stem straightness. i

Sinuosity, stem crookedness confined within an
‘interwhorl stem segment (Campbell 1965) (Fig. 2), 1s a

conspituous feature of young Douglas-fir. There is typically

a reduction of sinuosity from the pith so the bark in young

-~y
trees (Polge and Perrin 1984), and much of the minor

crookgdness that occurs at this stage. 1s covered by
eccentric wood growth as the tfee matures. However, this
dislocation from the vertical brings about the‘formation of
compression wood (Burns 1920; Mergen I958).Q) portion of
compression wood may be left adjacent to the pith in what
otherwise would be considered a straight tree; the amount of
which may be directly related to the degree of éinuosity
(Zobel and Haught 1962). In severe cases a permanent wave

may be -left in the stem.



Figure 2. Sinuosity in Douglas-fir (Campbell (1965) measured

sinuosiﬁy using a transformation of the ratio of h/a, where
a equals the vertical length of the interwhorl and h equals

the length along the sinuous stem).



s : . :
1nuosity 1n  Douglas-fir

Campbell (1965) studied g
stands. He found high within-population variation (CV=42%)
and significant between-stand variation for stem S1NUOSity.
Using path analysis he showed diameter at the base of a
leader was better associated with sinuosity than was length
of leader. Although not working with genetic material,
Campbell predicted that heiitability was likely low; thus
sinuosity would be a difficult character to 1mprove through
mass selection.

Forking, ramicorn branching*, and multiple leaders are
other commonly occurring teatures of young Douglas-fir. The
incidence of these growth features in young Douglas-fir 1s
strongly associated with the occurrence of lammas shoots.

%

Lammaé shoots or gecond, late-season flush i1s a common
featufg of the phenology of young Douglas-fir (Fig. 3).
Lammas growth 1s defined as an abnormal burst of late-season
shoot growth from the flushing of recently formed buds that

eare not expected to open until the following year }Kramer
and Kozlowski 1979). Lammas shoots occur with high incidence
in young plantations of Douglas-fir (Walters and Soos 1961)

‘and are associated with favourable climatic conditions, good
site quality, fertilization fWalters and Kozak 1967) and
origin of provenance (Jarret 1978). However,cthey decline
with age and are relatively uncommon in material over 12
years of age. T?ese types of late-season shootvgrowth, are
‘ a ramicorn branch refers to a fastigiate, large, thick

branch that is associated with lammas shoots from lateral
buds (Fig. 3)

N
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Figure 3. Abnormal late-season (lammas) shoot growth.
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one of the most 1mportant juvenile growth features thé?
promote distorted growth symptoms (Carter et al. 1985). They
are most often maniquted 1n young Douglas-fir plantations
as multiple lateral!bud lammas shoots or a combination of
lammas shoots from the terminal and lateral buds {F1g. 3);
the c¢ommon Conseéuences are forking, ramicorn branches,
multiple leader formation, and excessive branchiness and
clusters of branches (Rudolph 1964). Growth disturbances
associated with secondary flushing  are exasperated when
early frosts occur . Although such growth deformities at a
juvenile stage may be overcome, they can leav§>pmrmanent
3 14
detractions from a clear bole. ’
Stem tépe( ©s a valuable trait for its effect on yield
and quality. Trees with marked taper have greater volume
7

than trees of the "same height where taper 1s less evident. A

cylindrical stem 1s more profitably handled and processed

for dimensional timber. Much of stem taper depepids upon

spacing and other stlvicultural practices; genetic

influences on stem taper are little wunderstfod. Jarret

(1978) fcund a slight provenance effect for stem taper.

1.3.4 Genetic Variation of Stem Form Features

Jarret (1978) studied sinuosity and forking and found:

Trait h’

1

Sinuosity 0.52+0.23

Forking non-significant
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Response to selection for sinuosity was high, ‘due to the
high heritability and large phenotypic standard deviation.
Moderate to  high family heritabilities  of S1NUoOsSity”

(h; »0.5) and large variation among tamilies indicated that

selection for stem straightness would’ be favourable in

studies by t he Pacific Northwest Tree Improvement

Cooperative (Adams and Howe 1985). Sinuositly was reported to
}

be of moderate heritability (hf=0.39) in the study of Birot
and Christophe (1983); as with Jarret (1978) forking and

ramicorn branching were found to be non-significant. Birot

d‘
and Christophe (1983) noted that sinuosity as well as the
crown-form traits are sensitive to non-controlled

environmental effect (85% residual variation), but because
of large phenotypic variances among families, family

selection can be very effective. /

1.4 Wood Quality in Douglas-fir

The timber of Douglas-fir is highly'prized and sought
for structural wuses, pulp and veneer. It is s;raight
grained, moderately lightlto moderately heavy (wood density
of 430 to 450 kg/m’) and of intermediate durability (Cown
1976).

Wood aeﬁsity is not a single property, but is a complex
of Characteristics such as pefcentage of summerwood,
cell-wall thickness, cell diameter, 1lignin content, etc.
(Koch 1972); however, it is conveni‘é‘nt‘ to treat it as a

singl% trait. Wood density is an important trait because of
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1ts close relationship to the strength, quality, and yield
characteristics of pulp product® (Barefoot et al. 1970), and
t he strength and structural properties ol clear wood
products (Barrett. é;d\ Kellogg 1984). In a fast-growing
plantation 1t 1s importaﬁx to maintain the density found in
the 1indigenous resource }éobel and Kellison 1978) and breed
for a uniform product (%obel et al. 1982).
1.4.1 Variability Studies of Wood Density of Douglas-fir
Single-tree estimates of wood density are CUmpl%gated
by substantial vertical withinftreﬁ variatlon, buf mu£% of
this variation is predictable (Cown 1976), and wood density
. “estimates from breast high increment cores can give a good
indication (r=0.91) of weighted tree mean density (Cown
1976). Another consideration is the use of young trees to
evaluate mature tree performance. Do early progeny
evaluations of wood density affer reasonable guidelines for
later, mature-tree wood density? Wooé density increases with
age and there are indications that this increase is linear
and can be quite predictable. Northcott et al. (1964) in a
study of variation patterns in a limited number (six) of
Douglas-fir trees demonstrated this trend after an initial
period of instability priér to the 10th year growth ring.
Kellogg (pers. comm.) in a recent study of Douglas-fir
demonstrated a similar trend, 'with under- 6-years being
highly wunpredictable 8- to 12-year growth rings stab-

1lizing, and after 12-15 years demonstrating an increasing
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linear trend. Keller and Thoby (1977) showed significant
phenotypic ®orrelations between mean density of the first
ten rings to mean density ot the outer ten rings in two
stands of 30- and  60-year-old Douglas-tfir, but non

significant correlations ftor another smaller population of
60-year-old Douglas-tir. Although McKimmy (1966), working on
t he Douglas>fit‘_hereaity Study (Munger and Morris 1936),
recopmended that predictions. of stem densities not be made
beforde 25 years, McKimmy and Campbell (1982) suggested tests
on 10p to 15-year-old material could provide information
applicable to older material. Other studies by Harris

(1965), Thoby (1975), Keller and Thoby (1977), Reck and

N
N

Sziklai1 (1973) and(éspeciall;\COwn (1976), have demonstrated
that early wood aterial can be used to predict mature
stem-wood density in Douglas-fir. These studies have
indicated that wood deposited a{ter 15 years can be
acceptable for whole-tree wood-density comparisons, but wood
1in thé 8 to 15 year range can offer, with some caution, the
earliest possible evaluation of whole-tree wood density.
Although several studies have shown differences among
regions and provenances (Drow 1957; USDA 1965; McKimmy 1966;
Wilcox 1974; Thoby 1975) this variation is by and large
minor in relation to variation.among individual trees (Cown

-

1976, Cown and Parker 1979).
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1.4.2 Genetic Variation in Wood Density

Heritability values - appropriate for mass selection -
were high (hj most provenances - (.8) for wood mean density
from 14-year-old provenance- progeny trials 1n France
(Bastien et al. 1985%); genetic variability was much hléhe[

at the family level than the provenance Jevel, confirming a
similar observation made by McKimmy and Campbell (1982).
Bastien et al. (1985) reported that potential gain for wood
density would not be great because of the low phenotypic
standard ~ deviation; they aiso reported’ untavourable
correlations between wood mean density and growth traits and
wood mean density and wood heterogeneity. Unfavoura§le
genetic correlations between growth: and wood density, and
between form and wood density have also been reported 1in
radiata pine (Pfinus radiata D.Don) (Dean et al. 1983).

The Pilodyn wood tester has been used to assess wood
density by using the wood's resistgnce to penetration by a
spring-1baded pin (Cown 1978). Moderate-to-strong negative
correlations of depth of piq/penetration vith wood density
from a variety of conifers suggest that this may be a useful

way of ranking families for wood density selections:

c = -0.86 radiata pine (Cown 1978)

r = -0.81 loblolly pine (Taylor 1981)

r = -0.71 silver fir? ;Héffméyer 1978)

r = -0.83 white spruc€ (Micko et al. 1982).

Many of these studies are on larger, .more mature trees,

*Abies alba



where the bark has been vemoved, and may be less applicable
on through-the bark measures of juvenile-growth trees.
In order to assess this 1nstrument for its use in
mak1ng genetic selectlons, genetic correlations are mor e
appropriate to look at than phenotypic correlations.

Sprague et al/. (1983) found high genetic correlations

and resulting efficiencies ot 1ndirect selecticn for twoe

t&pes ct Pilodyn:

.

r, = -0.89 2.0 mm needle, 6joules spring,
r, - -0.82 3.0 mm needle, 18joules spring,
“but disappointing results ftor a third type (rA = 0.24; 2.5

mm 183). Bastien et al. (198%) concluded that the Pilod%ﬂ
was not effective for selection purposes .in the French
Douglas-fir provenance-progeny tests. Genetic Correlaggons
were inconsistent . and too greatly influenéedU Aby
environmental factors, although they suggested that the

Pilodyn might be used for Qquick measurements not requiring

great accuracy.



2. MATERIALS AND METHODS

2.1 Materaials
Twently six trees were randomiy sampled trom the base
population  of  first generation  selected parent tiees  of

’
coastal British Columbia. ﬁ?hble | Fig. V). Twenty two

r e
tiees (serving as seed parents) werée crossed with tour trees
(Serving as pollen parents) 1n April 1971 (mating design 11

"

"tester", Comstock and Robinson 1a452) . Seedg trom all
tamilies were spot seeded 1n ndrsery beds and at the end ot
the ti1rst growimg season, 1n the fall ot 1972 the seedlings
were transplanted 1nto Styro 8 plugs containing a mixture of
peat, sand and sterilized sol:. In the spring of 1973 one
group of seedlings was outplanted 1n thé;Greater Victoria

Watershed (GVWS); 1n the following spring another group was

outplanted at the Cowichan Lake Experimental Station (CLES):

Progeny families were planted .n as.randomized complete block

design with three repllcafﬁéhs of nine-tree plots at a

spacing of 3 m > 3 m. Both sites were cleared and fenced

prior to planting.

!. Cowichan Lake Experimental Station (elev. 165 m) was
planted with 9-tree row plots. CLES 1s on an undulating
topogfaphy. Soi1ls are Humo-Feric Podzonls and are coarse
sandy loams 1n texture. Soil moisture regime ranges from
dry to moist and soli nutrient regime from poor to r}ch.

Rooting depth 1s greater than 100 cm (Klinka et al.

1984). Survival has been high at this site.

27
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Greater Victoria Watershed (elev. 488 m) was planted
with 9 tree square plots. GVWS 15 on a uniform sl ope
aradrent of 20 25% and a SSE exposure. 1: 1s on a Coarse
Loamy Podzoel with a sorl morsture regime of dry to tresh
and a sofl nutiient tegime  of medium with a rooting

1

depth of over 100 ¢m (Courtain 1983, Klinka of al. 1984 ) .
The site 15 presently untenced and has had problems with
browsing, fi1rst by qrouse and tabbits, and later by
deer. Both Armillaria root rot (Armillaria mellea) and
laminated root rot (Phellinus weiril) are present.
Problems have alsc occurged due to severe competition
with broom (Cytisus scoparius), which mainly atfects the
Jowest replication where there are deeper and more mesic
so1ls. Because of the damage and lower survival at this
site, the tull set of m.easuremems could be made on less
than half the trees.

Measurements of height and diameter have been made at

sites at 6 years (Yeh and Heaman 1982), 10, and 12

years. Growth form measures were taken at 1 years {(summer

1983), and wood densil,.y measures (taken only at CLES) were

taken after the 11th growing season (winter 1984).

\



Tree no.t

Parent tree

LLocat i on

Seed Parents

49
60
12
13
110
193
300
303
305
310
314
315
323
408
415
418
422
439
499
549
623

Pollen Pa

28
33
62
448

Parksville
Gold R. -
Campbell R.
Koksiiah
Cowichan
Powell Rive:
Chilliwack
Howe Sound
Howe Sound
Victoria
Pitt River
Pitt River
Pi1tt Rive:
Pitt River
Chilliwack
Skagit
Knight Inle:
Sechelt

West Vancouver

Kelsey Bay
Knight Inlet
Powell River

rents

Ladysmith
Cowilchan
Sproat Lake
Garibaldi

locat1ons,

-

685
580

60
625

Elevation

49
49
50
48
48
49
49
49
4 Q
48
49
49
49
49
49
49
51
49
49
50
S0
49

48
48
49

L.at .

()]7-

52
15
37
50
52
07
3b
36
27
47
42
42
41
07
03
05
26

>
<

26
50
52

56
50
18
51

Long.

]A\ﬁ()5§.

1.6
125
123
124
124
121
123
123
122
122
122
122
122
121
121
125
123
123

126

125
124

123
124
125
123

0Ot
24
48
10
19
56
19
19
34
43
43

>
<

43
49
05
35
52
13
14
50
19

53
05
13
08

tB.C. plus tree registration number

-
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2.2 Statistical and Genetic Analyses

£

Analysis of variance was pefformed on the measurements
for the purpose of testing hypotheses abouti the signitficance
of tamily related eftects and also for the purpose ot
estimating varlance components for these eftects. The
analysis, ftor a random model, was conducted on individual
trees using a least square analysis of variance program for
unbalanced data developed by F.C.H. Yeh (Technical Advisor
Geneti1cs, British Columbia Forest Service and Department of
Forest Science, University of ~alberta) and UANOVA, a general
purpcse analysis of varilance program developed by T. Taerum
(Comput ing Services, University of Alberta).

Varlance components were estimated by equating the méan
square for each effect with 1ts expectation (Tables 2-4) and
solving for the component (Appendix B). Standard errors of
variance components were calculated as per Becker (1975)
(Appendix B). Components of covariances among tralts were
calculated by using the variance component models (Tables
2-4) on the sum of the values for the pair of traits 1in
question and solving for the covariance term (Kempthorne
1957 :pg 264).7

Assuming no 1link&ge, epistasis, and inbreeding, the
components of variance among females (oﬂ and males (%ﬁ
estimates one-quarter of the additive genetic variance (oﬁ
(Hanover and Barnes 1962). In the "tester” mating design the

selection unit and the source of information for additive

genetic variance 1s the female seed tree parent (of).
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N

Components of analyses of varlance models.

sites

male pollen trees

female

seed treeg\

trees within plots

Variance components

K =
1

variance
variance
variance
variance
variance
variance
variance
variance
variance
variance
varianmce

varlance

among
among
among
among
among
among
among
among
among
among
among

among

coefficient of the

trees within plots

full-si1b family plots within sites
site-male-female combinations
male-female combinations

rep-female combinations within sites
rep-male combinations within sites
site-female combinations

site-male combinatioﬁs “
female half-sib families

mafe half-sib families

replications within‘sites

sites

n

i"th variance component
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The  component of variance  among full-sibs (o)
estimates one-quarter of the dominance genetic variance
(&;). Because of the small number of pollen parents (four),
the precision for estimating domlnance genetic variance with
the tester mating design is low, especially for low
heritability traits (Pederson 1972),

Genotype » environment intera(%ion (G.E.1) sources ot
variation can be tested by using:

u; for additive » environment inferavtion (u;),
U;“ for dominance = environment interaction (ﬂ;)~
2.2.1 Heritability and Selection Concepts

One of the most important genetic parameters used 1in
evaluating the response  to selection 1s heritability,
Heritability has valtue primarily as a method of quantifying
the concept of whether progress through selection for a
character 1s relatively easy or difficult to make 1in a
breeding program (Hanson 1963) . At the basic level
heritability 1s .defined as the ratio of additive genetic
variance (0:) to phenotypic varjance (u;) (Falconer 1982).
As a utility to a breedef, hefitability statements should be
unified with reference to a selection concept (Hanson 1963).
The concept of heritability as a regression coefficient

.

(Falconer 1982; Hanson 1963) tis:

/4
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COViphenotypes measuted for selec ion, genotypes generated)

o

phenctypic varian e of the mean valoue of the Selection unit

1s useful in forestry where the relationship between the
selectioq‘gﬁuﬁ{iand the 1mproved generation may have many
different permutations (Namkoong et al. 1966; .Shelbourne
1969b; Namkoong 1979).

Where 1individuals measured from the progeny test are

the selection unit, the phenotypic variance is expressed as:

In terms of the variance components from the analysis of

variance (Tables 2 & 3): this becomes:

Pi m t mt . 8m st tm rt smt tmt w

The numerator of the heritability is the covariance between
the genetic value produced for utilization and the
phenotypes measured to estimate that value. This covariance,
vhen genotypes are produced from selected‘individuals, 1s
that of offspring-parent (hqﬁ. In mass selection where
select trees freely intermate (Shelbourne 1969b, Namkoong
1979),7 this covariance 1is- o: (because both parents are

selected) and the full narrow sense heritability appliesgz
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o

In a breeding program, pedigree information can be used
to assess more accurately an 1ndividual's breeding value
than just 1ts own performance, as 1n mass selection. This 1s
especially helptul with characters of low he@itability such
as growth traits (Falconer 1982). Selection can be from the
parent generation where the parent's progeny are used to
derive the patent’'s breeding value. Recurrent se.cc'ions can
be made on individuals within the progeny test, using the
performance c¢f an individual's half- and full-sibs to aid in
the definition of 1ts breeding value.

The phenotyplc variance of halt- and full-s1b family
means is the phenotypic variance among half- or full-sibs,
divided by the number of observations making up each kind of
mean. For half-sibs, the phenotypic variance from our model

(Table 3) is:

For full-sibs, the phenotypic variance from our model is
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The T"tester” mating design of this experiment 1is
designed to test seed tree parents. The selection process is
progeny testing, where the characteristics of progeny are
used to assess the breeding value of their parents rather
than the progeny themselves (Tuyner and Young 1969; Falconer
1982). Progeny tests can supply in{ormation about the
breeding value of parents (the 22 seed tree parents) and

" genet1c parameters for the parental population. The
g‘ parameters derived from a progeny test thu;‘jefer to the
parental population (the base population of §elec£ parent

N\

trees) rather than the progeny populationﬁxhs pointed out by.
Falconer (1982) the concept of progeny-test‘;electron can be
confusing because of ambiguity about which eneration is
being selected, the parents or their progeny. Because this
1s .a type of family selection, "tfamily"” and "progeny~te§£"
selection will be used’as equivalent terms in this study.

