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geographic trends were not .evident.

Abatriég>L‘_
Patterns of genetic variatiop fq;_w@oa;‘torm, disﬁ;Sc
andfgrowth traité in Lédgépolé binéﬁ(anus bonténta vér.  -
latifolia Eﬁgeim.) weré=gk§mined.af énqﬁtest site using |
open-pollinaﬁed familieg from 24‘pr6vénah¢es répreSenting
six geographlc zones 1n British Columb1a. Cllnal patterns of

variation were nogéd for tra1ts affectlng bxomass:C

production, wood spec1f1c grav1ty ana wood m01sture content.

Most bther tralts-showed large.provenance varlatxon, but

when'families«were gooledvacross all gedéraphiq ibnes,
the heritability estiﬁates for specific gravity and branch
angle were over 0.40. Other ;;aits showing moderatev« '
heritabilities were fibre length, wood moisture conbént_and
bark tBickness. Genetic correlations amdng tréits wére
part1cularly hxgh between stalactzform blister rust and

western gall rust. The correlat1on between spec1f1c grav1ty

and d1ameber was hxghly negatlve, but that between spec1f1c

gravity and hezght was close to zero. Genetic correlatlons
among bfgﬁching characters indicated that selection for
largér branch angles should bfinéyabout a change to shorter
branches with §h§11er:branch diameter. |

Selection fotW?ost traits; Fxcgpt spgcifi; gravity and
brancH‘angle} would yield‘highesé gains by selection at éhe .
zone or provenance level. Multiple-trait index seléction, |
with all traits equally_weighted} indicated that: 1) a

tradeoff in volume will occur ‘at the expense of specific.

v



1

| q:avit;, 2) brancﬁ~angle increases and branch diameter vill
‘decrease, and 3) stem crook tends to increaso.~
'-Multiole—tfait selection usino combined selecéion-indices
5h0wed<fhat provenance infofmation influenced the index
ooefficients ﬁo a largé degree, particulacly for growth
Ctraits. o ‘ -

A comparxson of. genet1c parameters from dlfferent
geographlc zones indicated that dxfferences in the amounts
" of addxtxve genetic variance and covariance exist among |
populatlons.'Heritabilltxes of specific gravity from five
geographic zones wefé not significantly different; however,
neritabilitiesvfor height grow;h;ranged'from 0.0 to over
1.0,.depenoing on the analysis of variance mooel used to
Vobtain vafiance components..Genetic correlations among
traits; as ekpected,_had large standard errors; however,
.diffarenceS»in genetic correlations anong populations were
preSent between specifio gravity .and diameter, and height
and branch diameter}'Cons{deration of evolutionary forces
that can reduce or increase amounts of. additive genetic
variance presents a case that poollng populations to
obtain genetio parameters may not be wise, particularly for

1) prediction of genetic gains, and 2) use in optiatm 1ndex

~
o _
construction. From the aspect of multiple-population®

breeding strategies, identifying populations with unigue and
desirable genetic relationships already provided by nature

may be an efficieny way of breeding for multiple-traits.
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1. Introduction

1.1 General

Lodgepole pine (Plnus contorta Dougl ) possesses a.

»

- number of attrxbutes that make it desxrable for 1ntensxve

management and 1mprovement. Ecologlqally, lodgepole p1ne is.
consxdered to be-'1) a seral epecies with low. shade -
tolerance, 2) fast grow1ng partxcularly as a young tree,

and 3) capable of growth on almost any forest sxte Q?flster

‘and Daubenmire 1975) Ev1dence of 1ts wide adaptability to a

‘\varxety of forest habxtat!?xs apparent from its success both -

‘as an exotzc in Scandanav1a and from provenance studxes
_establxshed»uxth1n~1ts native range. Martinsson (1980)
estimated that since 1976, 50 million seedlings of,lodgepole
pine have been_blanted annually in Sweden.‘Lodgepsle pine is
expected to produceVUp to 50 percent more wood per.hectare ,
than the native Scots bine (P. sylvestris L.) in Sweden
(Remrod 1977). In British Colunbia and ldaho, sources of
'lodgepole p1ne have been successfully transferred tjp
degrees of latitude north and 200 meters higher in elevatzon
. (Illingworth 1975, Illxngyorth et al. 19&5,‘Rehfe1dt‘1985a).
| Lodgepole pine h;s an extensive natural range,ftom, |
Alaska séuth lo Cal1forn1a and east, through Alberta, Wyom1ng
and Colorado (Fig. 1). Surveys of natural varlatxon of
lodgepole pine have shown large population d1fferences for a
number df'morphological and biochemical traitsv(Critchfiela‘

1957, Forrest 1981, Wheeler et al. 1983, Yeh et al. 1985).