In the selection of tH& best parent trees based on
‘their progeﬁy's performance, the numerator of\ the

\) heritability 1is the covariance between the" phenotypes

measured for selection (i.e., the progeny of the 22 seed

-
//
tree parents) and genotypes generated for utilization (i.e.,
progeny of the selected trees). The relationship 1is thus
¥ that of half-sibs and the covariance between half-sibs is

o

s
%of = oﬁ The heritability (family) for this selection

becomes:
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Expected percentage gain from selecting the best parent

trees 1s (Namkoong et al. 19¢b6):
280G, = 1 » 2 (h' > o« 100) 7
H t PHS A
X
where X 1s the pop*lation mean. This can also be stated as:
%8G, = 1 < 2 (h: » CV_ ) 8

where CV_ . 1s the coefficient of variation of the half-sib
phenotypic variance. The selection intens;ty Pi", refers to
how many standard deviations the mean of select parents are
above the mean of the whole populatioﬂf"Response to

selection can thus be expressed as percentage response per

standard deviation unit of selection or per unit "i":
%G, /1 = 2 (hi x CV_ ) : 9

The "2" 1s because select parent trees act as both male and
females (clonal seed orchard) (Namkoong et al. 1966).
Recurrent selections involving second generation

material are limited with the‘present mating design (NC I1)
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because of the potential of 1nbreeding; only four unrelated
second generation individuals can be selected from  the
enti1re planted stock. Thus simple recurrent selection (mass
seltction) or combined selection schemes are not compat ible
‘/

with t he "tester " mat ing desan of this study . Gamn
calculations from a simple recurrent selection (mass) within
the progeny test ate repotted for compar 1son put poses  and

-

are calculated by:

2.2.2 Correlation of Traits

The models developed for estimating genet:c and
phenotypic variances also apply to covariances. Genetic and
phenotypic correlations between tr;iks were also
investigated as parameters. Phenotypilc <correlations were
assessed for individuals, r, (based on o; & COV_ ), and for
halt-sib (female) families, T s (baséd on %;S & Cov, )
(Appendix B). Genetic correlations, r,, are the correlatiop
of breeding values (Falconer 1982) . Environmental
correlations, r., are the correlations o} environmental
deviations together with the non-additive genetic deviations
(Falconer 1982) (Appendix B). The standard error of r, was
calculated as per Falconer - (1982) (Appendix B). Because

variance estimation errors are multiplied in  these

parameters, they are most usefully interpreted with regard



to general magmitude  and “si1gn. Correlated  response  to
selection was anvestigated ftor several important chatacters
according to the formulae of Falconer (1982) (Appendix B) .
Path coef!icrent analvsis (Wr1ght 1ar, “h‘Hr\xu a
standardized partial regression analysis by which a model o
cause and effect can be anvestigated (Kempthorne 1657 [
1975 )0 Campbell (1963) used A medel of the cause and etffect
ot the phenotypic relationships of ¢rown chatracters on stem
voelume . Path coefficient analysis was used to emulate this
mode 1, bu ihatead ot using phenotypic  1elationships,
additive genctic relationships between traits were used.
Path analysis was alsc used as a.graphic aid to adentity key
crown  traits for anclusion in multiple trait  selection

1ndices ftor the 1mportance ot their effects (direct and

indirect) on stem velume.

2.2.3 Multiple Trait Selection

Selections will seek‘to improve multiple economically
rmportant traits. Several met hods of multiple trait
selection can be used by breeders. Tandem selection
(Falconer 1982) involves i1mproving traits separately over
successive generations, but 1s not feasable in forest tree
breeding becauce of the long generation intervals.
Independent cuiling establishes acceptance levels for each
trait and the set of individuals failing to achieve any or

)

all of these levels is culled. The drawbacks to independent

cnulling are that a large population needs to be screened if

.



many traits are to be 1mproved, and ne account s taken of
the 1nterreiationship of traits.

Index selection, as developed by Smith (1936), and
Havel (19437, provides a linear ftunction ot an individual '«

phenotypic value tor two or more traits (X ), where each

i

value 1s werghted by a coetticient (b ) designed to maximize
the correlation between the funtion and the individual's

geneta1c worth. An individual's genetic worth 1s detined as

an aggregate consisting of a linear function of the breeding

values, ¢, of 1=(1,2 ..m) traits, weighted by the relataive

’ ro-
“a

¢+

economic values, a , of those traits:
1

The least-squares partia! regression cofticient (b ) of H on

1

X provides the weighting coefticient for the index | in the

form:
1 = L b X, 12

The least-squares solution for the vector of regression
coefficients b is equal to P Ga, where P is the matrix of

! . . L N
,varianced and covariances among the X, G is the matrix of

covariances between Xl and 9, and a 1s the vector of

)

. - - ~ B .
economic weights (Appendix B). The variance of the 1ndex,

5
<

0 1s calulated as b'Pb, and the variance of H, o is

calulated as a'Ga. ¢
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The gain 1n genetirc value of each trait in  the
aggregate genotype (G as a result of selection on  the
1
index 1s:

AG = 1(b'G ) o S

1

- o
where 1 1s the selection imnmtensity and G 15 the column

In the G mattix or the row vector of genet 1¢ covar lances
N
between the | tra:t and each component trait n the 1ndex

(Lin 19/8). The correlation between 1 and H (1 ) measul ey
e

the ability of a given index function to model the actual

value of an individual’'s genotype. This statistic 1s useful

foY  evaluating the effectiveness of an index  and  1s

calculated by:

The 1ndex wused for multiple trait selections 1s a
"progeny test index" designed to rank and select the best
parents for a combination of traAitS. In the progeny test
index, P 1is the phenotypic variance—covarLanfe matrix of
(female parent) half-sib family meaAS (%is & COv ). G 1s
the genetic variance-covariance matrix of (female patent )
family wvariance and covariance components (q‘ & Cov))
(Appendix B). Economic dollar equivalents for tree

improvement traits are not known. Two approaches were made

to this problem. The first was to design the index for the
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improvement of one trait (volume) as per Bridgwater (1972),
Robinson et al. (1951) and Stonecypher (19%0). The second
was f1rst assume all traits going into the index have equal
value (a)=1), and then c¢hange these values in relation to
tach other. Changes 1n the ranking of families that occul
due to changes in different value weightings were observed.
The response (both expected and that observed in the progeny
test) to  selections on  these different rankings were
empirically plotted. Sensitivity plots to :iiffexen: value
changes were made to derive an optimum selection strateqgy
(Arbez et al. 1974; Baradat 1982).
2.3 Measurement Methods

Traits ot growth, form, and wood quality recorded 1in
the progeny are given in Table 5. Metric measurements used
to estimate traits of growth and form are represented
schematically in Figure 5. Measurements were taken at the
3rd, 4th, 5th, aqd 6th whorls down from the current leader
and 1n the associated stem segment above the branch whorl -
given as whorl numbers 6 through 9 (Fig. 5).

Some of the stem and upper crown attributes recorded

relied on subjective scoring methods, but most traits were

derived from measurements.
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Numbersreferto the
branch whorl and
stem segment
above whorl

Figure 5. Schematic diagram of metric measurements made on

the“progeny trees.
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2.3.1 Height and Growth Measures
Helights and diaméters were recorded after the 6th, 10th

and 12th qrowing season (HIO6. HT10. HI12. DMOG. DMIO.

DM12). Diameters were measured at a tixed reference he1qght

(Kovats 1977) except DMI2 , which was the mid-diameter meas

urement at the 7th interwhorl .Stem segment ((OM7T+DM78) '2)

{(Fig. 5). HID represented the growth of the trees from age

10 to age 12 (HID = HTI12 HT10) .

Stem measurements made were (Fig. %) of:

. lengths of the inter branch whorl stem segment, that 1s
the stem length between each branch whorl (Internodal
length It) IL9, LS8, IL7, and Il6 were measured where
possible, and :

2. outside bark diameters at the top and bottom of each
stem segment (OM] & DMB). Measurements were recorded
from the bottom of the ninth segment (DMB9) through to
the top of the fifth segment (OMT5) dépending on the
size of the tree. Diameters were measured on the stem
immediately above or below the swell of the branch whorl
in the first area of clear stem wood below both primary
and secondary branches {(=5cm).

From these detailed Stem measurements, estimates of
volume aﬁd taper were made. Volume (VOLM) was the
accumulated volume of the stem segments as tapering
cylinders plus the highest diameter to the top of the tree

measured as a cone volume.
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w
o
2.3.2 Stem Taper
Although taper is often taken as:
~ HEIGHT
TAPER = 13
or total height over diameter at 1.3 m (Jarre: 18978), an
actual taper measure could be made from the diameter
N
measures taken down the stem (Fig. 5). Taper (TJTAPER) was

simply the average taper of the stem segments (ADMB, [[).

2.3.3 Metric Branch and Crown Form Traits
Branch measures were taken at the seventh, eighth and
ninth whorls or the sixth, seventh, and eighth whorls,

depending on the manageability of measuring branching
<

characters on the ninth whorl of the tree. Seventh and

eighth whorls were always recorded.

1

Branch numbers (BN) were counted in the same branching
whorls. Two numbers were used; the first being all of the
major branches within the whorl, the second was minor
branches that lay just below the branch whorl by =5 cm.* The
sum of these two numbers counts all branches between DMB of

the stem segment above the whorl and DMT of the stem segment
* Douglas-fir does not have a definite whorl pattern,
instead there often is a dominant upper portion of the whorl
originating from one to five lateral buds immediately below
the apical bud (major branches). A lower portion of the
whorl may include branches that originate from lateral buds
in the upper group of internodal buds (minor

branches) (Campbell 1961). The differentiation between these
types is not always clear. -
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below the whorl. 8N (Table 6) represents the average number
of the seventh and eighth whorls.

Branch angle (84) was measured ih the same branch
whorls. Two randomly chosen major branches within the whor )
were measured by protractor to the nearest 5°. BA (Table %)
represents the average angle ot the seventh and e1ghth
whorls.

Branch thickness (81) was measured at two randomly
chosen major branches iﬁ the whorl and measured 1n
millimeters with calipers away trom the swell where { he
branch joins the trunk (=3 cm). B] (Table 5) represents a
mean branch thickness from whorls seven and eight. 877
(Table 5) represents branch thickness of whorls seven and

eight as a ratio of the stem diameter at the whorl:

~

where DM 1s the a;gfage of the diameter measured just above
the whorl DMé and diameter measured just below the whorl
DMI'. This type of proportional branch thickness, that
removes the size effect of\the tree, was found to have a
stronger genetic determination than direct branch thickness
measures in Finnish Scots pine (Velling. énd Tigerstedt
1984). Campbell's (1961) measure of knottiness ratio (KI) -
cross-sectionil areas of branches at a whorl to the stem

< .
cfoss—secqional area - was calulated, this was derived using
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the mean branch thickness and branch number and the diameter
value (DM12) for stem cross-section areas.

Branch length (B[) was measured at the same whorls. Two
randomly chosen major branches within the whorl were
measured to the nearest 5 cm. Bl (Table 5) represents the

average branch length ot the seventh and eighth whorls. B[]

- (Table 5) represents branch lengths of whorls seven and

e1ght as a ratio of the total heiaht.

2.3.4 Stem and Upper Crown Form Attributes

Stem and wupper crown form attributes recorded were
sinuosity, forking (including ramicorn branching), and the
occurrence of lammas growth (Table 5).

Measuring sinuosity 1n young plantations can be
difficult and time consuming. Shelbourne and Namkoong (1965)
and Campbell (1965) used photographic measures. Campbell‘
(19692 used a transfomation of h/a (Fig. 2) from photographs
as an objective measure of sinuosity, but found that a
subjective scoring system could be qguite reliable (r=.76,
P<.01; for a sample of 30 trees). French studies (Crisan
1977) also demonstrated good correlations (r=.98, P<.01)
between measgred and subjective scoring methods for
assessing straightness. Adams énd Howe (1985) found that
éubjective scoring techniques were quite effective (r=.7§,
P<.,01) and r,=.96) compared to a scofing index based on

numbers and frequencies of displacements from the vertical.
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1Sinuosity and the other attribute traits were all
recorded using a similar subjective assessment technique.
They were recorded by the stem segment or growing season 1in
which observed, the severity of the damage to torm observed
on a scale of 1 to 5, and a diagnostic observation. The

following traits were recorded:

2.3.4.1 Sinuesity
st no. stem segment (growing season) ot occurrence .,
2nd no. severity score of stem damage;
1- slight occurrence or sinuosity trer\;w
displacement less than '. of internode diam.
2- noticeable sinuosity,
displacement between ' 1 of i1nternode diam.
3- marked sinuos:ty of a permanent nature,
displacement between 1-1.5 of internode diam.
4- severe sinuosity,
displacement between 1.5-2.0 of 1nternode diam.
Y 5 extreme sinuosity.
displacement > 2.0 of internode diam.
3rd Alpha observation;
J- sinuosity or crookedness was caused by damage or
lOFS of apical leader.

SIN (Table 5) represents a total severity score for

each tree x100.

TN

—"
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2.3.4.2 Férking, Ramicorn Branching, and Multiple Leader
Occurrence
Ist no. stem segment (grmring season) of occurrence.
2nd no. severity score of stem damage;
- slight occurrence or tendancy to occurrence
2- noticeable forking occurgence,
3 marked occurrence likely to be maintained, and
damage stem quality,
4 severe occurrence,
5 extreme occurrence - competes equally tor apical
dominance wilth main leader.
ird. Alpha observation;
F- forking,
R- ramicorn branch,
M- multiple leaders.
FORK (Table 5) repreéents a total torking severity

score per tree where the score wasjz 2 x100.

2.3.4.3 Lammas Occurrence .
M
Ist no. stem segmont (growing season) of occurrence.
2nd no. severity score of stém damage:
1- slight or unnoticeable occurrence,
2- notiéeable occurrence but no upper stem damage,
3- mgrked occurrence - some upper‘stem damage
presence of noticeable ramicorn branch
or exceptional branchiness,

4- severe upper stem damage (usually forking),

5- extreme upper stem damage.
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LAFL (Table 5) represents a total number of lammas

occurrences of severity score - 2 x100.

2.3.5 Wood Density Traits

Wood density measurements were made only at CLES (Table
9). The trees in the watershed site (GVWS) were considered
too small to sample tor wood density. Two diametrically
opposed 5 mm increment cores weré taken from the first
consistently clear stem segment above the base of each tree
(IL6). Only the last tfour rings of eagch core were kept
(years 8-12). Wood density (WD) was estimated by the maximum
moisture content method (Smith 19%) with an assumed
pycnometric density of 1500 kg/m'. Samples with severe
compression wood were excluded. Pilodyn estimation for wood
density (PIN) was taken at [L6 (approx. breast height) and
consisted othwo readings with a non-repeating Pilodyn of

\

pin diameter 2.5mm and spring strength of 6 joules.

.

2.3.6 Transformations of Scale

There are three major reasons for making scale
transformations: (1) to make the distribution normal, (2) to
make the variance independent of the mean, and (3) to remove
or reduyce non-additive interactions (Falconer 1982). The
majﬁr reasons considered with these progeny test traits were
(1) and (2). .

The attribute variables SIN, FORK, and LAFL show a

markedly skewed distribution. The incidence of these



attributes 1n the population s low and there are large
ranges between families for these traits. The low incidence
of these attributes 1n the populat ton causes t he

distirbution to approach a Poirsson rather than a notmal

distribution, therefore a square - root transformation
N

. ® . & - .

X =4 X + would appear be st (Montgomgry 1984 ) . The
analysis was complete for transtormed and untranstormed

data tor the attribute ¢t 1ts.



3. RESULTS

3.1 Height and Growth and Yield Traits

Measurements reported 1n this chapter are total height

at years &, 10, and 12 (HT O, HI T, HIT) herqght
accumulation between yvears 10 and 12 (M) : Jdirameters ot
vears o6, 10, and ' (OMOo, DMICO, DOMI2): and stem volume

measurements (VOIM).

3.1.1 Hei1ght Traits

Early growth and site establishment was represented by
height at six_ years (HTOp). Trees at this age were slightly
over 1 .m (107 cm, (CV=28.8%) tall with a range 1n family
(temale half-sib) means of between 92.6 cm to 118 ¢m (Table
C1). Sources of variation for aaditive genetic variance (uﬁ
were significant (P<.05) on the individual and combined site
analyses (Table (C2). The standard error§ tor o' were less
than half of the variances themselves.

Individual tree heritability levels were low, but tor
progeny test selection heritabilities were high.
Heritahflities, coefficients of wvariation, and expected
response to selection for height at age six (HT06) were:

h cv %AG /1

PHS

- oy

cv %G /1 h

P

-y

0.14+0.06 28.00 3.86 0.73+0.31 6.10 8.87

55
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(Table C2). Progeny test selection tor early height growth
should be etfective 1n this population and nea rly 9% gain
per selection 1atensity unit 1s expected to be achieved.

Dominance genetic variance (o) was non significant $to;
N

the early height trait;: however , lack of precision tor this
non additive source of genetic variance (because of only
tour male parents) 1s shown 1n the large standard errors
(Table (C2). Sources of vartation tor sitertemale  and
repremalel\ was non-signiticant, indicat 1Ing that additive

genetic » major environment interaction varlances (()A‘t) are

not 1mportant for this trait, within the limitations of

these environments and experimental population.

though o° for early height rowth (HT06) was
Ag 9 o y g g

non-significant, and significant rank changes did not occur
between sites; the sites snowed marked differences in their

powers of genetic disc/:,imination (Table (C2). Additive

>

genetic variance (aA‘) was most highly expressed at site

GVWS, the slower growing site (Table C2). Coefficients of

variation for phenotypic variances, ap" and o, were higher

S ’
‘at GVWS, and response.to selection was expected to be twice
the level at GVWS as at CLES (Table C2). The coefficients of
variation of the experimental error (within-plot (oj) and

plot-to-plot error (qi

) sources of variation) were slightly
higher at GVWS than CLES. However, 1in proportion to the CV's
of family sources of variation, they are 1.5 times higher at

CLES than GVWS. The higher variance component percentage of

cf at CLES (78.4% CLES, 71.4% GVWS; Table C2) indicates the
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pessibility that the row plots ot CLES may be less piecise
fer determining geneti1c difterences than the square plots at
GVWS | |

At height 10 years (H]IT1Q), the overall mean was 174 om

I3

(CV=25_1%), and families ranged from 343 ¢cm to 397 em {(Table
/
C3). Additive genetic varlance (07) was o signiticant soui.e
. I3
of variation (P-.05) on the combined analysis (MS ~ ertor

ae!

MS), but was non-signirticant (P>.10) at CLES. At GVWS 1t was

non*siénificant (P-.05) ftcr the random model, but was
signiticant (P<.0%) using M5 .. as the error MS (replications
as fixed effect).

Helght measurement at 12 years (HI12) averaged nearly 6
m (587 cm, CV=20.2%) and families ranged from 546 cm to 620
cm (Table C5). The same trends ot significance as with HI 10
were observed: the combined analysls was significant
(P<.05), while CLES was ncn-significant (P>.10), and GVWS
was marginal 1n 1ts significance. Large standard errors of
0 (20;) for these two later height measures (HI10 and HI12)
are present on individual sites, especially at site CLES,
whereas on the combined analysis standard errors are less
than one half of the variance components (T@blés C4 & Co).
Heritabilities are also more strongly expressed on the
cbmbined analysis than on the individual sites.

. . .

Heritabilities and selection parameters for height at 10

years (HT10) and height at 12 years (HT12) on the combined

analysis were:
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h' cv, %0G 1 b CV, . %0G, /i
0.1220.04 22.36 2.68 0.64+0.23 4.85 6.19
0.14+0.05 17,12 2.40 O.66+0.23 3.9 5.18
(Table €4, Co6). A decline in expected percent response to

selection as trees grow (HI06, HMI10, HI12) is not brought

about by declining heritabilities, but by declining
coeffilcients of wvariation (of (7;‘ and up‘;qs). There 1s less
telative variation between larger trees (=6 m) than between
smallér trees (=1 m).

As with early height (MTO6) the later height measures
HI 10 end -#T 12 are non-significant (P->.05) for dominance
genetic varlance (%;) and G.E.I. sources of variation (U;
and o). However, they were significant (P<.05) for o;!

The growth between HTI0O and HT12 was examined in the
trait HID (HTD = HT12 - HT1Q). There is some rationale for
using this as a better trait for inherent growth rate
differences than a single height measure. As height 1is
cumulative, and the transplanting shock, growth check, and
vegetative competition may effect the height of a tree for
many years; the error that this is likelyNto introduce can
be reduced by taking some multiple measure of heights or
height differences as in HTD. An overall mean of HTD, of
-
over 210 cm (CV=20.7%), shows the vigourous growth that is

occurring at the plantation sites (CLES = 229 cm, GVWS -=

187 cm) (Table C7). Family means over both sites range from

S
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195 cm to 222 cm. Family differences are significant (P<.05)
on both the combined analysis and tor individual sites. NTD
demonstrates 1tself as a more sensitive measure of inherent
differences for growth rate than single hei1ght measures HT10
or HI'12, especially at CLES (Table C8). The improvement at
GVWS 1s not as marked. However, at this site many of the
trees are still in a state of growth check with the
vegetative competition from broom, and with continued
browsing. Heritabilities and expected response to selection

for height differences (HT0) on the combined site analysis

were:
h cv, %0G /1 h v . %0G, /1
0.08+0.05 18.12 1.45 0.59+0.33 3.34 3.93

(Table C8). Although significance levels are improved VBT T
straight height measures (HT10 and HT12), heritabilities are
lower than the HT10 and HT12 measures. Thus the selection
parameters are not encouraging for HID. Non-additive genetic

variances -are not significant (P>.05) for HTD.

3.1.2‘Comparisons with Published Heritabilities for Height
Campbell (1972) used height increment as a measure of

height growth in full-sib seedlings of Douglas-fir. Campbell

(1972) found sigrnificant amounts of both additive and

dominance genetic variances for this measure. %nlike the
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factorial design Campbell’'s (1972) study study (NC 1) has
low reliability for differentiating these components and he
suggested that the dominance effect was due to under
estimation of the female effects which was part of the
additive genetic variance. Campbell's (1972) report of a
~significant source of variation for additive genetic
variance but low heritabilities (hj = 0.10-0.16) concurred
with the results presented here.

In comparison with Rehfeldt's (1983) study of hefght in
four year-old O.P. progeny of interior Douglas-fir, and
published values from the Frensh IUFRO provenance progeny

values (Jarret 1978, Birot and Christophe 1983), the

individual tree heritability values presented here are low:

Measurement n’ Reference

Height at 4wrs 0.52+0.10 Rehfeldt 1983

Height at 8yrs 0.36+0.19 Jarret 1978

Height at 12yrs =0.30 Birot and Christophe 1983
Height at “12yrs 0.1420.05 Thesis results ‘

Heritability estimates derived from open-pollinated families
are biased when the assumption that the genetic covariance
between O.P. progeny is that of half-sibs is violated
(Namkoong 1966; Squillace 1974). Althohgh Rehfeldt (1983)
adjusted for an inbreeding coefficient of F=0.10 this bias

may account somewhat for the differences between the O.P.
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studies and the full-sib studies (Campbell 1972; Yeh and
Heaman 1982)., Family heritabilities between Rehfeldts (1983)

study and the results presented here concur:

’A

Measurement h’ Reference
Height at 4yrs 0.77+0.15 Rehfeldt 1983
Height at 6yrs 0.73+0.31 Thesi1s results

The testing environment and age of material are also
important factors in the. determination of environmentally
sensitive traits such as height-growth. Nursery and farm
field trials show higher heritabilities than progeny trials
that simulate production plantations, and heritabilities for

heilght growth can decline with age.

3.1.3 Trends in Components of Height Traits

Environmental influences and ecological conditions for
growth change for a tree during its long life time. In early
seedling sgages it 1s dominated by vegetative competition
from herbs and shrubs and influences of micro-climate and
micro-site. Later as it dominates jts immediate environment
and'it 1s influenced by only relatively large-scale climatic
and site factors.

From their 1investigations of long-established progeny
trials,.Namkoong et al. (1972; for Douglas-fir) and Namkoong
and Conkle (1976; for Ponderosa pine) recgénized three broad

ecological growth phases: early open growth to crown

closure, a second phase after crown'closure and the onset of
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intraspecific competition, and a third phase of growth
indicating mature tree performance under stable cohort
competition. Franklin (1979) and Cannell (1982) developed

models of trends in the expression of additive genetic
varlances through the different growth stages. Franklin
(1979) suggest® that initial high levels of additive
genetic variande that are expressed early 1n the juvenile
growth period will decline as trees begin competing with
each other. Cannell (1982) applied t he concept of
"1solation”, "competition", and "crop” 1deotypes’ borrowed
from tHe crop literature to these three growth phases.
Cannell suggested that genotypes that do well in open-growth
conditions, "isolation" ideotypes, can be guite different
than those that do well in a competitive environment.

The time trend studies of Namkoong et al. (1972) and
Namkoong and Conkle (1976) support the concept of consistent
ideotype expression during specific ecological growth
phases. Early stages showed positive and reasonable
correlations of family effects during the period of

Py

open-growth. In the period of crown closure, 12-15 years for

Douglas-fir, and 8-15 years for ponderosa pine, disruptions
of these effects took place. High positive correlations were
regained between measurements made in later growth phases.

Both studies showed correlation of family effects between

the open-growth phase and later growth phases to be

' "an ideotype is a biological model which is expected to
perform or behave in a prefictable manner within a defimed
environment” (Donald 1968) -
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non-existent or even negative.

Systematic and consistent trends of variance components
over time have not always been observed. Lambeth et al.
(1983) reported encouraging juvenile-mature correlations 1in
Loblolly pine. The lack of significant tamily differences in
{j& Douglas-tir study (Namkoong et al. 1972) and limitations
in the design and cobjectives of these old studies, regquite
that the interpretations made by Franklin (1979) and Cannell
(1982) be approached cautiously.

Douglas-fir studies 1in France (Birot and Christophe
1983y Jarret 1978) indicated a sharp decline in the relative
additive genetic variance after outplanting to age six and
thereafter a leveling off or slight decline through the rest
of the open-growth (juvenile) phase.

Trends 1in énvironmental and genetlc variances as trees
develop during this juvenile growth phase are shown by
changes in variance component percentages and their
coefficients of variation (CV). £n the combined analysis the

relative proportion ®f the variation attributable to site

effects rises dramatically: RS .
S »
& HT 06 HT10 HT 12
o’ 7% 36% : 46%,

'R
whereas the proportion attributable to within-plot variation

declines sharply:
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HT 06 HT 10 HT 12

o’ 70% 45% 36%,

and the plot to-plot variation declines slightly:

HT 06 HI10 HT 12

0" 14% 12% 10y

[t

{Tables C2, C4 and C6).

As trees become established on the sites during the
juvenile growth phase, microsite influence$ are diminished
and macroenvironmental influences becomé more 1mportant. The
decline 1in the small-scale environmental effec: as the
trees grow from HTO6=1‘m to dominating their\ local
environment and filling the site (HT12=6 m) is also shown by
the decline in the <coefficients of variation of the
plot—to—pfot (aiu) and within-plot (qf) error variances, and
the sources of variation of additive genetic variance (q%.
This represents the fact that the scale of the overall
'variation within plantations declines as the trees get
larger. The plantation now enters a stand growth model,
where variation\\becpmes more strongly exbressed on a
macro-environmental ievel, rather than the open-grown tree-
to-tree growth model, wggre variation is relatively more

A

. , ¥
expressed on micro-environmental level. The larger and
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faster growing trees (and families) are the first to be
restricted by inter tree competition as they reach the end
ot the juvenile growth phase. This allows the slower growing
trees (and families) to catch up. On the combined analysis
there 1s no decline in the relative proportion ot additive
genet lc varlance (0:) during the juvenile growth phase, but
the height difference (HID) does show a low heritabilﬂ}
(hj:0.0810.05). On the 1individual sites there 1is a sharp
drop between HI0O6 and the later hei1ght measures, and there
1s a decline 1in the heritability values between site GVWS
and site CLEé. Because the trees are more developed and
crown closure is almost complete at CLES, tfﬁﬁtgnd of
declining additive genetic variances during the juvenile
growth phase may be more advanced there. But the imprecision
ot individual’!ﬁtes, especially‘CLES, may aiso be caused by
the insensitivity of the experiment, in addition to
biological models of declining genetic variances.

The experiment at CLES was restructured to see if
specific sources of experimental error could be identified
as causing the insensiﬁivity at thi% site. The three major
sources of environmental variation are the block or
environmental ‘variance (of; which 1s wusually removed before
inferences about the population are made); the error

gﬁ:vgriance of the large-scale environmental heterogeneity
within blocks (q;f; which is caused by the failure of the
full-sib + family plots to behave the same within

‘&anironmental replications), and the error variance of.
. \
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small-scale” environmental variation within plots hf; which
also has the femaining additive and non-additive genetic
variation).

The large-scale experimental error (o&d), can  be
reduced Dby reblocking t he experiment based on plot
performance. The CLES site occupies a long, thin parcel of
land on an'hndulating topography of porous soils. Correct
blocking of the experiment (LeClerg 1966) is difticult on
such a site and re-analysis was made after the site was
reblocked on ranking by plet means. Although plot variation
(odﬂ) declined from 19.4% to 1.1% (Table (9) of total
variatioa, the significance levels of the female source of
variation did not show an improvement in the estimate of
additive genetic variatiance: In ’tact, est imates of
heritabiity appropriate to mass selection had declined

~ (}k=0.051.065; Table Cc9). Although this procedure

FC:quéructured the blocks based on plot performance, the long,
nine-tree row plots would appear to- carry too much
variability along with them to prbve effective.

The experiment was also restructured to reduce (f By
taking syb-sets of the nine-tree plols. Analysis of the five
top trees of each full-sib family plot showed a substantial
increase for sources of variation of additive genetic
effects (h’=0.1810.12) for height. This is brought about by

‘the reduction of the within-plot variation (of) from 69%

(Table C9) to 36% and an increase of female variation (o))
, % .

to 4% of total wvariation. However, o/ was still



“
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non-significant (P>.05) and does not become significant
until the plots are reduced to four-tree plots. At this
reduction %:= 5% of total variation and hf:0.22¥0.13).

The lack of sensitivity of the plantation to hei1ght

growth may be accounted Tdr by both a declining amount of

additive genetic variance as slower Qtarting families catch

/ .

up (tollowing the model of ;Nahkooné et “%{.r(1972) and
Franklin (1979)), and microsite heterogeneiVy within the

nine-tree row plots. Although microsite environmental

A —_—
b

infiuences decline as a proportion ©f the total variation,
the decline 1is not large enough to goffser the similar
decline in the relative amount of additive genetic variance.
7

3.1.4 Diameter Traits

Diameter at the six-year measure had an overall mean of
19.2 mm (CV=30.7%) and a range in values between the female
half-sib families of 16.4> mm to 21.8 mm (Table C10).
Additive genetic variance was strongly expressed for this
trait (5.820%2.132). Selection parameters for diameter at
age six (DMO6) were:

h* cv,. %AGl/i h

1

—~

cv %0G /1

PHS

0.19+0.07 : 28.84 5.48 0.77+0.28 7.18 11.00

(Table Ci11). Heritabilities and expected response to

selection were higher for DMO6 than for HTO6. As with height

3
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mecsures, other types o©of genetic variance (o, o) were
J m* st
non-significant .
At DMIZ the overall mean was 7.3 mm (CV=21.2%) and

IS

families range rom 71,9 mm to B3.8 mm (Table (Ci14).

Selection parameters for diameters at ages 10 (OMIO) and 1.

(OM12) were:

b Cv 1AG 1 he Y “AG i
1 P 1 e PHS ¢
\}
0.16+0. 006 26,72 3.9¢6 0,75+0.2¢ 5.73 8.5%5
0.1640.06 16.94 2.79 0.7310% 25 4.03 5.85
' 4

ks

(Tables C13 & (C15). Herifability estimates for diameter

measures were consiStently Hi@her than those of height

meas;rements (Tables - Appendix’ C). As with hei1ght
measurements, heritabil:ties for diameter are lower than
those published freom hé French IUFRO trials (Bxéot and
Chrisgophe 18983, rfao.a). A decline 1n perce%tagé éxpecteq
response toO selection- between DMO6 and DMI2 is causgd by
declining chffiéients of variation, The trends in
environmeptal inflﬁences that were observed for height

v

measurement - a declining percentage of variation

attributable to microsite influences (o), and increasing

influence of the macrosite‘(OZ),- were also observed in the
"

diameter traits.

Non-additive genetic variances were ndt significant

(P>,05) for the two later diameter measures.



3.1.5 Volume Traits
-

Volume measurements were made on a reduced set  of
tvees, only those that were net damaged by browsing o by
compet 1ng vegetation, 'I'nxﬁs; mainly attected GVWS, where less
than halt ot the trees had survived damage or mortality (see
2.1). The large replication {(block) effect in the volume
estimation (Table C17) represents a bias mainly attiibutable
to survival and establishment at GVWS. Rep 1 15 at the
bottom ot the slope where the soils are deeper and more
molsture 1s. available. A high incidence of broom 1n the
replication has suppressed 'ree growth, and the nitrogen
fixing ability of broom has likely made the trees more

. L]

attractive to browsing animals. Although vigourous growth 1s
observed 1n this rep, total mean height 1s 1n fact Jower
t han inAthe other two reps because of these effects. The
large mean for- volume that was observed in this replication
reflects the fact that trees were largé enough to have
escaped the 1nfluence of browsing and vegetative suppression
and thus were measured for this trait (see also 3.2.2; Table
8).

The overall mean stem volume was 14.26 dm' (CVv=49.2%),
and families ranged from 11.24 dm' to 16.68 dm’ (Table C16).
Female ‘half-sib families were a significant (P<.05) source
of variation on th;e' ’combined analysis (0A2= 3.880+£2.054),
and at GVWS, but not at CLES. Heritabilities and expected

N .

response to sele N for stem volume (VOLM) on the combined
’“ . :" .

i'eﬁh l¥.‘9~1§' were: L BN
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O.10+0.05% 44.7¢6 4.20 0.55+0.209 9.3 10020

(Table C17). Although the heritabilities for stem volume are
lower than those for height and diameter, expected response
to selection 1s  higher because of the large half-sib

phenotypic standard deviation (¢ of t he volume

7

PHS
measurements. Expected gains for progeny test selection are
over 10% per selection intersity unit. Non-additive genetic

variances were not significant (P>.05) for the wvolume

measurement .

3.1.6 Selection of Height and Growth Traits

Genetic (rA) and simple phenotypic correlations (r)
between height and diameter measures are summarized in Table
6. All relationships are significant ana positive. Detailed
variances and covariances between traits MIO6, HT12, DM12,
and VOLM together with genetic (r,)., phenotypic (rp, )
and environmental (re) correlations and direct and
correlated résponse to selections are shown in Tables C18 to
C21. These «correlations are shown in Table 7. The
correlation values between HTO6 and HT12 (early and late
height growth) are significant, positive, and of the same
strong magnitude (=.7%). Between HTO6 and DM12 (early height

and late diameter growth) the correlations are not as strong

il .
as the height corr'elation}'and r,and r_ . are somewhat lower



(=.5%5) to U, and v (=.65). Between HTI12 and DMI12 (late
hei1ght and late diameter growth) the geneti- correlation
r =.45+.21 and half sib phenotypic correlation U,..=-28 have
declined in relation to phenotypic (individual) and
environmental (‘mrelat1011""1'“-—.81 and r,=.88. The observed
phenotyplc correlations between later height and diaméte:
measures indicate a qQgeater 1nfluence due to the sharing of
a common ‘envitonment than do the earlier measures {(Table &) .
Figure o6 represents expected response  to mass and
family selectiodd (roéuxng of 1st generation clonal seed
orchard) and correlated response for eatly selection .fox
families at HTO6. Expected response 15 shown by %4G / 1 tor
the four growth traits; HIO6, HT12, DM%%, and VOIM. It canr
be seen for all growth traits that family (progeny test)
selection is more effective than mass selection for expected
response trom these trailts. %AG was higher for volume
because the multiplicative factors of the other growth

measures in 1ts determination increase the standard

Vs
-

deviation accordingly. Early selection for families at HTO6

(age six: mean heigh.t\:x 1 m) proved‘réasonably effective for

a correlated response at HI 12 (age twelve: mean height = 6

m) with relative efficiency R.E.= 77% anq‘\har VOLM (R.E.=
[ J

L

€8%), but less effective with DMI2 (R.E.= 57%) (Fig 6).

-
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TABLE 6. Genetic and simple phenotypic correlations between
he1ght and diameter measures and tndividual tree

heri1tabilities, ~

HT 06 HT 10 HT 12 DMO6 ODM10 DM12

HiO6 .14 .86 .73 .78 . .84 L5
HT 10 .79 .12 .98 .57 .76 .65
HT 12 .73 .94 .14 .45 .63 .45
>
DMO6 .86 .77 .72 . .19 .90 ,-62
DM;O .81 .90 .86 .83 .16 .85
DM12 ’ .63 .83 .87 .68 .88 .16
, ®

s

" Above. diagonal records genetic torrelations.

tBelow diagonal records simple phenotypic correlations.
Along diagonal records individual heritability.
L

&1 terms significant P<.001
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TABLE 7. Genctic, phenotypic, and environmental correlations

between early height, later height and diameter, and volume

traits.
HT 06 HT 12 DM12
i

VOLM

r, 681,21 .47+ .28 .86+ .09

r,, .80 .80 .88

r .74 .ol .92 '

PMS

r .81 .84 .89

| 3 )
....................... Bttt e e e e
DM12

rA .51+.20 .45+, 21 } f

U 66 81

P1

r 57 58

PHS

r 69 88

E
HT12

r 732,13

A

r .75

P

Cons .76 .

r . .76

E .