Page 2 has been removed due toﬂcop?right restrictions.
The informat?qn.dn tﬁis-qegv ;ontainvd the fnlluwiﬁu:
~a range map of lodgepole pino contained in E.L. Litttlce
(1971). Atlas ofAUnitcd States Trees, Vol. 1. Conifers

and Important Hardwoods. USDA Misc. Publ. 1146 -
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Four subspecies.of_ﬁlnus contorta have been p#bposed
(Critchfield 1957), but by far the most extensive and 
commercially important of the four su&sﬁecies is lodgepole
pine (P. contorta var. latifol la Engélm.). All further
refcrences to lodgepole plne will be to this variety.

The expansion of the pulp industry Ain interxor Brltxsh
Columbia and Alberta has led to 1ncreased harvest;ng and
. planting of lodgepole pine (Guernsey and Dobxe 1366
Illxngworth 1975). Plantxng “of lodgepole pine started- in
British Columbia in‘the mid-1960's, and by 1872, eight-
-millionwseedlings‘were planted anﬁually in the interior of 7
the prq?ince?(lll}ngworth'1975). In Aiberta, over 3 million
seedlings of lodgepole pine are planted annually, and this
planting is expected to imcrease ', In botp provinces, tree
improvement programs we;e‘initiated in the mid f970's,
indicating alcommitment in western Canada for free
improvement to play anﬁimportant part in the intensive

.

management of lodgepole pine.

1.2 Tree Improvement Strategies

The objéctive of most tree improvgment programs is to
improve the forest for better yields and Qettef wood quality
(iobel and Talbert 1984). Therefore, the quality of wood, |
" along with other imbdrtént'groyth and form traits, should be
coﬁsidefed for improvement, '

‘pers. com., Kerkoff, L. Alberta Forest Service,
Reforestation and Reclamatxon B:anch Edmonton, Alberta.
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Volee‘growth and form have been the principal treits.
selected for 1n Most tree improvement programs. An
improvement in growth rate ‘and form traxts, hovever, does
not necessarjly result in improvement in vood‘qualx y (Zobel
and Kellison 1978). Furthermore, because plantation\forests

have shorter’rotati ns, a larger proportion of juvenile wood

likely will be présent in these forests. Compared to mature

wood, juveniNe wood?! of .conifers typically is characterized

by lower wood)dernsity (specific gravity), ‘shorter tracheids,

L)

larger fibrilf angle, higher shrinkage and lower strength

: . . \ ~
78). Therefore, in tree improvement programs it

(Bendsten 1

is appropriate to consider wood pro§erties, in ordet to

minimize the loss i1h wood quality i

short rotation’
s . v

plantatxons
" Properties of wood such as spec1f1c gravity, fibre
length, cellulose content, spiral grain and fibril angle
have been xnvestxgated 1n/a€€;§m1n1ng the overall quality of
" wood in conifers. Of tﬁege traits, specxfxc gravity has
usually beén considered the most important (Nicholls et al.
1963, Porterrfeld ét al. i975, van Buijtenen et al. 1975,
Zobel 1976). Although it is often‘considered a single'trait,
a complex of characteristics (primgrily ;ummerwood .
percentage, wall thickness and cell diameter) contribute to
the overall specific'gravi;y of wood (Zobel 1961).
The‘economio aspects of wood quality in tree
improvement programs have also been documented (Kellogg

*Larson (1962a) referred to juvenile wood as being primarily
crown- formed vood

v

«
-4,



1982). Van Buijtenen et al. (1975) indicated that at short
rotaéion ages; breeding for high wood densiiy was always
desirable for kraft pulp. However, breeding for low wood

' dgnsity was important especially when burst specifications
had té_be met. These econoﬁic_con;iderations that affect an
overall selection strategy for wood density make it
difficult for a breeder to decide how much emphasis should ~ ¢
be placed on barticular wood quality traits. This will be—
espegja1ly difficult it tfee improvement programs should
also a;tempt to emphasize uniformity of properties, which
result in fréedom from spiral grain,'knots, compression
wood, straightness and branch characteristics (Bendsten
1978, Blair et al. 1974, Zobel et al. 1982), in addition to
growth. Other t;aitg,’such as resistance to diseases and
‘insects, are imbortant b;cause they will affect long-term
'survi§a1 énd growth..Therefore, tree iﬁprovement programs
need to examine how important traits interact with each
other under értificial se}éction and how the ;gsulting
plants will respond to the various environments in which

they are to be located.