All terms significant P<.001
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3.1.7 Index Selection for Volume and.ReSponse to Selection
Traits of height and diameter wefe investigated to look
at the most effective way of selecting for volume. The teait
VOLM as an actual measure of stem segment volume was seen as
the "best" measure of stem volume. Estimates of HT12 on its
S own, DMIQ! on ats own, and a multiple trait progeny test
index, IVOL, of HIO6, HI12, and [MI2 were qnelysed to
prediot the rankings of families based on VOI[M. The index
used the phenotypic variance-covariance matrix based on the
heights and diameter (HT06, HTI?, and DM12) and the additve
genetic covariance of the heights and diameter traits to

predict the breeding value of VOLM. The b''s tor [VOlL were:

HTO6 HI12 DM12

0.78 V' o0.03 © e 3.90

3

The coefficient of HI712 (=0) shows that it has a negligible

influence in predicting volume performance when used. in
R .

\ . : . . . .
conjunction with diameter and early height growth in the

index and thus is a poor predictor of the breeding valu€ of .

parents for stem volume.
.. Families were ranked by their phenotypic values for

VOLM and the response was Observed for selecting the top 50%

-

.

of parents based on progeny performance (R ). Comparisons

were made of progeny ga1ns for volume using selectlons on

ranklngs based on the aggregate breeding value of the 1ndex
. , )

-
- v



IVOL, - and by indirect selection of volume using the

individual growth traits (HT712 and DM!12). R

. at a selection
OBS

level of 1:2 in dm', with the percent efficiencies compared
to direct selection for volume on its own; the mean of the
select progeny population (X) in dm'; and Spearman rank

correlation coefficients, ro {Steel and Torrie 1980), of 'the

tamily rankings based on the different selection criteria

are:
VOLM IvoL DM12 HT 12
oBS .881(100%) .881(100%) .816(93%) .381(43%)
I
X = 15.114 15.114 15.049 14.614
3 "1.000 0.988 0.889 0.553
’ \

The index values provide accurate welghting coefficients for

selecting stem volume; however, selecting for diameter on

1ts own 1is mearly as effective as selecting for volume

measures using t?e index IVOL (93%). If a single character

such as diameter can accurately predict the breeding values

’

for the desired character, the inclusion of secondary

characters in an .index will give no real benefit; in fact,

errors of estimation will make it more unreliable (Sales and
Hill 1976; Falconeﬁ’ 1982). HT12 on 1its own 1is. not vefy
efficient for predicting response for biomass (VOLM) (43%).

, L -t . .
Observed response to selection from selected progeny
> -

families, R s+ can be compared to expected response AG. For
§

.
. s
- .
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fair comparisons the observed response was multiplied by two

since expected responsesis calculated with the inclusion of
A\

a selected~\pollen source ﬂalso. Values for a selection
intensity ot 1:2 or i=77 were:
HT 06 HI 12 DM12 VOIM
%R 4.4 % 2.4 % 2.65% 6.2 %
0BS
%8G 304 % 2.0 % 2.25x 3.9 %
Values for a selection intensity of 4:22 or 1=1.39 were:
HT 06 HT 12 DM12 VoL M
_ 7.0 % 1.1 % 5.75% P1.5 %
0OBS
%06 o 6:2 % 3.6 % 4.1 0% 701 %
-~ * \
- \

Observed (R%S) and expected (AG) fesponse to selection for
difge}ent selection intensity levels arge plotted in Figure
7. QObserved and expected response to select;on laré not
independent, relying on the same prggeny estimates; thus
they agree quite well and gains from progeny test selection
for yielé trait éppear quite reasonable (Figure 7). Observed
response valués were up to 75% higher than expected response
to selection for this experimental population (Figure f).
This is in part due to the fact that the progeny were

measured 1n family plots and shared a common environment.

AT
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t

Figure 7. Expected and observed response {fr growth and
n

yleld traits for increasing selection inten3ity on the 22
{

,

parent trees. ’

) HEOGHT AT 6 YEARS MEIGHT AT 12 YEARS

%

&—a Expected Response

x----x Observed Responge



influence tree to tree variation.
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3,-1.8 Heigft and Growth Summary '
1. ources ‘of additive .genetic wvariance (q% were

: S . : ? :
sigfiticant for height, diameter, and volume over combined

sites. Dominance genetic variance was not significant
(P-.0%) for any of the growth traits. G.E.Il. sources of
vaYriation (o}) were non significant for all traits. The
* ?

source of variation tor cross by site (v ) was signiticant

sml

for later height measurements. ’

2. lIndividual tree heritabilites for growth and yield

-~

traits were low (0.08:0.05 0.19:0.07) but family

heritabilities were high (0.5%+0.29 0.7710.28) tor these

traits. Individual tree heritability estimates were similar

to published estimates from full-sib trials but were lower

t han estimates from open pollinated trials. Famxiy
hgritabilities were similar to reports published from O.P.

trials. Heritability estimates were higher for diameter than -
heright growth. With large phenotypic standard deviation%,
expected résponse to selection for‘the better parents in a
c&onai seed ggrchard appeared Qquite goqdrs11% for diaﬁeten
and vélume traits (pe; %pit of selection intensity).

3. As trees ‘grow and dominate the site during the
juvenile épen—growth phase{ microsite influences decline:in
relation to iargé séale macrosite influences. Trees are

influen®d more by large scale environmental factors than by

other factors (including additive genetic variance) that
’
\ by

+

—
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4q. Individual sites were  less accurate for
. ///

demonstrating genetic differences. Heritabilbjties were/lower

N .

on an 1individual site basis than for combinéd sites. Site

CLES was especially insensitive, and later height and volume .

measures were non-significant (P>.05) at this site. Low
heritabilites and non-significant sourttes of additive
*genetic variance for height and volume "appeared in part to

be due to the insensitivity of individual sites caused

LY

mainly by the heterogeneous environments within the

nine-tree row plots (v°) at CLES.

5. Correlation of growth traits was good and correlated .-
: : J

v

response for family selection for later helght measureg\

\

(HI'12 =6 m), diameter, or volume could wel! be made from

early height measure (HTO6 =1 m).

6. Efficiencies for volume selections would best be

made by selecting for diametér.

7. Both observed and expected responses to selection

,

indicate reasonable gains can be achieved for yleld traits.,
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#2 Crown and Stem-Form Traits

‘ﬁ!:. Crown-form trailts represent an average from branches at
the fourth and fifth whorls (Fig. 5). Traits recorded were
branch- number per whorl (BN), branch angle (84), branch
thickness (B7), branch thickness as a ratio of branch
diameter to stem diameter (BTT), brané% length (8[3, and
branch léngth as a ratio to total height (taken at hehgﬁf
age 10) (BLT). o - .

'Stem traits recorded were height at age 12 (HT1D2),
diameter at age 12 (recorded in the frfth stem segment)
(DM12), stem volume (VOILM), bole taper (TAPER); and-stem,
form attributes_ including sinuosity (SIN), forking (FORK) , -

and lammas flush (LAFL). L

- i L

3.2.1 Branching and Crown Form Traits
Toral‘branch numbert perg;honl averaged 5.34 (CvV=22.6%),
and family means ranged from 4.8 to 6.0 (Table D1). Additive
génetic variance was strongly expressed with a cémparatively
low standard error (@}O.25510.093) (Table D2). Female
éources. of “variation ?cc0unted tor éQer 4% of the‘ totél
variation. The significant source of family variation for:
branch number contrasts to Jarret's ({978) work;' he found
branch number to be non—significant‘.P>705). Non-significant
results for branch number per whorl were also reportéd for
| ) .
white spruce (Merrill and Mohn 1985). However, stuqies on
other species aha populations have recorded significant
: g

sources of additive genetic yariance for thisgErait in Scots_

prAy



. v

prae (Poyke 1982 Vellinag and Tigerstedt 1984) and fodgepole

pine {Cahman tag . Reh! el dt ISR I Hevritabirilttres,

chenotyr o coetticients of variat ton, and expectumd peroent

'

response to o selectaon tor branch nhmber wer e

4

tTable DJ) . Selectina the best parent t:iees tor  a  seed

per selection 1ntensity

[0
P

crchard ofters qalfs ot over ¢
st . Nen o additive genetlc variances were o on sirgnitaican:
(-0 for branch number (BN) (Table DD

The cverall mean fo:r pranch angle (B4) averaged on the

- 0

(CV=11.0%) and ftamily

tourth and fifth whorls was 6%, .
means ranged trom 59.4° to 71,29 (Table D3). Family sources
of variation were highly s:gn:ticart (P-<.(001) tor branch
angle on both the combined analysis and individual sites
(Table D4). On the combined site analysis '6.3% of the total
variation was attributable to- family differences, making

oranch angle (BA) one of the most highly heritable traits in

the study. Her:tabliity and gain estimates were:

h* v %4\36‘ he CV, o %AG!/x

,
! \

0.73+0.24 10.61 7.72 0.92+0.30 4.73 8.66



x

(Mabie D31 o indrvidual tree heritability value @« hiahed

tharn the  hrah values reported  fo; coastai Douglas it
populations an Fz'.lm'(ﬂ. Llariet 14878, h’; S LR *‘(‘.“i; Birot
and Christophe 198§, h‘l GLodY D Moderate toe hiagh ndividual
tree heritabilitaes” have  alse been  expressed  in other

cniters for branch angle (white spruce h"-0.44, Meriill nd

Mohe P984 Seats pne heooL g%, Poykko 1982 Scots pine

ho 0.0 .09, Velling and Traerstedt PO84 ) . The hi1gh

sondividual tree heritab:lity values and comparatively  Jow
-

uncontrelled within tamily variation (o=62%) suggest  that
.

mass selection would be effective for improving branch angle

i

iho Juventle  populations ot coastal Douglas fir. Additive

genet . variance 1s not  the oitly genetlc variance source

significant for branch anale: dominance genet1s variance was

also significant :

"{ =35.404+11.502 P00

= 3.983+ 2.00¢9 P« 01

(Table D4). Branch angle is one of the few traits for which
this source of variation was 51gﬁificant; but even so this
variation was only 10% of that of additive genetic variancei
In a similar mating design for a similar set of traits 1n
Scots pine, Velling and Tigerstedt (1984) reported branch
angle as one of the few traits (out of thirteen) that was

significant for dominance genetic variance.
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BN
M(‘m“) SPEDnch thickness (A1) was 19,44 mm (CV- 6. 8%), and

family means ranged trom 184 om to J0.4  mm (Tablie D% .
Branch thickness expressed  as  a  percentage  of branch
drameter to stem diameter (B17) averaged . 8% (Cv- 1., Ay ,
with a family ranae of 25,63 t¢ 29,04 (Table D). Fam Ly

Jditferences Yere non-sianitficant (PrL0%) ftor direct brandh

thickness measures (G700 oo both 1ndividual and combained gt e

(signrficance level .0c, Table Ho) analyaes. Vel 1ng o and
Tigerstedt (1984) reported a non signitioant hes Ttaba by
t ot branch thickness 10 Scots  pane  th L 05%) . Howeve:

sr1agniticant heritabiiity  was  reported by Jarre: (14978,
h:—U. $4+0.18) ftor Douglas ftiv LN Franoe. The

characterization ot branch thickness as o percentage o

branch diameter to stem Jdiaweter (BITd wac a much  moqp e

sensitive 1ndicator for family differen es G branch 6.

s

(P~ .001); heritabilities were:

0.2620.10". 11.64 3.04 DL.78+G. 40 3.3 SR

{Table DB). Velling and Tigerstedt (1984) showed sim:la:
results in Scots pine, where branch thickness expressed as o
ratio to stem diameter, was %ére sensitive for genet.r
discrimination than direct branch measures (hf=O.17¥O.l4).

Mean branch length (BL) was 155.8 cm (CVv=17.1%), and

famil§ means ranged from 143.4 cm to 165.3 cm (Table D9).



f

Branch length expressed as a percentage of branch length to
height at age 10 (BLT) averaged 39.0% (CV-12.6%), wyth a

tamily vange of 37.0% to 47.6% (Table DI11). Although branch

length on 1ts own was sianificant (P-.0%) and selection
parameters were: ’ ' ,
\ 4
h v LOG i he cvo YOG, 1
Go11+40.00 15.64 .68 0.92+:0.27 3.5 2.08
A J

( N\ .
(Table D10), the ratl{ ©f branch length to total heiaght was
a more sensitive indicator of tamily difterences (P<.001)

and selection parameters were more favourable:

h WY %*0G i he cv %“0G, /1

P ; ¢ PHS

2.93 4.48

~J
~J
I+
je3
(98]
O

(.19+0.07 11.80 2.22 0.

(Table D12). Velling and Tigerstedt (1984) found similar
relationships with Scots pine for crown width (branch
length); crown width hf=O.2610.18, crown width/total height
h'=0.31+0.20.

Branch size traits ma§-§e better characterized in terms
of proportioning of biomass.between stem and branches than

N

by direct branch growth measures.



3.2.2 Stem Form Traits and Attributes
/
. . ' . L4

Height, diameter and vclume traits were described in
the chapter on growth and yleid (Table Ci-C17). Taper
estimates averaged 19.01 mm m (CV=25.3%) in the population,
and families rvanged from 1o.3 mm m to 20.6 mm m (Table D13,
Sources of variation for additive genetic variance wer e
significant (P<.01

. and  selection parameters trom ¢ he

population were:

h (Y *AG h’ cv %*AG, 1
1 [ MY ' H PHS :
0.10+0.05 25.70 2.53 0.57+0.30 5.35 6.08
~
(Table D14). Stem taper 1s thus an effective trait for

progeny test selection, and gains of 6% per selection
1ntensity unit is. expected. Domiéance genetic Valiaﬂfe\WdS
significant for taper (P<.05) but was not as strongly
expressed as additive genetic variance:

o

0" =2.352+1.246 P~.01

A

0. =1.761+0.646 P<.05

(Table D14). Other genetic effects were non-significant.
There was a wide range in family means for stem
sinuosity score, -ranging from' 37.04 to 180.83, with an

overall mean of 83.58 (CV=175%) (Table D15). A square root
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transformation was applied to the data to reduce its
non-normality. For most data interpretations non-transformed
data was robust because of the large data set used.

Yelection parameters for sinuoslity on a non-transformed and

transformed basis were:

N

he cv, $AG /i h v, . %06, /i
0.25:0.09 175.21 43.73 0.86+40.30 47.15 81.42
0.2610.09  34.41  8.97 0.8640.30  9.45 16.34

!

(Table D16). Althougb the scale effect of the distribution
shows an exaggerated expected response to selection, the
transformation demonstrates that family selection against

this trait should be quite effective. Moderate to high

Y. .
heritability estimates for selections against sinuosity have

by

been demonstrated in other studies on juvenile Douglas-fir:

hj 0.5240.23 Jarret 1978
h 0.39 Birot and Christophe 1983
h; 0.% Adams and Howe 1985,

™

These authors also suggest that family selection will be the
most effective way of improving sinuosity. Non-additive

genetic variances were non-significant for sinuosity.



~
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f fit

Forking occurrvence 1in the population was al- heohity
skewed 1in 1ts distribution (most trees having no forks). The
trait fORK counts only those forks o luding ami o

branches and multiple leaders) that are noticeable and are

likely to persist (score greater than o: egual to ). The
overall population mean {multip!:icd by  T00)  wao el e
(CV=2047%), and families ranaed f:om 10,726 o 45 01 (Tabge

D17). Although the female scurce Of variation accounted foo
only 1.9% of the total, it was a sianificant s.u: - o
£

variation (P<.05). Selection parameter s for o g

(non-transformed and transformed) were:

' \

h cv,. %8G /1 h: cv . %06, 1
0.08:0.03 207.20 15.98 0.66+0.27 35.32 46.86
0.08+0.03  19.06 .49 0.66+0.27  3.28 4.33

(Table D18). The significant source of ad@itive genet ic
variance for this trait <n juvenile Douglas-fir presents a
different result than that of the French provenance‘progeny
trials (Jarret 1978:; Birot and Christophe 1983) where it was
found to be non-significant (P>.05). Although the individual
tree heritability value 1is low, progress through progeny
test selection could be expected. The high within;family
variance percentage (qé83%) indicates much of the variation
1s uncontrollable, and phenotypic selection is inikely to

be useful.
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’

Lamnet ogrowth or late season flushing (Fig. 3) is a
i Jot ause of  forking and multiple leader formation
(Rudolph 1964). It 1is an important trait to consider under

Y

form —haracteristics. The trait lammas flush (LAFL) is a
count of the occurrences of lammas growth x100. The overall
;Rﬁnshxyzun mean was 12.92 (CV=325%), and families ranged
trom 2.23 to 32.07 (Table Dlé). Sources of variation for
additive genetic variance were significant for this trait
(P~.01). Although only 2.6% of the total sources of
" variation are attributable to the selection source (%5,
selection parameters indicate progress through parent tree

selection 1is possible. Parameters for non-transformed and

transformed lammas score were:

h’ cv %AG'I /1 g h; Cv, . “AG /i
0.11+0.05 331.84 34.73 0.62+0.28 68.38 84.28
0.10+0.05 15.47 1.60 - 0.61+0.28 3.19 3.38

(Table D20). [AFL was significant for sources of variationn

for dominance genetic variance (qi).



90

~

3.2.3 Observations on Components of Form Characteristics

-

In the section on trends in components of "height traits

(3.1.2) it was shown that as trees guow and establigsh

Y

themselves on sites, microenvironmental 1nfluences (o)

-

decline and trees are influenced more by large scale
environmental effects (0’). These large-scale environmental
. s

effects would include length of growing season, late season
' €

molisture availability, etc. - effects that are felt over a
largé scale and are cumulative over seasons. For manyMot the
stem-form-attribute traits specific environmental effects

appear most influential as causes of variation. Table 8

’

shows replication means for the juvenile stem-form-attribute
-
i

traits at the Greater Victoria watershed site (GV’S).

Replicatiorn 1 at GVWS shows high incideinces - almost twice
the site average - of. juvenile growth-form features of
sinuousity, forking, and lammas growth. Rep. 1 on .the lower

portion of the site has a high cover of broom, a nitrogen

B

fixing specles. High soil nitrogen, together with good

late-season soil moisture availability on tae lower part of

1 .
the site, are strong causative factors . of these types of

growth disturbance fq‘%ures (De Champs 1976, Carter et al.
1985). Growth disturbance features appear to be»affected by
more specific features of the environment than €re growth

traits.

L
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TABLE 8. Means and standard deviations for severgl growth
“ ° . .o
and form traits by replication on the Greater Victoria

Watershed Site.

SO . —_— £
REPLICATION
! 2 3
TRAiﬂS mean S.D. mean S.D. mean S.D
'HTZ;- 507.19 115.88 509.56 98.87 - 525.38 109.94
VOILM 13.84 5.00 6.22 3.67 11.38 4.88
SIN 114.44 190.22 87.10 "142.46 88.14 162.16

FORK 39.36 65.87 21.51 49.91 19.93 48.56




L

92

3.2.4 Relationships Between Crown Form Characteristics
- Simple correlation coefficients between Crown dna
growth characteristics for ixndividual sites and combined
analyses are presented 1in Table 9. {pe major assacclations
are those related to size of the greo {e.a., branch
thickness and volume). Partial correlation caefficient s
N
controlling the effect of size (volume) are presented an
Table 10. Consistent. signiticant relationships similar to
Campbell's (1963) study of phenotypic correlations in the
branch and upper-crowé attributes of Douglas fir were:
/

1. trees with flewer branches have more acute angles,

2.. trees with fdwer branches have thicker branches,

3. trees with fewer branches have proportﬂmnaly longer
branches,
4. acute-angled branches are thicker,

5. acute-angled branches are longer, and
6. thicker branches are longer, even accounting for volume.
Although the cofrelétions are not strong enough to have one
or a few of thé,{?aiis explain the majority of the variation
in others, there is a significant association of high branch
numbers, comparitively light braqching (thickness and
length), and high branch angle. The cgntragting ﬁssociation
in form is for few but heavy and acute—angled b;phches.
Detailed variahgég, covarian;es and correlktions among

. . L : 2
crown traits and between crown traits and growth traits are

presented 1in appendix tables D21 to D26. The genetic

"

relationships are summarized in Table 11.
'y



X

AN

N

?J .
Ch
o 1o 0320 Y 43 s18cay 4 o0 O SO v taeoigubrs -, e e
<. 50 * 4108
cae 5. - SMAD
cee 202 , $370 19
i N % A
e 60 e - = HL108
LT SN ' SMAD
P NN - N 5370 118
P cee iE el 12 H108
ce g ces 8L cee o . ¢ SMAD
cee ve. 38 see IO S31D 198
cev - SN 2O - . s - ) H109
Cae o AT SN L O M SMAD
k'S Sty s FICI PRI - FERN) va
e 2 SN €. - SV She Ll ! H108
I cee B, S 7 - e 2. P SMA9D
. BRIt vaa Ty - Stz e 8BGO S31D Mg
¢ cee ot SNO€o vee e cee 10 - . €0 H108
e 27 SN al SN v s o < 90 - SHOOC SMAD
cea S e ol tae G P “oo BO - .o S310 yidvi
\
cee 9T - vee £8 see 32 - cee U8 cee PL- e SN ZO ¢ ; H108
cee & vee 5. coe 82 - PRIV cas O c o0 £C SN €0 SMAD
e s - e I8 se D4 - el ig e O - v 9C « O S31D wioA
e S50 vee TS vl W0 - cee Lo P LS SN WD « €0 88 H108
SN D cee e vee B2 - o Bl cee 0 - see 52T wee 1O 98 SMAD
e 90 v L8 vl B - vel B v £O - vae 20 +s GO 88 $31D CInNG
S 20 ers (8B e 2 - e B3 ses £ - P e cos 81 - (58] e. 0B H108
cre GE ces T see I - vl TS €O -, ves CC eove B - o8 I 2 4 SMAD
cev it N RPN 1e; . . eve BO - se L2 cee Lio- ' 8 vee BL $372 ChLH
———— \ - -
FaF: g i.3 .8 vg NE 43dv. N0A " ZING CHIH
T T T s s S NS 2 33380 NS L I Y1 38800 NOSHY I - - e
. = .
S®. £ £BL1QWOS DUk (BCE.ALUL LG S« Rul wWuOj umMOUIT pue (imoub usam)aq SYUdI D1 44800 UCIe 24400 B(dus ¢ 3lgvi



[\

94

. ”
TABKE 10. Partial correlation coefticients betwed crown

form traits controlling for volume on 1ndiwdual  and
combined sites. &

. ) ~
8A BT 61T £ 817
8N CLES .08 axx L2 aaa .09 xxx .00 NS .04 #
GVWS EEEEE 23 A RS =L 10 xa BREEY Y W
BOTH .13 #ax 10 axr .04 = ».11\“;{” T
)
/ ' A
N -
BA CLES T2 x-S kxx - (08 k%2 .01 NS
GVWS 219 xxx - 02 NS | - .07 *1a 14 axs
BROTH ‘.1}(*** .06 axx P REEE Y .08 axa
-~ \\ .
BT CLES NB2 *xx .59 rxa L3 aax
GVWS .63 xxx .48 xxx L35 xxx
BOTH . . 74 xxax 48 xxa v,28 * kX
8BTT CLES . .44 xxx .22 x%2x
GVWS _ 27 xxx .00 NS
* *"BOTH - : 27 xxx .07 txx
BL CLES .56 xxx
GVWS 5 .44 xxx
. Y,
BOTH . ‘ .54 xxx

Y
/ X%, kEkk= /significanp) at :053” .01, .007 levels of
—

probability.



TARLE 1 Genet ., (Y and
e ween LW torm tralt s
between crown form trart s and
LN 4
LN 14 1
£34 i { 3
L3
81 A JA
~
8] 4 AR
i
1 > T
Bl ~ 07 .00
HT 12 L2 03
o
DOM12 .677 18
' I
VOLM 7 .18
—— e

3 R4 Ty -
phenctypae
and  genet i (1
vield tranrt s,
{51 IS
1 ¢ L
05 . 2o9
ECAN .38
DY R
.06 o
a2 06
.03 -3
2t .82
.29 .75

Between crown form traits only:
kY

above diagonal

recdrds genetic correlations,

Yoocotrelations

.

ocorrelatons

51 B
-
N
TR 1
10 iy
R R
.04 .14
1y G
.46 . 1a
38 - .59
.22 .20
.28 -.19

diagonal records individual tree heritabilities,

below diagonal records bhenotypic correlations of half-sib,

family means.

-

v



CEthe altorementiened relationahipn of Cown characte:r , the
Sttongest  genet . brao w appean st e that bhetween Yhranch
number  CHNY  and branch thickne s e aa IR O R S N S Y
thooknena (7] oo 0 S0 Y T the cont i ant betwee
tiees waitt many Lo Craht Brans hed  Coaa b vt oLl e
cllect vely Lo Selection. Bran b aigae shows g mederr o
Neaat Ve Genet i tesattonshp (1 IR LR A with
Proper tronal Dranch thoo ke furthe SUDPc T g D
aenet g, ARG Tatl ton ot these form Lyvpes S g
tesationships are Jdoo ment e, Lowhite St e (Me:sol angd
Mo hn agsrand Scots pane (Poykko POt Vel Tana and
Traerstedt 1984, :

The denoet Telatienshipa between bhranch oo
ABHO0 LAt Tens and vield we e nvest rgated thooal
path coeffircient analyvsis. Path coelficient analysis  ts g
standatrdived, perthral regression analysis that provides o
methed by which direct  and  indiiet comrponents  cf o an
association can be segregated (Wright 1923, [.1 194 The
additive aenetic relationships of branch traits can thus be
evaiuated {or their direct and 1ndirec: 1ntluenc®s or yreid.
The model «f cause and etfect of Ccrown characters on vield
1s us‘ed tc emulate the model of Campbell (7963), except hat
additive genetic relationships are used. Path analysis s
also useZ as a graphic aid to select key traits for multiple
trait selection for form and growth characters. By th:is

method the 1nfluences (direct and indirect) of crown *rait

orn yield can be visualized. The analysis consists of the



v V\
sunultanecus colation of the fave tollowing equations  that
)
provide bl o posaibile direct o and o indire! Telat tenshiips aneng

vield and coown o varacableg (b w -
+
i Cl oo 2 bl I
<4
1 B A I + I
‘ ] <4
t I O A [ A S
. o
. L A P L S 1
“ 4 <4 + 2 1 N
1 v L b L LA { t i LA PP LA b *
3 . o '
't bov LA S LA S S A ¢ P b
4 Bl ' G hY
Reauit s UusS i g the direc: Measur ement s f o branch
thickness and branch length are presented in Table ). Stem

.

velune 1s aftected ma tnly by the numbe:r of branches (P
24T0) . Other efltects are minor 1n comparison, and it can be
seen that they affect volume thirough the 1ndirect effect of
Lranch number. The residual variatron leaves nearly 453 of
the variation unexplained by these traits.

The second analysis (Table 13) used :he preportional
branch measure traits (%) to predic{ volume. In this
analysis propoertional branch thickness (877) has at least as
mportant a direct effect on volume as does branch number.

. .
These traits also have a strong indirect influence on each
other. Branch number (BN) and proportional branch tﬁickness
(BTT) together account for 42% (Pi=.l65, Pi=.257) of the

genetic differences In  stem volume by their direct

influences; this 1is less than the 60% for phenotypic



teratronships tound by Campbell (19000 Branch angle  and
preportrongt branch o dength de net have  oan Hnportant el ey
i

onoostem Yolume. The add:itive qenetic 1ela: ronships hetween
branch anale and dranch lencth with ooth branch numbe G
Dropertional o branch thickness mean  hat velecting for haoan
branch numbe:r and light Stanching wiil alse tmprove bians b
angle and branch length,

A pPeSTITIVe assoclal ion of the Good torm complex o owih
growth characters s encouraaing, and t he Prometion ol e e
Dranches per whorl will ve less detrimental COMpated et he

telative reduction of bianch sSice, tlatter branch ang,e and

tncreased volume . The negative phenoiypro telas tenship ot bA
with the arowth traits (Table 9 was  nee Doted ottt he
genet o correlations, gasret (T978) noeted a very  stiong
positive genet 1o correlati1on between v1gaul (thearght ) and
pranch anz:le {(r =C.961). Observati1ons of o DO e
: . :
. . K
relat tonships between volume and a similat complex 0 torm

1aracters was found 1n Scots pine by Velling and Tirger stedt
(1984). They concluded that the proportional branch diamet e:

was of reat nportance for wood gualityv, and moce o
, be 1 4

oftset the promotion of branch number .
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Figure 8. Model of path-coefficient analysis of

associlation of crown form traits with stem volume.,
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CTABLE 12, Path-coeff 1c1ent analysis of the direct and

indirect genetic associations of crown variables with stem

volume .,
- - Crown Varilables
BN B4 87 £31 X
1)u§‘ to direct effect: : -
P . .45 .074 140 R IR 3 R SAN
Due to 1ndirect effectsy
via branch number
P 123 106 114
via branch angle
P, o L014 -, 004 .008
via branch thickness
P, .023 -.007 .047
via branch \ength
P“ ‘ .023' -.013 .044
________________________ g —mmmm e mm e el

Totals (additive genetic correlations)

. 705 177 . 286 . 282
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TABLE 13. Path foefficient analysis of the direct and
1ﬁﬂTT§?T“gvﬂeiic associlations of crown varjyables with stem
/Qolume using proportional branch measures.

S _— - P LTI T S S —

- ~7- -~ (Crown Variables-----------

BN B4 8rr1 BLT X

Due to direct effect :

p .406 -.038 507 -.073 575
Due to 1ndirect effects: \

via branch number

I L0777 -.2369 -.044

via branch angle

P, -.007 .01 -.004

via branch thickness

P, . 299 . 146 -.072

via branch length

P .008 -.008 -.010

45

Totals (additive genetic correlations)

. 705 177 -.746 -.193




3.2.5 Relationships With Stem-Form Traits
Correlations between bole taper and growth and y1eld
.

traits, and between bole taper and crown form traits are
summarized n  Table 14. Genetic correlations, more than
phenotypic correlations, reflect that taller trees are lese
tapering, and trees of wider airth and qgreater stem veiume
are stronger tapering. Although the estimate of [ was weak

,\

and non significant between DOMI2 and TAPER (v - 0.15+0.33),

A

the correlation between [OMIO and TAPER (not shwwﬁ) Cwas
\

strong (rA = 0.53#0.28). Much of the volume of the stem 19

-

4

in the lower portion. Selection of trees for total heiqﬁt,
without a measure ot girth, wil! favour a less tapering bﬁie
at the expense of stemn biomass. Stroﬁq, pesitive genet o
correlations glso ex1st between branch number and taper (r
= 0.5720.21), and branch thickness and ‘taper (v -
0.7320.28). These strong correla;ions reflect the
partitioning of wood into branch material down the stem of
the tree; higher-tapering trees having more and thicker
’
branches,

Simple correlations between the stem attribute traits
and. growth traits are presented in Table 15. Consistent
significant relationships were found that demonstrate:

1. taller trees are more sinuous,
2. trees of larger girth are more sinuous,
3. trees with a higher incidence of lammas growth are more

prone to have forks and multiple leaders.

A significant negative correlation between HT12 and FORK on



site GVWS demonstrates the effect of rep 1 - reduced total
cumulative growth and a high i1ncidence of growth disturbance
features (Table 8).

Phenotypic (v -, r ), qenetic (r ), and environmental
H . A B

{

prs o

(r ) correlations between stem attributes and growth traits
ate  presented in  Table lo. (With the replication effect
e ’

removed, the negative relationghip between forking incidence
and height 1s removed, although the tendency of a negatige
but non significant genetic correlation (r =-0.17+40.27) is
st1l]l aparent.

The major significant stem-attribute relationship with

growth 1s that between stem sinuosity and height growth

fr =0.47+0.21). The relationship is large enough to indicate

A

s

7mar selection for height on its own will increase the
ccurrence of sinuosity in the population.e These results
corroborate the high genetic (r =0.63) and significant
N
phenotypic correlations between height and sinuosity that
were found by Jarret (1978). Results from the study
population indicate that this genetic relationship is
non-significant for sinuosity and stem diameter
(r,=-0.1320.25). The phenotypic ~ (individual) and
envircnmental correlation between diameter and Sinuosity
(rm=0.23, rE=O.33; Table 16) suggest Lhat'indiv{g;al trees
of larger gigth are taller. In terms of selection, diameter
selections are less likely to increase the occurrence of

~

sinuosity than height selections.



\

TABLE 14, Phenotypic, genetic, and environmental
correlations between taper and growth traits, and taper and

crown form traits. -
{j 'ﬂ' ~- -
RN HT 12 M12 VO M
TAPLR
‘ “
r L. 1B A 03 .02 NS N
r, 384031 IHe 034 R ERERTY
o .18 .OQ _04’ -
) -.27 R 14
S
L 16 ° 06 (2
\ 1
{
|
BN BA 81 81
r 03 x 07 ***’ 1() **%xx 11 xxx
r, ST+ 020 -.05+.29 .73+.19 L2630
' I'pl 08 - -.08 11 12
Cous 40 -.12 52 28
r .00 -.14 - .07 .10
£ <

*, xx, *xx= significant at .05, .01, .001 levels of

probability.
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TABLE 15. Simple correlation coefficients between stem

attribute and growth tragts on individual and combined

Sites, . -
B - N
DM12 | SIN fORK LAFL

- e e NS

HI 12 CLES .79 axa L21 axn YT .04 »
GVWS .82 xxa .30 xxx -L21 xxx .07 xx
.B()TH .87 xxx 17 xxa -.04 = .00 NS

OM12 CLES .18 kxx RVAEY T .08 xxx
GVWS . .29 xxx =.09 xxx .01 NS
BOTH ’ D13 xxx | .05 *x .05 ®xxx

SIN CLES , .00 NS -~-.03 NS
GVWS . -.03 NS -.03 NS

BOTH -.02 NS -.03 NS

FORK CLES ‘ , 36 xx4
GVWS - » .48 xxx
BOTH LA xxx

*, *x, *xxx= significant at .05, .01, .001 levels of

’

probability.

~
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TABLE 1. Phenotypic, genetic, and environmental
correlations between stem attribute traits and arowth traits
on the combined analysis.
\A,I\ ‘
- SIN f ORK L AF L
HT 12
Cor ERRNUR : 174,27 14+ 5
A
r 28 .04 02
248} \
. 33 .04 00
r 25 102 00
DM12 '
r, L. 134025 ~.14+ .27 1O+ 31
r .23 . .07 0t
s ‘1 0 .02 10
T, 33 09 .08




3.2.6 Growth and Crown Form Selections

The selection process summarized .20 this chapter 1S
designed to improve traits of gr‘owth/ and yteld, and form
simultaneously. The growth trait chosen was stem diameter
(OM12), because 1t 1s an easy trait to weasure, and as has
been shown, 1t Is an  accurate  response variable for
predicting stem volume. Crowil form traits were chosen for
thelr ease ot measurement, {ox the likely ettectiveness of
their response (as demcnstrated by their genetic
parameters), for their value considerations, and tor their
genet1c correlations with other traits in the fine branching
form type. Three selection schemes vere investigat;d:

.o wultiple trait index that selects for diameter and
br,gich number ([BN),

2. a thrée trait index that selects for diameter, branch
number , and against croportional branch thickness
(IBNT),

3. selection using the composite trait of knottiness index
(KI).

B |}

The growth and form indices.developed here seek to
1mprove the net genetic worth of the aggregate genotype (H).
Correct evaluations of H requires economic weights for each
trait. Since true dollar values for growth and form traits
are uncertain for Douglas-fir, the economic’ weights of BN in
relation to DMI2 were changed over the range of +1 to -1

(for the first index IBN, of BN and DM12) and the primary

objective of these selection indices became one of making



Q8

N
empiricalychoices based on the estimation of geneti1c gains
|
ot individual traits. The response of each traiv ot the
index for the different rankings that occur for changing
ec(»r.mmic welghts 1s plotted in Figure 9. Both observed (R )
and expected (AG) responses to selection were plotted tor a
selection intensity of 1:2 and were expressed 1n standa:.d
deviation unitS;\(R was multiplied by two because the

QRS
pellen parent should also be selected). The opt Imum  point
for selection when economic weights age highly uncertain s
where each trait 1s maximized for its minimum expected gain,
at  the curve 1i1ntersection points (Namkoong 1974G) . The
optlmum response point 1n the [BN index 1is at a value

welghting of .03 for BN and '.0 tor DMI2 (Fig. Y). The b

values for [BN at the 0.03:1.0 value ratio were:

DM12 BN

0.49 0.03

At this optimum level the response level (R ) tor DMIZ2 is
.628/.081=92% of the level of direct selection for DMI2 on
its)éwn, and BN 1s .661/.783=84% of its maximum response for
this selection intensity. Although the maximum response of
each trait 1s not achieved by this strategy, there is little
loss from the maximum achievable response because of the

strong positive genetic correlation between traits and this

dgenetic association has been strengthened.
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Beoevatrne ot *he pesitaive AL Gy tal oo ot he
faine branc g torm e tprotase Laht, XL T et
branching) the crogponae (kR ot tnpe Phet s tonn ot

(2
<
TN celtections v alae tavontabie . Briainch oang e s PG v
O S O S ot the dite v qole taon e s At thie gt saane
feve | o TEN ot fhe o4 telect1on Blensaty e
Proportional branch thioknean s reduced by Tao o o
standard deviarion ounait o o SO S ot the Teve bt
would be achreved thioagh Jirelt celection agaanst (01 on
1t own The  correlation between  he 1te x LY and ot
genet 1c o worth  (H) o , ol the changinag valaes panaed 1 omn
9
*

.8 to L0 and averaaged 0.9 thus indicat bt he e lat ive
cfTirorency ol the ondex [BN. R

The se-ond 1nddx used BT7 ciong wish BN ant DMIZ 0 o
muitiple trait progeny test index ot crown torn oand vield
The sensitiv.ty plotting of this index ([8N]) 0 chanaing

N\
eTOnemIcC welghts 15 too complex (o plot effectively, but an

[

1terative process w~as used to find. the maximin  (Namkoony
1@7Q) point where response of each trait .o the 1ndex (R )
T
were approximately equal. Economic values (a ), b values
(b ), R .. values, and comparisons with direct selecion o
1 QRS
the trait on 1ts own ‘relative efticiencies), are shown !l
>
. ]
this 1ndex: . .
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The  optimum  strategy  here 1 o maximioe the  iinamum

tespense to o each trart; by lTosing only 10 Gf Gur et tlcieney

In selectaing tor yield on 1ts own,  and 0% 0% tor the
other trarts, selections enforce the assoc1ations 1n the
fine branchainag ftorm type.