1.3 Provcnance'Testing

When ptégeny of prbvenances are planted in different
‘environments,. adaptation is the initial criteria being
soreened for. Adaptation is generally inferred from
survival, vigor and growth. Often, other traité of economic

interest are investigated to determine if clinal or ecotypic



tterns of variation have a genetic basis.
Clinal'patterns of variation indiqate that
for optimal characters has occurred as a result
environmental conditions that vary continuously

geographic gradients, Within local populations,

could tend to counteract this through the introduction of

new geﬁes from neighboring populations (Stern and Roche
1974). Discontinuous p;ovenance variation (ecotypié
variationi arise; from discontinuous environments-that
reflect adaptive strategies of populations. The nature bf
this variation depends primarily upon the distribution of
environments, selection pressure, migration rate and founder
effects (S:ern and Roche 1974). These patterns are impoytant
because they may indicate geographic regions where a spééies
exhibits traits which may be more desiPable for some
economie purpose. Rehfeldt (1985a) found that lodgepole pine
populations from high elevations were susceptible to needle"
cast infections when transferred to low elevations, and
provenances from relatively mild environments had the best
growth potential, but suffered the most snow damage, when
planted at high elevations. Generally,‘adﬁétation of
lodgepole pine to biotic and abiotic environments revealed
clinal patterns of differentiation that were elevationally
steep but geographically gentle (i.e., latitude and

longitude; Rehfeldt 1985a). In lodgepole pine provenance



tests in Sweden, rate of survival and hei§ht growth -
generally increased with increasing latitude of seed origin
(Lindgren 1983). Mo;t df the traits indicative of adaptation
showed clinal patterns of variation. Lindgren (1983) found
that some provenances did not perform well anywhere in ’
Sweden, while others performed well over a wide range of
envi?onments. Becguse certain provenances exhibited better
growth and duality attributes in one or hore environments,
larger gains vefe possible by selecting thé more stable
provenances.

Studies of many tree species have shown these opposing
rgéults: 1) populaiions of trees that show genetic stability
across a wide range of environments, or 2) populations that
exhibit ;ignificant genotype x enyi}onment interactions., As
an example of the first category, a population of loblolly
pine (Plnus taeda L.) originating alang the Mississippi
River flood plain was shown to be consistently more
resistant to fusiform rust than loblolly pine from other
locations (Wells et al. 1982). An example of stability of
growth comes from a study by Evans and Thor (1971) who
reported that virginia pine (P. vinginiana Mill.) from three

am—

stands consistently outgrev other sources at most of the six

{

A}though provenance x environment inte;action

test sites,
components may be significant, the interaction component
- usually accounts for only a small percentage of the

variation (e.g., King 1965). In most cases a high degree of
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stability is present, and interactions, {f present, appear

to be random and qurcdictublc for particulzr traits.
Wakeley (1961) ;dﬁorted that latitude of provenance wvith
five-year height‘grovth vas negatively correlated in .
southern plantations and positively correlated in northern
plantations in four specigs of southern pine.

Provenance x environment interactions npy deve&op‘as ¢
;;;es,mature. Mirov et al. (1961) found that two provenaﬁccs.
of 12-year-old ponderosa pine (P. ponderosa Laws) from
_dit!ereh£ elevations grew best at all planting sites.

. Callaham and Liddicoet (1961), in'the ;ame.plantationsfat 20
years, found that progeny from high elevbéfoﬁi.odrces showed
" best growth at two lower elevation plaq}in;fsites.
Examination of provenance i environment interactions appear
to be the most reliable méans of indicating the genetic
structure of populations and response of popq}ations in
different environments.