In  both of these 1ndices the empitically derived
optimum response levels are better when crown traits are
valued low (=0) compared to the yield trait. This emphasizes
the positive assoclation of yield and cirown form traits.
Crown torm traits are amproved st rongly through thea:
genetic covariances with traits ot yield.

Another way of selecting crown torm 1is to select
against  the composite trait of knottiness 1ndex (KI)
(Campbell 1961; Jarret 1978). The overall mean for (KI), the
average of the ratio of total branching surface area to stem
surface area was 31.4% (CV=32%), and family means ranged
from 25.8% to 34.8% (Table D27). Family sources of variation
were significant (P<.01) and heritability and gain estimates

were:
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heratabrlrty voloes were 0 aa high oo Tepon ted o Coaat o
Douclas o .pm;vulnt 1\\:*‘5,\' T Fran. e Cant et [ I
CLSUr 0L Te) D Detatis of the analyses ot oval lance of K] owpt
the othier amportant Do traits ate pnesented o Append iy

Tables D2 DI The relative o't Jencaes (RoFELD bt heon
taorm [ N o Ccorredaled Lo e o Prioovapeinn et

selection agelnst R we: e
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-
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7 G He

Ltocan be seen that selectiling ageinst the composite

IS .

trtasrt A

{

improves branch thickness and diameter but does 1o promote

the profuse and tlat branching form type.
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3.2.7 Crown and Stem Form Summary /
LooSources o o vartataon for oadditive geneti. var rance
(u:'* were sranibicant (e 051 tor o all 1 crown and stem form
trarts, except branch thickness, on the combined analvsis,
LN

Sources of  varlation for dominance gJenet 1 varlance (UM':)
were  sagnificant tor branch angle, bole taper, and lammas
TN u;':vmjg only; and even so the estimates of dominance
Jqenetio varlance for these significant traits were much less
than  the estimates f  additve genet ¢  var:ance. G.E.I1.
soutces of  ovarration (u.";,u“r) were not o signiticant for o oany
trart .
. Branch angle should /Ix'ef;pond well to mass selection
(h - 0.73+0.24) as has been reported in other studies. The
cther form traits wou'ld respond best tc fam:ly selection.
Moderate heritabillty (1113(?_2) was f{ound for branch number,
proportional opranch thickness, proportional branch length,
and sinuosity. Branch thickness and branch iength as direct
growth measures; and bole taper, forking, and lammas
occurences all had low heritabilities (h:=0.1).

. Branch thickness and branch length were best
measured as proportional traits - branch thickness as a
proportion to stem thickness at the measuring point, and

. -
branch length as a proportion of total heignht .

4. There was an asso‘ciation among high branch number,

l1ght branch size (thickness and length), and high branch

angle - in contrast to low branch number, heavy branch size

g
(thickness and length) and xcute-,angled branches. Genetic



telationships were estabiished o L tine-branching  torm
type and were shown to be positivel voasseriated with yvield.
. Path analysas showed that branch aumben and
proportional branch Dickness were  associated with 0w o
family differences for stem volume.
. Negative gendgtic  correlallons were d(*munf;t.: ated
between heiaht  and bole taper. St FONg  poesitive  genet i

correlations exi1st between bole taper and branch camber , and

v

bole t.apex' and  branch thickness. Bole  taper 15 thuas
impiacated 1n the shittang of woody materal from the bole
to the branches.

7. There was o positive  associlation between  $tem
sithuosity and if\diVIdL;(XI growth traits, especially le(;hf
Jrowth. Genetlc correlations suggest that height selections
will promote sinuosity whereas diameter selections will not .
This corroborates the finding of Jarret ('978).

8. Multiple trait selection for the improvement of form
and growth trailts can accentuate the positive association of
the fine-branching form type of profuse/light fexcurrent
branches with stem volume. Selecting key traits in the. form
complex (branch number and proportional branch thickness)
along with stem diameter can favourably affect all traits.
Selecting agailnst a composite trait of branch/stem surface

ratio can improve form but 1s not as ef ective as

multi-trait selection for promoting the fine-branching form

type.



3.3 Wood Quality Traits

Trarts reported in this chapter  were  wood denstity,
estimated using the maxinum moelsture content method on the
outer 3 rings of two S5 ommocores (WD), and a wood density
estimate using the resistance of wood to ¢ non-repeating
Pilodyn pin (PIN). Wood density measures were only made at

the Cowilchan Lake site (CLES).

3.3.1 Wood Quality Traits

Wood density measures averaged 363.0 1 kg m' (CV=7_16%),
and family means range from 339.5 to 382.8 Kgw (Table E1l).
Additive genetic variance was strongly expressed, with o
comparatively low standard errot hg?572.323181.20) (ngle
E2). Female sources of veriation were significant (P _.001)
and accounted for over 20% ot the total. The individual tree
heritability wvalue for wood density (WD) was high (hj
=0.90+0.28); the highest wvalue in this study. The low
comparative error of within-ftamily variation (0'=54%)
Suggests this trait should respond well to mass selection.
Selection parameters for wood density (WD) were:

h- cv, %0G /1 he cv %AG, /.

1

0.90+0. 28 6.97 6.23 0.9310.30 3.4 6.37

(Table E2). The high individual tree heritability agrees

[ . .
"with values for wood mean density frem 14-year-old coastal
: P



Douglas far provenance progeny trials 1n France {most
provenances - (C.8; Bastien ot al. 198%) . Ip SpPite ot the
streng andividual tree heritability, large percentage gain.
1n wood  density  from o progeny  test o Selection canno' b
expected because variation between tami Ly means  was oot
large (CV =340 Sources of varration tor dominance genet .

vartance (o) and G.E.I. vailance (07 ) were non Sianitoaoan:

el

tor wood densaty.

Pln penetration averaged 6.7 mm (CV- 10350, and fan. Ly
means ranged trom 14,9 i to  18.5 i (Table E3) . Fam. iy
scurces of  variatlion were  laghly  significant (b 00y,

Heritabllity estimates were comparab.e (o those tound ':om

the cores. Selection poarameters tor PIN were:

he Y SAG he Cv “AG.

0.81+0.2¢ "2.06 @7 ¢.90+0.29 H5.72 10,23

(Table E4). The wvalue of PIN for predicting genet i
differences as demonstrated by the high heritability
estimates 1s in contrast to the results of Bastien et al.
(1985), whose heritability estimates for the Pilodyn were
low. Unlike the WD value, dominance genetic variance tor the
Pilodyn measure (PIN) was significant (P<.0i; Table E4).

The genétic correlation between the Pilodyn measure
(PIN) and wcod density (WD) was high (r,=-0.9520.02).

Because of the high genetic correlation and heritability,



the etfficiency of correlated response to family selection
was 4t (Fig. 10; Table ES), and 1t would thus appear from
‘ .
this study that the Pilodyn is a valuable inst rument ol
-, famify Select 1on o w O density 10 12, year old
Douglas tir. Thus family selection  may be a useful
apphication of the Pilodvo but it is likely less effective
tor andividual  selections  as wouid e practised 1n the
Douglas-tir provenance proaeny t;st§ In France (Bastien ot
Al 1985) 0 It may also be, as Sprague Ff al. (13983) ftound,
:hdr‘ certaln typgs‘ of P1lodyn ('ontiqdrations le.g.,
difterent pin sizes) f(and/or SPring  s.ooagth)  are  more

etfective than others. ] .

3.3.2 Relationships Between Wood Density and Growth and Form

<

Unfortgnately strong negativk genetic correlations
,{xist between wcod denmsity and gro»g\‘t'h traits Table 17,
(rA='O.5j1(). 19). A strong negative relationship tween
growth and mean wood density was also reported-1in the French
Douglas-fir provenance-progeny tests (Bastien et al. 1985).
;“\They also found a negative genetic correlation of wood -mean
. ensity Vs, wood heterogeneity, but no unfavourable

(

correlatiaons of wood heterogeneity and growth. Such results
0
are discouraging for the simultaneous improvement of growth

traits, wood quality, and wood density in Douglas-fir.
Relationships between wood density and form traits are
. -

also presented in Table 17. Alt%ough the simple correlations

between branch number and branch angle were non-significant

-
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(P-.05), signiticant neagative genetic correlations exjst:

oo o320 27 WD and BN) and s L4027 (WD and 84,

I3 kS
and environmental correlations are positive  (Table 17,
Proportional branch  thickness (BIT)  was  significantly

correlated, r, (P .001) to wood density and this associat 1on
alsc shown by the genetic correlation (,I‘A-f.‘?bf.‘?j; Table
7). Thus selecting for families of high wood density will

produce a population oh trees  with fewer branches;,

4
7

proportionaly thicker branches and more dcute‘éngled
braonching; this amounts to selecting foruthe heavy branching
fal{:‘m type. Much of this association may have to do with the
strong negative association of growth vs wood density, and
the positive association of fine-brewching vs growth. Thus a
N@qative assoclation of wood density vs fine branching 1is
not indepgndent ot other key relationships. Negative
relationships between wood density and crown form traits
have also been reported in Australian radiata pine (Dean e%
al. 1983).

There were significant (P<.001) negative correlations
between wood densiiy and stem attribute traits (Table 17).
The strongest of these relationships on a genetic basis was
that betweeh sinuosity and wood density (r =-.28+.22; Table

17), which indicates that by selecting for wood density,

smaller and less sinuous trees will be favoured.



TABLE 17. Phenotypx C, genet icy, and environmen:al
correlations between wood density and growth traits, wood
density and crown form traits and wood density and stem

attribute traits.

AN
M1 HID
wo N
“
I 40 xwa ARETE!
! 554_1x SR I L
A /
.41/' 17
b
r 4‘)| .28
PHS
U o0 .24
t
BN BA Bsri BLr T
I 00 NS 01 NS 08 x2x (02 NS
I‘A 324 .27 41+ 27 2ot .23 12+.24
r, -.05 .07 02 01
r -.23 -.37 25 , 10)
PHS &
r, 17 2.72 O Y
SIN FORK LAFL
r ~.13 ®xx%xx .10 =%=xx —)06 X% %
r, -.28%.22 09+.27 -.16+.24
r -.14 -.10 -.07
P
r -.22 -.07 -.14
PHS
r, .02 -.24 -.00
*, **%, *xx*= significant at .05, .01, .001 levels of-

probability.



3.3.3 Growth and Wood Density Selections

Simultaneous improvement of wood density and growth
characteristics i1s ditficult in this population, because ot
the dntaqsmistxv genetic relationship ro= 2530019 (WD and

DMI2)Y . DMI2 was used as t®e growth characte: 1stic because of

LES strong assoclation with stem volume and because o! 1ty
1

si1gniticance levels at Site  CLES, vhere wOo i density

Measurement s were taken. Index oe*ticients for multipie

tralt selection of WD and OM12 where both traits are given

etqual value were: 4
wo OM12
| EA‘) \ 1 . 58

-

When families were ranked according to théir genetic merit
tor an aggregate breeding value of WD and DM12, the response

(R J for a selection intens:iy 2f 1:2 was 10.04 kg/m" of WD

with a concurrent decline of nearly 1 mm in DMIQ.\

0G) of the traits for a

OBS 7

A plot of the response (R

o

selection intensity of 1:2 1in standard deviation units to
changing economic weights of WD in relation to DM12 is given
In Figure 11. The correlation between the index (I) and its
genetic worth (H), rH; for the changing economic weights
ranged from 0.8 to 1.0 and averaged 0.9; thus indicating the
relative efficiency of the index IWD. The wvalue andg

o

efficiencies of index selection are most useful for negative
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Jenet e cortedlatrons (Hase!l and o Laarn 1ag ) where ot can

elucidate Mportant osels ot ion s strategies, The  apptope tad

selection strateoy gepends viben the value that ca b tiart

hao
1 h\\

a

the

o .. 1 . N . . N . \
seovadues, Four o osuch stitategies chat o maighr be oamploved

v the andex and the e tar ove crlaanty o owe can app byt

viprovemnent oo wood dena ity and growrh o gt e demenat tated

Dptren Tro When aounat b woeod density s ob egqual vatue
oo a unait o diameter , the overall aggreagate valuoe wenld

Pavour wood density teshomse to diames e tesponae . The
assumptieon  of  equal ovalues, o any ot her \KH\\WIE value
relationshiy,  even 1t were  known ot be true g
Diresent mat ket conditions, however Cota not A e

predicted for the future.

IR

Option Jr The” oplimum strategy 1s one Of naximising C he

minimum response tce selection when values are hrahily
.

uncertarn and subjec: to unpredictable changes (Namk rong
L}

.

YOy

1979) .0 The optimum polint 1n this selectlon strateqgy 16
at the curve Intersecticn point. Nelther tralt 14

maximized at this point; 1ndeed because of the stiong

’

negative genetic relationships bvtween these twe traite
/
the maximin point achieves only 42% of the maximun

P

response (R ) to DMIZ and 72% of the maximunm response

(qu) to WD. However, this point 1S the maxlmum/minlmur
(maximin) response poimt for botn traits and 1s the moust

appropriate 1f we believe borh traits are economicaily

valuable, but there 1is high uncertainty as to their



\

value Dunctiona s By genect iyt prositive response n
both trarcs at his  poant “he  selection prrocess can

Dearn to break the negative correlation between these

Cptron oo Thrs  option constrains fhe change 1 wood

densaity by usiig g recstiicted andex ao per Kempt horne

G Novbds ko sy This strateay 1% Al s Q

conservalive Strategy. it makes no asnsumptroens as o otethe
(] .

. ; - ¢ / 1 denw . ad G G there 1«

Dt a« vatue o wvood density o and assumes  the:e

e neaah Uilvertardty as  to 1ts value that we should o
anwilling to lét 1t decline.

ption dr This assumes that the decline 10 wood densaty
byoonelecting tor diamete:r 15 slight and econonlcally
dvveptabie.  Althouabh herstabilities for wood density
have  been  teported as  bedng high, the wvariabil:ity
available for selection 1s low (Bastien ef al. 198%).
The ceefficient of variation ot stem volume for half-sib
means 1s three times that for wood density. Therefore,
the 1ndirect losses in WD by the selection of stem
volume (through DMI2 in this case) may be comparatively
low compared to gains in volume even accounting for the
high heritability of WD. At a direct selection for DM1D
on its own, with a 1:2 selection intensity, wood density
declines by 0.5 (R_) of a standard deviation (6.25
kg/m') or by 1.75% of its mean. This strategy would

ignore wood density under the assumptioq that a slight

decline 1in wood density in the population may have



Little o no economic mmpact on the resource .,
Betoie selection decrsrong and atrateales ate made, howeve

certallr facts need to be kne®n about wood density o oand 1.

.

estimatien., Inifetmal oo o a plactical natare <hould add: oo

the tollowing point s tecarding wood denas v

. Lo juventle Col e wou i densaty o any Prractioal
Consequence toe o the value of the matuie sten o wonod sder e \
and Clear wood [>I\>xi\l& {

Are selections ol wood density worth compatal 1ve oo

Ponowood hetercaensit vy (Bastien of o]0 V85 Gid o e,

1 form:

We need to have intformat ron of this natuie te ensul e won

density has an antrinsse value. T8 1t does have an 1nt: 1noi.

value opiions 3 and especaially 0 oar he best chorces and 1

-

should have high emphasis 1n wass selection phases ot
mult: stage selection: e.qg., flus  tree  selections  and
within fanm.ly selections. Phenotypid  selection  foa wood

density will be hiahly eftficient compared to growth and form

selections.

3.3.4 Wood Density Summary
. Heraitabilitles for wood density were high (i
=0.90:0.28) - wood density 1s e traut tha: car  be
effectively i1mproved through mass selection.

2. Unlike the results‘of Bastien et al., the Pilodyn

proved very effective. With a genetic correlation of -0(.9%9

the efficiency of using the correlated response to family

~



selectlon was 97% .
3. Correlations  with  arowth  traits  were strongly
neqgat ve
4. Correlations with tomm traits reflet this negat 1ve
relationship with growth and were alse unfavourable.
3

“ A antaqgontistic relationship between wood density

and helerogenent Cowood density (Bastuien of ). 1985) 14

L

alose ot concern considering the importance of a uniform
product (Zobel eof ], 1982) .

. Iodex selection 1s highly effective fol selections
invelving negative correlations and can be used to minimice
the rmpact of the negative relationship between wood density
and growth. Severel selection strategles were examined. When
the untavourable correlations with wood heterogeneity and
form are ignored, options that cons:rain the loss in wood
density -3 or seek to maximize the minimum expected

response to both traits 2 are beso: .



4. DISCUSSION

4.1 Expression of Genetic Differences

Tweaty of  the twenty one tralts of  growth form,  and

wood quality anvestigated 1n this study had  s1gniticant
amuu:)tf/uf addirtive genetlc variance trom which to base

selections., Non-addisave  genetic Vasr lance o7, Wl s not

i

’

’

51qﬁitlvdnt for most of the traity, erxcept for branch angle
bole taper, and lammas :ncidence; but even 10 these (ases
was much less than the additive genetic variance. G.E.1.
Interaction, as (determined by o) was non signiticant  tor
all trarts. A sitercross source of 1ntormation MKM) was

srgnliicant for the two later herght measures (M 1O, HIT12),

but was not significant {or any other traits.