Comstock and Moll (1961), Gardner (1961) and Matzinger
(1961) concluded that as genetic diversity of crop plants
increases, the relative mégnitude of genotype x environ@ent
interactions decreases. Forest trees, compared to other
organisms, would be considered as having to exist in
" course-grained environments (Levins 1968), since they must
grow and reproduce in one location over a long period of
time. Bradshaw (1965) discussed the importance of phenotypic
flexibility (plasticity) for adaptation and ev&lution of

populations; however, phenotypic plasticity must have a
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qonotié'balil.(ﬂaddinqton 1967). Therefore, trees could be
expetted to be buffered by some "genatic flexibility", which
is dcf{noa as the ability of a population or a species to
adapt to new environments by changing its genetic
composition (Stern and Roche 1974). Although selection is
expected ta reduce genetic;viriability, a number of sdaptive
mechanismi con'maintain genetic -diversity (Lerner 1954). e

Nankoohg (1980) stated that the special adaptation

exhibited by populations variable in their adaptation could

" be used profitably. Those provenances which exhibit

/

extraordinary characters on s?tes which have’ been identitied‘
as unique in their environmental characteristics could be.
earmarked for those specific sitest However, sources or
populations that are geneticaliy vafiable and stable enough
to adépt to 2ahy environments may Se the material that is
required for tree breeding, strictly from an economic and

practical stan t. Although this generalist approach may

not yield the st gains on specific'sites, _seed orchard

strategies an anagement would be less difficult and the
populations may be more stable in the long run. The decision
of which approach to take for provehance transfer ca; only
be made after: 1) more data are available on the types of
environments or site classes in a breeding zone, and 2) more
is known about the effect management practices will have on
the sites and environments where these provenances are to bé

rd

planted. -
.. ‘/ :
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1.4 Breeding and Genetic Variation )

The observed vnriition in a.trait,ii referred to as the
phenotypic v;riunco, cnd'caﬁ'be sttributed to three
components: genetic variance, oﬂ&ironmehtal variance and the
variance caused by the interaction of genotype and

N

‘ environmeni. Th§ imp{ovementlot metric or quantitative
'traitg is dep?Bdodt upon‘genot}chﬁarianges as;;ci;tod with
Jieh’lzlif in the populétion. The genetic variance can be
partitioned into three components: 1) genetic vari@nce due
to additive gene effects, 2) genetic variance due to
dominance gene effects (intra-allelic interactions), and 3) i
genetic variance due to epistatic gene effects
(inter—ailelic interactioﬁs)(Hanson 1961). The relative
importance of heredity in'determining phenq;ypié values is
called the heritability of a character {Falconer 1981).
Heritability in‘thé\b(oad sense considers total genetic
variancé in relation to phenqotypic variability. Heritability
in the narrow sense considers only the additive portion of
the genétic variability in relstion to phenotypi;
vériability.(Hanson 1961). Narrow-sense heritability
detérmi6:§ the degreé of resemblance betwveen relaiives and
is of the greatest importance in breeding prbgrams (Palconer
1981). This ratio of ;daitiJ: variance to total variance
indicates vhat type of breeding proéram is appropriate for a
particular trait. For example, Jett et al. (1977) suggested
w&bd dengity has a large proportion of additive genetic

variation, but other traits (e.qg., percentage of cellulose)
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have very little. Therefore, little gain will be obtained

for these traits with little additive genetic variance from

L]

a breeding system such as that of a seedling or multi-clonal
‘éeed orchard. Although the magnitude of this heritability
diétates the gains that can be expected, the magnitude of
variation among individuals in the population (phenotypic
variance) and the inﬁeﬁsity of selection also influence the
eipgcted responses in a trait. If heritability is low for
’the trait of interest, increasing the intensity of selection
or sélecting at“ahlevel which exhibits higher heritabilities
(e.qg’., family selectiqn) are tvo alternatives to increase
expected gain for a trait.

Estimates of heritability of traits in forest trees
r_eqﬁi‘re careful (;'bnterpretation. The numberoof test sites‘,
the number of families,,the kind of propagﬁles used (i.e.,

sexually—er-clonally generated), and the age of the material

all influence the validity and usefulness of a heritability

‘estimate. Stonecypher (1966) obtained a heritaﬁility of 0.2

for height growth of two-year-bld loblolly pine at one site
and 0.04 at another. Stonecypher (1966) attributed this to a
small number of families grown in single environments,
Narrow-sense heritabilities estimated at one test site are
only valid if genotype x environment interactions are
assumed to be zero or .negligible for a particuiar trait
(Jacquard;1983), Genotype x environment intefactions’arise
when a genatype Qr‘genetically similar group (e.g.,

provenances) change rankings across test sites, or when the

Vop
E 5\) e
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genotypic variance differs among environments. When only one
site is used, there is no, way to observe a chéinge in rank
(the particular test site may be of the type where the |
genotype behaves differently for the trai® of in;erest).'or
‘a change in the genotypic variance. Also, if the experiment
is not® adequately replicated within or across test sites,
and family numbers and size are small, gﬁe accu;acy and the
reliability of the heritability estimates is reduced .0
large standard errors of the estimate).