4.1.1 éélection Parameters for Individual Traits

With additive genet 1c¢ variance belngy the major
significant source of genetic variance available, selection
for additive genetic eftects and the creation of random
mating populations within seed orchards 1s likely to remain
the major vehicle of tree 1mprovement tor the coastal
Douglasffir‘program in British Columbia. In this selection
process heritability 1s important as a method of determining
the predictability of response to selection. Heritability is
also 1mportant 1in determining the appropriate ,selection
procedures: i) for high heritability traits where the

phenotype expresses the genotype - mass selection can be

128



emphasized, 1) for low  to moderate individual tree
heritabilities progeny test seiection should be
emphasized. Twoe other parts in determininag the response to
selection are: 1) the selection intensity applied and 1)
the phenotypi varlance  (or  standard deviation). Thus

predicted response to selection will depend upon the degree
of the anheritance of *he traeit, the amount of variability
that can be selected upon, and :he Intensity ot selection.

Heritabilities (which express the selection genetic
varlances  over phenotypic varliances), coetficilents of
vatiation (which express the amount ot variation in t he
population in relation to their means as a percentage), and
percentages expected galn per selection Intensity uni: are
summarized for all twenty-one traits in Table 18.

Only two traits, branch angle (BA) and wood density
(WD), . demonstrate high individual tree heritability
(h‘x‘-'O.bO) values (Table 18). Hign 1individual tree
heritabilities for branch angle and wood density have also
been reported in other Douglas-fir studies. Phenotypic
selections, therefore, can be effective for improving these
traits in Douglas-fir.

Traits that demonstrate moderate genetic control
(h'20.15; hi20.7) are: early height (HTO6), diameters (DMO6,
DM10, DM12), branch number (BN), proportional branch
thickness (BTT), proportional branch length (BLT), and
sinuosity (SIN). For these traits, gains of 5-10% per mt

of selection intensity for family selection and 2-5% per .
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unit ot selection antensity  for  mass  selection appear

v -

achievable (Table 18).

Tralrts that demonstrate !ow aenetic Lontrel (h =001,

N,
Lo-0u%) are: later height measurement s (/‘77\13“, HIT2)Y, stem

voolume  (VOIMY, branch thickness (37 ), brameh l'enqth (BL),

stent taper (JAPER), torking (FORK), and lammas occurrence
(LAFL) . The low 1ndivicducl tree (h“) and moderate fam:ly
(h)) heritablilities for these traits indicates that tamily
selection will more effective than mass selection. Gains of
'

up to H% can be expected fo: this type of selection. For

traits where large amounts of phenotypic wvariability s

avarlable among families, such as volume (VOILM), substantial

improvement can be made for progeny test selection (=10% per
p -

selection . Intensity unit) even though 1individual tree

heritabilities are low (Table 18).

4.1.2 Relationships Between Traits

The important parameters between traits are genetic and
phenotypic covariances ‘and correlations; correlations among
the traits of growth, fofm, and wood quality are summarized
/in Table 19. Genetic correlations were classified as
negligible. rA"O.IS (0), weak rA=O.15-O.29 (+, br =),

moderate rA=O,3O‘O.44 (++, or --), or strong rA20.45 (++4,
‘"‘-“-). The direction and significance levels of phenotypic
relationships are given pelow the diagonal (Table 19).

The major significaﬁt\ /fé&ationships that affect

selection for improvement in areas of growth, form, and wood
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quality are the strong negative relationship between qrowth
trarts and wood quality (wood density) and the weak to
moderate, positive relaticnships between Stem biomass and a

Form complex of  profuse, i1ght . and excurrent branches.

i3
~

(trne branching form type).

Other relati1onships that exist are moderate, positive
correlations between heilght  and S1NUOS1ty (x').—U.QT) a
Samelar Ht‘()dti\//é relationship was found by Jarret (1978) in
French Douglast! fir -, moderate negative correlations between
herght and“ ﬂ*@;&r . “,\‘ 0.38), weaker but positive
(’\)x'x‘elations" bef.ween diameter and taper (r/_"-O.IS), and
S?I('»H(A; positive genetlc correlations between branch number
and  taper (r =0.57), and  branch thickness and taper
(v =0.73),

X

Genetic relationships between wood density and crown
form traits reflect the strong, negative correlation that
exists between growth traits and wood density. These include
a moderate, negative genetic correlation between branch
number and wood density {(r,=-0.32), and between branch angle
and wood density (r,=-0.41); and a weak positive association
between wood density and proportional branch thickness
(r,=0.206). |
4.1.3 Selection of Traits

Early height growth can be used as an indicator ofr

establishment and early vigour, but also where early

selections are necessary it provides good strong positive



N

correlations with later juveniie hei1ght, diameter and volume
trarts  (Table 19, Fig. ). Selections tor yield (stem
volume) were most  eftirciently made by using o diame!e:

measure rather than total height. A multiple tiart indes

using the the genat :¢ covarlances of height at age o, herght

at age 12, and dlaneter at aae 10 to predict the tanking o

progeny  families for stem volume; could only mai girnally

improved  the  ranking (v -.99)  compared o tanking  that
occurred uslng indirec: selection for stem  diamet e

(t -.89). Heilght selections were not ncarly as good  for

b

successtul predictions of progeny tam’glxes tor stem volume
L/

(r =.55). This rellects the stronger genetic correlation.

between DMIZ and VOIM. Vellina and Tiger<: dt (1982) ftound

£

that diameter had significant genetic  covarlances  with

harvest 1ndex (H]) - a ratio ot stem wood tresh weight o
total tree (branches and stem) fresh welght compared to g
fon-sigyniticant genet i covarlance between helght and

harvest 1ndex. Diameter measurements also‘nm1ntaxn higher
heritabilities (Table 18), therefore selections that are
aimed at 1ncreasing yileld and biomass in DOugias fir should
use diameter rather than total height.

The grecwth related traits of later height measurements,
branch thickness, and branch.length, showed péor expressiorn
of genetic differences - especially on individual sites and
at the Lake Cowichan site (CLES). This waé demonstrated by a

lack of significance for sources of variation for additive

genetic variances (q”, high standard errors for additive



aelet ¢ variance, and low individual tree heritabilities
2

especially on the individual site analyvses. Insensitlvitiqs

of the plantation sites, especialily large row piots (nine

trees) with relatively few replications (three reps) on an

undolating site of Ccoarse textured soils accounted for part

b this error. This was manifested by 1ncreases of o°, which

Is the major part of the erro; va: lance tor genet l1¢ sources

of variation (o),

Bioiogical reasons can also be cited for this poor
discraimiaation  of  genetic differences in gqrowth traits.

Youny seediings in their ti1rst years of growth are affected

7

mainly by microsite inf luences; the major . source ot

variation 1s expressed on a tiee-to-tree leve) and inherent

\
\

growth rate ditferences can e expressed’ if t(here ‘s
BN

»

adequate  replication. As trees grow 1nto crown ‘tanopy,

microsite intluences decline and the . accumulation of

N

large-scale environmental effects becomes more intluential;
trees start to grow as a stand and the stand to-stand level

of wvariation is most strongly expressed. Simmonds (1978)

e

pointed ou: that the potent@%l biomass o& a crop 1s

\

eventually determined by the sum total of its local

k]

~

environment. Inherent diffefences in growth rate potential
can be limited by this environmental celling. As trees enter
the second growth phase with the onset of intraspecific
competition, the environment becomes more limiting for the
expression bf inherent differences. Full utilization 9f

- Q '
inherent growth rate potential will require stand management
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techniques such as thinning. Rather than attempt high gains
through strong sedection pressures for yield, low intensity
selectiron for the Cullxhq of poor pretormers would be better
practiced. u

Vuallty traite that are not a ditect rteflection ot
growth, such as t>r41n<'kx angle, branch noumbe: and  wooed
density; and growth traits when expressed in  terms  of
partii&onxng of biomass (e.g. branch thickness Stem
diameter, branch length total height) express genetic
differences more strongly (Table 18). These results reflect
very closely the observations made on Scotg pine by Velling
and Tigerstedq (1984). Simmonds (1978) stated in relatioa to
tree breeding that "...the first ohjective 1is sinply the

w
adapted ecotype which can realize the blomass-potential of
the local environment; but in addition, the tree breeder ma y
have some opportunity to exploit the potential of his
specles ftor improved partition (between stem and branch) and
wood quality (straightness and density).".

Selection of quality and form traits can be effective =
and should concentrate on the promotion of the pleiotropic
action for the formation of a fine-branching tree. Campbell
(1963) demonstrated significant positive phenotypic
correlations between thick and acute-angled branches and
between fewer branch numbers per whorl and thicker branches.

n~

These relétionships were found to hold for this study,

especially in the partial correlations that control for the
- _ .

effect of stem volume. Moderate genetic associations between

v



Pran ot number and stem diameter, and between branch number
. X [} . p
Poopersaonal o braych o thaickneass and stem drameter, offor a way
“
whio h o the el tiopre act oy fodenes miaht o be o useoa 1
\

i SV oHmprove stem oyareld but o oaise to promate o tine:
oo by LIt U e ove G catse branching torm type o Ry
AUy Gelectaing Lo the Pne branching form tyvpe,
althongh mere branches per o whor b would be prometed, there
W e concurrent dec iines 1n proportional branch
thickness (BIT) and  proportronal ciown owadth o (807 b, and
shvrteases an stem Jdianeter (OMT7) and branch anale (B4).
~ome ot these relatilonships were also apparent an Jariet ' s

-

Citretstoudy, especlally between yield (heraht) and branch

angie (0 -0.9% ), and alse between branch anale and branch
.

umber (o o=g.52) They were alsc shown 0 Scot's prae by

Velling and Tigerstedt (1984, who used t he same

partition'ng traits and came to  the vame  conclusions

’
regarding the promotion of the ftiner bru:);/‘urﬂg

Rark, (1983) has claimed
Scet's  pine  and  Norway
single-gene action. This
Douglas-fir, but

form, type.

that these form types 1in Finnish
spruce  might be controlled by
is  not at  ell apparent 1n

the close similarity of the results in this

study to those of Velling and Tigerstedt's (1978) and
Merr:1ll and Mohn's (1985) in white spruce, sugges's that
torm and yield can be manipulated through the pleiotropic

action of additive genes in conifers. Index selection of key

form and yield traits

can

use genetic coOvariances to

encourage the formation of this form type. Using a composlite



trant such g Knott iness 1ndex La tat e ot hranch  woond

Cress osectronal  oarea te stem owood artead can gl LI o e
Form, b does o LN ove the Cotresataien foo the

fine branching torm tyvie.

velectron tor o Stem for f i gl ot SlnueLITEY G o ko
citers samilar tesults to orther studieo. Huagbho withoon fana by
Vdidaie compenent  petroentages for theqe traisa (o8 cRpc

tndrcates that mucnh o the variation 1. umuntrull.xk\lernui

Phenciyiple sedections ate uanlihely 0 be usetful . Sainieoit v

poounden mederate denet o contiol oand should tespond wellot
.

tamily  selection (see: Jarget TATH: Birot o and Chiroatoghe

PAR 3 Adams and Howe  T9H5) 0 A moderate positive  genet 1,
correlation beteen helght and s10ucsity was alse shown by
Jariret 19760 Thus selectlons made on the hasia o e raght
will promete s1nuosity 10 yound plantat tons. Diamet er (i
pot oshow  this pos:itive correlati1én. Forking and tamicorn
branching had low heratab:lities. Family differences were
non-signiticant  for forking 1n the French tests (Jarred
"1978; Biret and Christophe 1983), and was alsc repoited as
having a 1ow heritability in Australian tests of radia’a
pine {(Cotteril and Zed 1980). Although individual tree
heritabilities are low for these traits the large phenotyjpar
varlances between families and moderate tamily
heritabilities suggest that family selection ~an be used fo:
improvement for these traits.

Phenotypic selectiohs for wood density should be very

effective for both first generation mass selections or



within tanily selections 1o progeny tests.  The Prlodyn
proved to be g overy ettect ive wav o of meking selections to:
wood density oan thra studv. This was indicated not cniyvo by oo
f S

Prabh herataba ity f0or this method of et Liiat 1 wood

but alao by o @l rona genetic cottelat ton between tne Prlodyn

N

values and ancrement  core estimations. Relative elfi1cirency

ot tamily selectaior of wood densaty asing the Prlodyn was
IR S G R O Bastaen et ). (1985 did ot faind the

Prlodyn to be as eftective, but results can vary because o

Pronosice, sprang strength (Spraguse ot 3. 1983y,
i ,

Although selections for growth and form arn Gtilce
positive  genet o ASSOCcrations to bhenet 1t both tra:ts,
b

selections of wood density and traits of vield must contend

with a stronag  negatilive correlation. A strong  negat ive

genetic correlation between wood density and vield traits
}mfs~ also been reported in cther Douglas ti1: populations
(Bastien et al. 1984%). Index selection can be most valuable
tor the genetic imorovement of negatively corvelated traits
(Hazel and Lush 1942). It allows an empirical chplce of
selection options that can be made based on expected gains
of each trait inr the index. Choices for the wood density and
diameter index [WD can be made from four possible selection

options:

. The first option assumes that each trait has an equal

economic weight; selections for aggregate breeding value

based of this assumption will favour selection for WD
: ¢

over DM12 because of the higher heritability of WD. This



assampt ion of egual economic we s ght tmplies that these
CCONCmM we laght s are Knowne and gl ke ly t o bre

malntarned tor the roftation age of Douglas by

The  second u[tlwn Pt maximise  the moernrmun CXjre e

aarnn o Lor o the  stnultanecus  amprovement o0 bot b tracty
(the curve antersection points). This cptien  ra o meat
appioprirate when the cconemic werahta to the rart o are

highly uncertain, unpredicotable o and Tikedy oo o hange,

but both  traits are valuable this oo the o

Teal st g scenal to oy wood density and yaield e
Douglas tir . This 1o also the most (onserval 1ve Stiateqgy
as ho attempt s made toe set expliclt values. 11 14 alo..

the bLest strateay o break the negative corvelation by
selecting uvenotypes that dqu;LA)' breeding valuss above
the average for both traits, thus begininag the proceas
ot breaking down this neqgative correlation.

»

The third option places a res:riction on wood density a«

per Kenpthorne and Novrdskog (1999) . This option seeks 1o
place as much emphasis as possibie on yleld yet restrict
the losses that might occur 10 wood density. This s
less conservative than the second option, yet seeks o
maintain wood density at present levels. The assumpt 1o
'
. { .{
here 1s that wood densitv has no intrinsic %elue on o1ty
. N //’
own and 1s not worth selecting for, yet there 1s enough
uncertainty as to the value 1f 1t shouid declim that we

are unwilling to maximize yield response. 4

Option four is based on the idea that a slight loss in




wood density s unlikely to have any serious Tmpact  on
the resource. Heritability  of  wood density s the
hiohest of any of the trairts reported .o this study yet
the phenotypire vartability 1s the lowest .
With only the antormation he:e and a knowledge that  wood
densaty has an antrinsic value (Kellog 198.) , ot he‘ second
A,
cption a8 the safest  and moat  conservative  Strat eqgy  to
appry. However with the teport of Bastien ¢f ol. (1985) of
positive genetic correlations between wood density and wood
heterogenerty and the apparent value of wood homogene 1ty

(Zobel ot al. 1982), large ques:ion marks still remain.

4.2 Measurement Strategies 1n Douglas-fir

One 1mportant objective of this study was to establish
key indicator traits that can be useful for the assessment
ot growth, forﬁ, and wood quality in juvenile Douglas-fir
progeny tests. The criteria for choosing key indicator
traits were the effectiveness of selecting for the traits as
determined by their selection parameters (h. CV, and %0G;
Table 18), and for their relationships to other key traits
as determined by their correlations (Table 19). In addition,
experience derived from this study with respect to the
methodology of measuring traits car be used to establish
guidelines for the assessment of traits of growth, form, and
wood quality 1n Douglas-fir progeny, Other valuable

references that should be consulted are the works of Jarret

(1978), DeChamps (1978) and Adams and Howe (1984) in



Douglas-tir; and some of the Finnish work with Scots Prine

(e.g. Velling and Tigerstedt 19850

4. 2.1 Growth Traits
Herght and drameter are the key traits of growth and
{

yield. Although heiglhe a L oie 1S not a avod  trant fon

predicting  stem  blomans, 1t ndicates  establishment and

survival potential especially ar the ea: ly stages ot growth
tor Douglas {1, Stem  biomass 15 bheot predicted by o
Jiameter measure. Diameters of guvenile Douglas tii can be
taken, adeguately and quickly with calipers, at a teference

helght as established by Kovats (19/77). In plantations oven
i

i

D oto 6 m o tall, diameters can be taken from the breast high

(1.3 m) stem segment at a mid point average of the stem
-,

segment . Ir plantations, where breast high measurements are

not feasible (plantation average - S m) diameters can be

taken at a stem segment sec:ion that 1is clearly expressed

t hroughout the plantation. in tnis study diameter

measurements were taken at stem segment seven (Fig. 5), and

this was usually eqguivalent to a breast high measurement .

4.2.2 Form Traits

The key traits that should be emphasized for crown form
are branch number, branch thickness.-and branch angle. Branch
length need not be measured due to the strong positive
correlation with branch thickness. Once a stem segment has

been chosen from which to make the diameter measurements,

il



above and below the stem segment (Fig. 5.

Because branch number 16 ditticult to A55e65,
especlally when trying to determine the diffex‘ano bet ween
primary and secondary branching (see also Campbell 1963,
Jarvetr 1978), a subjective measure of branching that totals

¢

all branches trom the whorl to the first area of clear stem

wood below the whorl (5 7em) should be made. Small secondary

branches can be added up to make equivalents of primary
branches (e.qg., 4»10mn secondary branches = 1> 20num priumary
branch).

A single measure, for each of the branch thickness and

=)

branch argle measures, should be ‘:aken at each of the
whorls. In this study two randomly chosen branches were
measured at each whorl. However, the experience gained from
the study suggests that a single, subjectively chosen branch
that reflects the average at each whorl is a more effi;‘ient
measuring technigue. Many form characters may best be
assessed on a subjective basis, but if they are given a
metric measuremen4 based on a subjective judgement (e.g.,
the branch that mo-st reflects the average at the whorl)
rather than a categorical value, it is easier for data
manipulation and interpretation.

Form traits can be assessed on a simple scoring method
(see 2.3.4) or through various measuring and scoring methods

as reviewed by Jarret (1978), or outlined by Adams and Howe

(1985). One can also treat these traits as ‘threshold traits



scoring class 0, V& 2 =0 scoring class 3, 4 & S.1) or use
-~

a polychot omous threshoid distribut ron. Becides the

advantaqge ot  overcoming problems of scale, measu: 1ng ot em
and upper crown traits as threshold traits is easier S1nee
only damaging incidences need to be recorded  and  time
wasting evaluations are eliminat ed.

Determining lammas 1ncidence and damage 10 oldeér tirees,,
as was done 1n this study, 1s a time” conduming PLOCESS
Lammas ancidences should be measured in the 6 to 8 Vel

.

class and a0t on trees any older than 10 to 12 vears.

4.2.3 Wood Quality Traits

Juvenlile wcod guality assessments may best be made 1n
trees older than those of this study, preferably at 15 vears
or older (see 1,4.1, Xellogg pers. comm.). The Pirlodyn
proved to be a very effective inst_rument tor wood density
selections. Although some Pilodyn configurations have proven
less reliable (Sprague et al. 1983, Bastien et al. 1985) the
one used here with a 2.5 mm pin diameter anti a o joule
spring appeared very useful.

J

4.2.4 Timing of Measurements

Measurements for the assessment of juvenile growth,
form, and wood quality in Douglas-fir can be scheduled as
follows:

1. Age 6-8 height and lammas incidence plus other
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. Age 12 15 diameter, branch nuinber, branch thickness,

el

bran~h angle, threshold measurements of stem sinucsi ty
\ o : w
and ftor®ing, Pilodyn measuiement s (Firg. '),
.0 Age 15 20 atter o thinning operation, sub-sampling for
wood heterogenelty and more details of bartitioning and
. 3

torm types to see 1t they can be ¢ jed into the concep:
Y Y b

of harvest 1ngex.

4.3 Improvement Strategies for Douglas-fir
The progress of  tree improvement s through both
selection and breeding. This study has‘emphasized selection:
however the two procedures cannot be t;eated independent ly,
and selection strategies depend on breeding strategies.
Breeding with a high value conifer, suth as

Douglas-fir, grown in north-temperate latitudes, such as

British Columbia, will require breeding strategies that

reflect conditions of: -

1. long ecpnomic rotatiQn timec (80 years minimum),

2. natural populations that are already well adapted to the
local environment,

3. a large and wvariable land base that necessitates
extensive rather than infensive silvicultural
management .

The selection process should be utilized to be most

efficient at different 1evels of selection within the

breeding program. Phenotypic selections of high heritability



Tra:ts, such as  branch angie and wood denstity, can  be

13

emphasized 1n selections of recombinants within tamilies.

Index selection using family information, as 1o the proageny
!

testing here, will be emphasized when selecting taor haingn

levels of GCA.

4.3.1 Breeding Strategy

The breeding design used 10 this study, the NC oo
rester design, was 1deal to: the stated objectives of thas
study; and selection trom this experiment has embhasced
progeny  test selectron  using the genetic  telationships
between a parent and 1ts halt sib progeny tor the selection
of parents. The selecticn strategies outlined here are thus
easily transported to progeny test selection where GCA 15
estimated from open-pollinated families. However one of :he
major objectives of most breeding programs is to produce a
population for the next generation ot selection. A firot
generation progeny test selection scheme as outlined in this
study does not achieve this objective, and recombinants of
the select trees have yet to be produced for turthe:
breeding.

‘In fast growing speciles, parents can be tested, many
recombinants can' be generated through single-pair matings of
proven parents, high selection intensities can be practised
on these recombinants, and even the selected recombinants
can be 0.P. progeny‘tested (Cottefill 1984). This can be

4

done very effectively in the short rotation of radiata pine



1N Australia, ftor instance, where decisions on progeny tests

can be made between 4. to years (Cotterill 1984). rast
generation breeding Options aie less attractive to
Douglas-tir  1mprovement. There 1s  no  all  around  "hest

option” tor breeding of Douglas f1r, and 1t as often as not

depends  upon the tesour-es  and  commitment maae by the
adencies anvolved. Because breeding options are reduced in
north temperate conlters 1t 15 most tmportant that

elfticiencies 10 the selection piocess be maximized. Examples

of- how these etticiencies can be made for two of the most

common breeding plans for Doudlas fir are glven here:

. The tirst generation of breeding in Douglas tir oftten
combines the objective of "esting the first generation
of seléction together with producing second generation
material (as has been done in B.C. with a half-diallel
program); second generation selections can be made, but
a loss is made in the potential selection intensities
that can be applied to second generation stock - the
recombinants - for the cost of testing poor first
generation material. Planting designs for this breeding
plan must be both efficient for testing and ranking
families but also for emphasizing genetic differences
among i1ndividuals within families,ISelection in family
plots will be important. Selections of this recombinant
material is also reliant on the phenotype to express the
genotype. The low individual-tree heritabilities for

many of the traits has emphasized that genotypic
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s5eleci1onNsS are more 1mportant in ‘i ee Improvement .t

Douglas far than phenctypi select/ions. The mest
elfil rent selectron strategy for g single tralt or andex

will involve the use of a combined index ¢ hat  uses
AY . N

fanmaly  and tadaviduai Iniormat 1on too make Second

generatlion selections. Cotteril] (19806 tound thas

breeding selectron strategy o be the most ettic ient pest

generation.decade  of ten  strategles  1nvest tgased  tog

rarts of low to o moderate (.09 .40) heri1tabilities. A

+
v
A ). LT ) Y . ‘ . o .
multa g Ku;e family withino family (an be used e!tect tvely
when high heritability tra:ts are used in the second
Stage. An example o this multi stage Selection can: 1)
emphasize diameter (yield) anc tine bnmvi%’ ;1 (BN and
BI') 1n a low intensity tamily selection and 2) emphasize
branch anale (84) (tor 1ts correlation with
fine-hranching) and/or wood density (W) 1n a
within-family selection. The major ditficulty with the
half-diallel are the limitations on the parents that can

be effectively handled, and the manpower and effort *hat

15 needed to make all the appropriate crosses.

2t - 3 o~ - N T - - - - <
Akggeapex and efficient first step to screen parents tor

GCA are open-pollinated progeny tests. Planting design

here should be efficient for family selection only,
therefore should seek to minimize the error variances
wiﬁh corrrect blocking, and many replications of small
or contiguous plots. Where parents have been cloned

recurrent selection can use the methods and traits



established in the progeny tes: selection schemes

developed 1n  this study. Recombinants from selected
parents  can Mo st effectively be Tegenerated from
single parr  matings. As selections from the next

generation will rely only on within family selections:
trarts should be choser that exhibit \moderate to high
i{nd;vidual tree  heriltabilities,  and planting  design
should emphasize eflivtencies gained by high select ion
intensities 1n large tamily plots. Because this will be
an- aneftficient selection process, it may be wise to
terminate this test after selection for early height
growth (=HT0O6) and. or a trait such as branch angle (B8A4)
and/or  lammas incidence (LAF() (if this trait is to be
considered selection should be at this stage). This
selection process is inefficient also for the use of
generations but by using the appropriate selection
strategles, (1i.e. choosing the most effective traits)
and by physically l1fting the selected material for
second generation breeding not that muéh time needs to

be lost. \

4.3.2 planting Design .

Inefficiencies of the experimental layout used in this
study have been demonstrated by the lack of precision and
inability to detect significant differences for growth

traits on the individual sites. Three basic principles are

used to control or minimize experimental error, these are:



\
/
replication, randomization, and local contro!l or blocking.

Although local control can be a problem on torest sites 1t

was less of a problem as demonstrated by the error variances
. N
S _ A
(o7 ) than lack of “teplication and randonizat 1o that  was
HRLE

caused by too large a ot on too tew teplications.  The
i

+

statistical etficiency of the test would inciease ¢ there

was g reduction in o the within plot error vartance (o). Thie

15 especlally noticable ot CLES where the plots are  ow
plots thet rtun up and down a rise on a coarse textured and

208 Y
1.

e etticlency of allocating trees to

A

freely drawning soili.
reps and plots can be derived (Yeh and Rasmussen 1985%) but
1t depends on what level of sele¢tion is being applied.

In the progeny test ftunction, as used in this study,
etficiency 1s maximized by planting seedlings 1n many
teplications of small or contiqguous plots. This would not be

‘to be

the case however 1f individuals within families were
the selection unit. In this case family plots are desirable
for efficient discrimination of individuals within families.
A planting design that has more reps and fewer trees per
plot would be more efficient however. Correct blocking of
the experiment to controi for environmental heterogéneity 15
also desirable, especially where relatively few reps are
used as in this study. An effort to reduce the gnvfronmental
variance within plots by having them run with the

environmental gradient, rather than across, is especially

necessary 'if within family selection is being practised.
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4.3.1 Genotvpe by Environment Interaction and Adaptation

Sources ot vattat ten tor additive  gGenetio var tanet Dy
f

VLD o nme e Interact 1on were non o signcficant tor oas o the

trarts o anvest cqated o thos study e S lthough T ed by only

Pwenites that owere ot extiremely o ditterent ) there tu o ntiong
i
»
evaedeno et hat Dovglas Lo telatively  robust 1 1S
Qenot v Stabality Tor these 00 trarta ot gJrowth o torm, and
wood quality s Fororanking and select ion pultpoeses Ltomay only
y
be necessary to test tan lies acioss 0o te 4 wites. Furthe:
prlantations o n Mot e exXtreme enviionment s @ could be
estabirshed to provide 1 I'mat 1on Speciiacaily about

denotype by environment intera®tions.

one ol the current ontioversies in tiec Improvement
wor koo Douglas- £y Is  that  tight adaptation to narrow
ecological zones has been demons:rated in seedlinag studies
(Campbell and Screnscn 1978; Campbell '979) . and indeed one
of the c¢riticisms of the B.C. program has been that seed
zones are too widely defined (Yeh ef al/. 1981). However
there 15 little evidence from this study, from the recent
provenance research 1n the Pacific Northwest (White _a‘n\i
Ching 1985), and in B.C. (Ying pers. comm.) that this tight

-adaptation carrles much beyon@
. N

seed sources that do particularly poorly - are 111 adapted

the seedling stage. Usually

are planted on off-site locations (e.g. the southern Oregon
source, Whité and Ching 1985; or low elevation sources

planted on high elevation sites, Ying 1984).



Thus splitting the breeding Douglas

tedgiron of

t

|

low comnd edevation saten of Coantal BooL L into muityple
Drecding  unita 1o expiot adaptat tonal drte b ety
horeased  gain (Namkoong OHAY L o e APPeal o war s ans e
Althoualr vt may be congidered anoan cprtren tor Channe b ung
selecraon oppertunitres for trastas (haigh W popuiat rona) an
or gene conservat ton (Namhoonag TQgRG Y
4.4 Summary and Future Considerations

This study has emphasioed the gelec ton Prroceas in e
Lprovemens of the  Douglas tad PeSOUL e o trazts ot
arowth, form and  wood quality. it has  hiah Liaghted  key
traits, and  key  associations: that may  be el tectiveiny
neasured and selected tor:

. early he rght can be a useful trat! HERE cat ly
establishment qnd vigour as well as ‘for 1tS use b
early selections for growth ana yleid traits,

2. dirameter 1s the best indicator for yreird and biromass,

i. partitioninag trailts are better tndicators tocr s
quality traits and can be more ettectively selected for

4. genetlc covarilances among crown form traits can  he
utilized tor selecticn tor a tine bLranching fram type,

5. seTection against sinuesity should be etfective and
selectior for diameter is liess likely to promote

,
sinuosity “than selections for height growth,

6. selections against forking and lammas growth will be

less effective than those against sinuosity,



The

Selections of wood denaity by e ther inciement cores ol
the Polodyn will be very efiective,

there  are  strona negarive  orrolations  betwee: wood
denarty and growth tratrt s NERES! nedat 1ve correlat ions

between weod Jdencaity and foam,

these results are corgoborative of similar results  on
\

Doualas o t: France CJar e 1R Bit ot A
Chirstophe  1as3) Seoot Ty dne n anland (Velling and
t . 9
~
Trger st adt as ) white SO U e 10 t he Lake States

(Moot and Mohno 1985 0 Gnd tadiata prne an Australiaa

(Dean ot . 14983,

study has also high Tirghted key multiple Trant
strategles andg optilons:
selections tor growth tiarts shousd use family

3

infermation and rot be aimed at achileving high selection
intensities and galrs bu! rather the culling of poor
genotypes and promotion ot good vigourous growers,
multiple trait s€lection for & complex of light, fla*
branches, and high yield trees Shoula be enccuraged in
family, combined, and even individual selection wusing
the high heritability of branch angle.

several options were investigated tor how to handle the
negative correlation between growth and wood density; 1f
weod density has an intrinsic value, and 1t 1is not
adversely.correlated with wood heterogeneity (Bastien et
al. 1985) then selections that maximize the minimum

expected response to selection for both traits would



<

dppear toe be the Deot Stitateay (maximin option two Fag,

Yo This would aiso go some ot “he way Lo b eak L Jdown
this unfavourable  Coiselat s oo, The next b optioen
UDden these 1 oumstane o6 19 T o constialn the Lo ot wp

cptaon three (Fig. 10V
4. optrons oy Ihcerpoiat ing these  select ton strategies
1t o curnrent brecedrng Stratetiies wel e bHiaoet oy
investygated.
4.4.) Future (Considerations
This study has  addiessed topros related to t he

selection of tralts of growth, form, and wood Quality an

Deuglas thi: and continues the excellent work 1n $hs Subyyect
done by Campbeli and Jarret. The:re are many rmpotiant a:ean
vt future research that should t?e dene  to extend this
knowledge.

Although this study could not 1dentify significant site
* genotype 1nteractions it 1s hoped another study directed
at 1nvestigating the genetic stability over a more extieme
range of sites will moere adequately investigate questions
related to this.

The experimental material used here should be
maintained 1n order that the expression of the variances and
covariances observed here can be tracked over time and ¢lear
1deas can be established &s to valid ages at which thesge

traits might be evaluated. Early progeny evaluations are

essentilal to the effectiveness of tree-1mprovement
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strategqires for Douglas tir.
Detarled wood quality assessments need to be carried

out  to see 1t the neqgatave correlations bet ween mean wood

density and weod hetercgenerty established in France are

true ol most populaticns of Douglas fir. This information is
necessary belore wood density 1s actively Incorporated as a
valuable trait in the selection process and can be  found
when this progeny test s thanned.  Traits relating to
harvest  index (H], Velling ™ and Trgerstedt 1982) and the

detarled rtelat1onships among crown torm tralts ma alsa be
i

more tully 1nvestigated at this time.
Research will soon be needed to Investigate questions

related to advanced generation breeding and selection, tor

i

>
example the effects of mild inbreeding, sublining, and gene
©
conservation. An active research program 1s necessary it we-

{

are to maintain Douglas-fir as a valued resource.
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APPENDIX A: Selection intensity expressed o <tandard

deviatitons tor oy population of 00 patent tiees

r
No. Selected ‘E‘vx\ ent age n‘ Value
1 aLen 1)
. O | L
3 1St P
4 R R
‘| . P
G PRV Vi
/" 31.8 RS
8 36, 4 1,00
a 40,9 ’ o.ar
10 45.5 - 0.84
o
11 50.0 0. 77



APPENDIX B:

Formulae

for estimation of

phenotypre parameters and standard etrers.,

Term
“ number of sites
! pumber of replications within si1tes
m number ot male pollen trees
t number ot temale seed tirees
t number of trees within plots
Vatltanc e component o
0 variance among trees within plots
o’ = variance among full-sib tamily plots within sites
”-;m: = varilance among site-male-female combinations
o’ = varlance among male female combinations
n[‘; = variance among rep-female combinations within sites
nx:" “ variance among rep-male combinations within sites
a, = varilance among site-female combinations
o' = variance among site-male combinations
u{: = variance among female half-sib families
‘7.: = varlance among male half-sib families
o = variance among replications within sites
~ S
of = variance among sites
k = coefficient of the "i"th variance component

qenet o

and
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APPENDIX B, (Continued)

I . VARIANCE COMPONENTS (based on Table )

Q (MS k o’ kK o . k o a’) K'
o o .1v~ (R . «
¢
U = (MS K o k o ko o) 'k
- t H £sn o - ¢
A
It = (MS k o o) 'k
m! G omml LS T -
0 = (MS - k o o) /k
[ H SO met
v = (MS - k o 0°) /k
[ 1 1WCoam - J
osnv{ = (MSN h 20 1wt B U».')/K.“é
o = (MS - 09/k )
rmt T w 10
« -
o’ = MS .
w ra
[
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APPENDIX B. {(Continued)

1.

GENETIC PHENOTYP1C PARAMETERS
\\
additive genetic variance : 4o
dominance genet 1o variance = 407
m.
phenotypic variance among individuals
U U R A U P R S e to’ ta’
" ! m “n st tn (I gn ! tml .o
-5,
- phenotypic variance among half-sib means
K. Kk k k
s 21 K 20 - L . 2a R 0 R 1 A
= 0t o+ gl Aot o+ o 40 0
nt st ot smt i w
t kl‘_ n kl; 5 k‘: k'u sm k“ rm k” 0
L 4
J
Y, A
= 1ndividual tree heritability = ——
o )
’ P X
p
! 02
/4 A

*°- half-sib family heritability = —

g
PHS

- s
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APPENDIX B. (continued)

I'l. GENETIC 7 PHENOTYPIC PARAMETERS (egntainued)

(‘()VA(X,Y) = additive genetic covariance between X and Y
=4 COV,

CO¥(t ,PHS)} = covariance of the breeding value of a seed
parent and 1ts halt-sib tamily mean phenotypic
value ¥

e
= Yo

or for different character’'s (X, Y)
! = COV
A

,

COVP(X,Y) = phenotypic , covariance between X and Y
rd
-
{calculated as per either o' or o )
r, = additive genetic correlation of X and Y '
= COV (X,Y)+[o (X)xo (Y)] )
A A A
r, = phenotypic correlation of X and Y (Pi or PHS)
= COV (X,Y¥)+[o (X)xo (Y)]
r, = environmental correlation

= {r,~hhr J+[(1-h )( 1=h )]




APPENDIX B, (continued)

"

Il . GENETIC PHENOTYPIC PARAMETERS

(contrnued)

CR, = correlated response of character Y is
ih hro(Y)
X XY A P
I1T. STANDARD ERRORS OF COMPONENTS/PARAMETERS
S(qﬂ = the standard error of the 1'" component
3 P
k £+ 2
v ) )
where kx 1s the coefficient of the varilance
component being estimated, MS is the j** mean
square used to estimate the variance component ‘and
£, are the degrees of freedom of the 3" mean
square ¥
S(of) = 4XS(0:) X




APPENDLT Y 2. PEY it
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111. STANDARD ERRORS OF COMPONENTS "PARAMETERS (continued)

‘»(U_‘)
S(h") -
. o
[
N
. S(U,‘)
S(h) -
(7;:»'-
L L2 S(hi) s(h¥)]
S(r ) = A
A ’ V/z hZ h2

]

- -~

The formulae for gstandard errors of variance compenents and
A ' ‘ . Ca
approximations of standar8 errors of heritabilities and

genetic correlations are from Becker (1975).

14




APPENDIX B. (continued)

IV. FORM.OF MATRIX FOR MULTIPLE TRAIT PROGENY TEST SELECTION

L. variance covarlance matrix of phenotypic values P

VNP COV_ (X,Y)
PHL Pt

1
COov (X,Y) o
PHS PHS

11. additive genetic variance/covariance matrix G

ol X LCOV (X, Y)

111. b values are:

P]Ga,

where a 1s a’'vector of economic weights




APPENDIX C: Tables of means and analyses ot variance A

.

covarlance for growth and yield traits.
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APPEMDIX D: Tables of means and analyses of variance and
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