Material typically used in narrow-sense heritability
studies arises from either controlled matings or ffom random
matings among trees (i.e., open pollinatién). Progeny
derived from contrelled matings are assumed to be full-sibs
because parental identity is known. Progeny derived by
random matings are assumed to bé half-sibs becauSe only the
female parent is known; paternal (or pollen) parents are
considered random, which typically méy be the case from seed
collections in wild stands. If this open-pollinated material
is used in a her.itability study, progeny are erroneously
;ssumed_to»be—half-sibs (Wright 1976); however, depending on
the level of inbreeding (past related matings), selfing
(self-fertilization) and sibling structure (which can arise
from a pollen parent fertilizing a number of sel;cted trees
or progeny within a tree), family variation estimates range
between one-guarter and one-half of the additive genetic
variance (Cheliak et ai. 1985, Namkoong 1966, Squillace and
Bengston 1961).‘This bias, that may be included in

s

3.
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open-?ollinated seed, ;ends to overestima;g heritability.
(Squ111ace 1974). ”

Age of the material from which her1tab111ty estxmates
are derived is also importan;. In young plants the maternal
effect of seed weight variation may influence early resuitsl
(squillace et al. 1967). As the same plants become older,
increased environmental variances or decreasing additive
genetic variance can reduce the heritabilit} estimates. For
example, Kriebel et al. (1972). showed that the heritability
estimate for height growth*décreased to éssentially-zéro as
créwn élosure occurred in a test of coastal Douglas-fir
(Pseudotsuba menziesii [Mirb.]) Franco).‘Wearstlef (1979)

'shoued thatxfamiiy effects became non-significant at certain
levels of crown competition in young loblolly p1ne

Relat1onsh1ps between tralts can .be described in the
form of phenotypic or genetic correlations. Phenotypic
correlation indicates the relationship between two traits
based on the observed variation among individuals. This
variation is the sum of environmental and genetic influences
acting on both characters. Genetic correlations, which arise

- from linkages and pleiotropy (Simmonds 1979), indicate the
direction and relative change in one character due to a
change brought aboué by selection of another character
(i.e., indirect selection). The magnitude of this
correlation is strongly influenced by heritabilities
;associated with each trait (Falconer 1981). Therefore, when

a number of traits are being considered for improvement,



14

these genetic interactions between traits may be of primary

concern.

1.5 Genetic Structures | ) )

| Frqm‘the previous discussion,‘it is apparent thgt
genetxc variability at the population level should exist,
and that the her1tab111ty of a particular trait determines
what progress can- be expected frem selection. Many studies
in forest trees have inQestiga;ed among-population
~var1ab111ty (i.e., provenance tests) and then obtained
estimates of her1tab111ty across populatxons Whlle th1s}
approach of "pooling” populations to examine the genetic
parametefs of interest is common; it may not be wise since
heritabilities are iﬁfluenced by gene fredﬁencies aﬂd
therefore may aiffer from one .population to another'
{Falconer 1981). Electrophéretic studies in conifers have
shown that most of the variation at isozyme loci could be -
’found uit;hin populations using avera& single—i-ocﬁs
estimators such as Nei's (1973) G-statistic (e.g., Guries
and Ledig 1982, Millar 1983, Yeh and Layton 1979, gtc.’.
~Multilocus analysis of allozyme variation in cdnifers,twhich
accounts for interactions among loci not observable using
average statistics, reveéled a rich structure of genetic
variation (Yeh et al. 1985). This genetic variation was
consistent vigh’geography and results of provenance test
data (Yeh etvgl.‘1985). Many other studies of the‘genetic

‘architecture of variable characters indicate maintenancé of
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stores of potent1a1 genetxc varxab111ty in the form of -
lxnked polygene complexes (Sxmmonds 1979) ' .
Slatkin (1981) showed that with the additive model of a
quantxtatlve character, extxnctxon and recolonxzatzon of
demes (ecotypes) can lead to sxgnxfxcant genetxc varxatxonr

P
Also, the average populatlon level genetic dxfferences 1n a

\quantxtat1ve character can be establxshed and maxntalned in

local populations; this 4§ referred to as populatlonalv
heritabiiity". Along with the heritabilityAaffecting the
rate of evolution for a trait, the genetic covarxance‘can
influence the direction of evolution (Lande 1979). Accordlng

_to Falconer (1981) traits that are genetically-corre.qted

w111 evolve together. One would expect traits that Must

_ interact in development or in the performance of a common

‘functxon to show interactions in fitness and, therefore,
'develop some opt1ma1 correlat1on, whether it is zero or one
(Cheverud 1982) However, Lande (1980) suggested that
developmentally and functlonelly 1ndependent traits can
'evolve non zero genet1c correlations through stochast1c
" processes. Therefore, considering the evidence ava1lable
ffrom biochemical andvprovenance studies, it is 11ke1y that
A;geographxc and cllmatxc factors may ‘have produced
populations of different genetxc variability (i.e., add1t1vé
'genetxc varrance and covariances) for traits of fitness a;
well as traits not directlj related to fitness. Evolutionayy

(i.e., selective) forces driving or developing different

genetic structures among- stands or geographic areas should

il 3
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be due to stabiljzing selection for interacting traits of
fitness: drift and founder effects (i.e., nén;selectiié)ffor
| non-fitness traits (Cheverud 1982).

One qpproacﬁ to examining this qguestion is a geograﬁhic
comparisoB”of genetic parameters (Arnold 1981), Birot and
Christophe (1983) noted large differences in genetic
parameters estimated from different provenances of
Douglas-fir and sitka spruce (Picéa sitchensis
[Bong. ]JCarr.). These geographic comparisons of
heritabilities are interestiﬁg from a theoretical ;nd a
practical standpoint. Those traits that exhibit relatively
constént pr?portions of addiiive genetic va}iance among
geographicjzones_may have remained éonstanf by mutation and
recombination (Arnold 1981).’If selection is weak in nature,
as has been suggested by Lewontin (1974), then it is likely
that genetic variance will be conservea‘(Lande 1976).
Estimates of geﬁetid parameters may provide a better insight
~into the expected stability of traits from different
populations over simple phenofypic observations (Arnold
1981). From a practical aspect, this information would allow
a unique opportunity to capitalize on genétic‘attributes of
ceértain populations for sub-line or sub-population bre?ding
(Namkoong 1976; 1980). Although the pf&cticality of such an
approach to breeding may be }imited, popdlat@ons exhibiting
different stand or family structures for desirable traits
(along with desirable correlations among traits)'may already

be present in nature and could perhaps be utilized.
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- 1.6 Selection Schemes .

Falconer (1951) defined expectéd response or gain as -
the product of selection~intensity,fah appropriate
phdﬁéﬁyp:c variance and. a herxtabxlxty Genetic ga1ns can
occur at several levels. For example, selectxon ot the best
progeny from the best families in the best populatxons~
results in gains at three levels. Calculatxon of.expgctcd
gains fpr multi-stage selection such as this iseomputed by
treating eachklevel of improvement independently and ﬁddﬁng
the gains at each of the levels (e.g., Naptodng-gt al. 1966,
Shelbourne {969a). 1f more than one trait is being selecteé,
a method of ranking each individual on thp basis of all
traits must be used. Hazel and Lush (1942) described three
different approaches for this type of selection: {)'tandem
selection, 2) independent culling levels, and 3) selection
indices. |

In tandem selection, a single trait in the population
is improved by selection each generation. Therefore, new
generations need to be quiqkly developed if a number of
traits are important in the breeding program.'This approach
is acceptable for annual plants and aniﬁals vhere generation
times are short (i.e., one to five years). Independent
culling ;evql selection is approached by .defining a mrnimum
acceptable level for each trait, aﬁd discontinuiné the use
of those in the breeding population which do not meet all
criteria. If a number of traits are being select;é -

simultaneously, difficulties will arise simply because it is‘j
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unlikely that enough individuals will meet the acceptable
minimum standard for all traits.fselectiOn indices rank each
“,individual‘by uéing a linear cggbination of breedfqg
information for the traits of interest, Stonecypher (1970)
concluded that in forest tree breedxng, selectxon 1nd1ces
were the moss applxcable of the three approaches, because
generat1on times are too long to warrant the applxcat1on of
the other two ‘methods in multiple-trait breeding. This
method theorgtically yields improvement of economic value
because it simultaneously selects all the characters, with
‘the appropriate weightinés given to felétive economic
impo;téoce, heritability and correlations ahong different
characters kFéiconer 1981).

These linear functions can Be derived by a number of
techhiques using different 1nformatlon and procedures Smith
(1936) £1rst proposed the idea of a lihear index that
optimizes the correlation between phenotypic valuesaand
economic worth of a genotype (i.e., its aggregate genotype).
This total genetic worth, called H, is a linear function of
an individual's breeding values and economic weighting
factors, which express the relative importance attached to
each of the n traits (Falconer 1981):

&

H=al-gl + a2.g2 +a3.93 + ... 3-g,

vhere al, a2, a3, etc. are the economic. weighting

factors for each of the 'n' traits and g1, g2, g3 etc. are

\
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an unknown set of genetic values for each trait (Lin 1978) .
The index (1) is a linear function of the phenotypic
values for 'm' tcaits, weighted by least;squares partial

regression coefficients (b's):

1 = bi-X1 + b2-X2 +b3-X3 + ... b X,
where b1, b2, b3, etc. are the index weighting factors

and X1, X2, X3, etc. are the phenotypic values for the m
traits in the index. The index weighting factors (b
coefficients) are derived such that the correlation between
I and H is maximized (Lin 1978).
| The number of characters in H may differ from the
number in I; there may be traits that are not in H but may
help.to improve H through their correlations if included in
i (Falconer 1981). For example, if a trait such as bark
éﬁ?ckness was correlated with volume grbwth, such that if
bark thickness was measured on phenotypes and included in I,
bark thickness would improve H (which is some aggregate
breeding value). Falconer (1981) stated that if the aim is
to improve economic value, then all the characters that
influence economic value must be included in the definition
of H.

4
.For proper construction of selection indiceg, valid

®;
information on the economic importance of each trait 1is
required, and this has been one of the primary concerns

related to index construction in forestry, simply because
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little can be said about th; economic value of trﬁitl
relative to each other. Other problems, such as
hon-linearity of economic value for traits (Namkoong 1969)
and poorly eséimatéd genetic parameters, unfortunately can
lead to poor index construction, Furthermore, as more trdits
are included in an index, the accuracy’of the index is |
reduced due to the associated errors of the genetic
estimates (Hayes and Hill 1980, Williams 1962). Many
modifications to the standard index first discussed by Smith
(1936) and Hazel (1943) exist, such as Elston (1963) for
nonlinfar indices and Baker (1974) for indices with no -
econSmic weightings, but they are for the most part slight
alterations to a method which can assist a breeéer to
examine the potential worth of material. Cotterill (1985)
found that of four different index approaches for
improvement in radiata pine (Pinus radiata D..Don), the
index which included genetic information proved to be more
reliable than the indices estimated vithout genetic
information.

Although these concerns in index_constfuctibn are
important considerations, it is likely the procedure will be
used along with other selection criteria. Simmonds (1959)
suggested that some traits will have a minimum acceptance
level (i.e, independent culling level) in a program, and
those that are acceptable can thén later be treated by an
index. This truncation plus intuitive-index-selection

procedure described by Simmonds (1979) is primarily the
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‘method used in practical breeding programs (e.g., Wilcox et
al. 1975).

Another use of inl8ices is simply to examine the
“direction in which different traits will proceed with
different economic veighss or subjective rankings. o
Simulations of this type kre helpful to the breeder for
multible-trait index selection ltrat;gies, where particular
populations are bred for ditférent objectives (e.g.,
Namkoong 1976). By keeping pdpulation objectives few'(e.g.,
one for high wood density or one for volume), the
corrésponding indices for each sub-population would be more
reliable and the breedf would have the ability to change
emphasis in traits 1in response to changes in economic \\_“’
importance of traits. .

In some circumstances, primarily whe;é a2 negative
correlation exists between two desirable traits,
construction of an index that imposes a restriction on one
of the traits may be ‘required. This restriction would
maintain the trait of interest at the current level in the
population (i.e., no genetic change). Kempthorne and
Nordskog (1959) and Cunningham et al. (1970) outlined
procedures for constructing indices that restrict the
genetic change in a desired.trait. Yamada et al. (1975) and
Lin (1978) also outlined different procedures for
restriction, where the breede{ can choose desired gains for
fraits without using economic values. Both of these

approaches may be useful in a multiple-population breeding

!
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stratoﬁy such as the one outlined by Namhoong (1976).

|
!
l

1.7 Objectives

Much of the literature on inheritance and correlation
of wood and growth characters is a result of vorkldone on
the U.S. southern pines (e.g., Dorman 1976). Two
considerations are Qarrhnted-in the study of inheritance and
chrelation patterns of growth and wood charfcters for any
gpecies in a particular area. First, the design of the
experiment dictates ;hat type of valid information can be
obtained from the study. Second, each expériment is specific
to the species, population and environment used for the
study.

" The objective of this study was to examine the patterns
of genetic variation of economically iméortant traits of
ldégepole pine in Brijish Columbia. There currently are only
a few estimates of heritability for any trait of lodgepole
pihe (Rehfeldt 1985b). Some estimates are also available for
shore pine (Pinus contorta Dougl. ex Loud. var. contorta)
grown as an exotic in Europe (CahﬁEﬁnggTT:'The lack of
heritability and correlation estimates for lodgepole pine
makes it difficult to develbp proper selection schemes for
multiple-trait improvement. This study investigated the
genetic control of growth, form, wood and disease
characteristics of lodgepole pine in central British

Columbia. The specific questions addressed were:
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i)\ghat sre the patterns of variation among geographic
zoncs,,proveﬁinces (or stands) vithin,zbnol and
open-pollinated families within provenances within zones?

2) What is the degree of.additive genetic variance for
the traits examined qnd do variances change among geographic
zones?’

3) What are the genetic and eﬁvironmental correlations
among the traits and do correlations vary among geographic
zones?

4) What are the expected gains that will occur from
individual and mulfiple-trait.selection at the individual,
family, provenance'and zone levels for the traits of

interest?



. A | 2. Materials and Methods

2.1 Materials

A provenance-family lodgepole pine piantation located

-~
-

at the British Cofumbic Ministry of Forests Red Rock Nursery
(18 kilometers south of Prince George, British>cglumbia) vas
established in 1973 as part.of a ;ange-wide lodgepole pine
provénance survey (Illingworth 1975)., Fifty-three
provenances of lodgepole pine ranging from the Yukoh to
southern British Eolumbia vere plgnted on a terrace on the
banks of the Fraser River (latitude 53 46'N, longitude 122
42'W, elevation 626mf. Each provenance was represented by >
- approximately 360'Qpenjpollinated progeny (from
approximately ré parent trees per provenancg). éro;;ny vere
outplanted as 2-1 seedlings in féur replicétio?s of six-tree
plots. Replicatians one, two and three were planted in 2 X 3
rectangular tree pldts, while replication four was more
disjunct, established primarily in six-tree, row plots,
Actual field IEyout of the experiment was a hierarchical
desigh of family plots randomly assigned to provenance
blocks, which were randomly'lgpc&ed in each replication.
Mortality caysed by rust fungi over the past ten years has
reduced the nqmber of pfogeny, particularly in some of the
less vigorous provenances (Marginssbn 1980) .

Parent trée selection from each provenance was
essentially random (lIliﬁgworth, pef;. com.);oiherefore, no

bias was expected in estimates of variation due to the

24
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mxnlmxzxng ‘of varkgnces by selection of the best trees in -

the stand (Goggans 1962) . Only 24 of the 53 provenances were
included in this study due to time and sampl;ng constraints.
From each prqvepance,'nine families (out of the possible 15)

ere selécted that had the mos rogeny in the plantétion_ﬂ

from replications 2; 3, and 4.\These will be referred to as

replications 1, 2 and 3, >rggpeétively, for the,remainder of
the tex;. Selection of the 24 provenances was made to
include the range of lodgepole p1ne across the Province of
British CoMbm. The 24 provenances represenged Six
physiographic reg1ons or broad geographic zones of the
province (Fig. 2; Table 1). Each provenance was bas:cally a
stand collection, but each was considered to be,genet1ca11y
gistincé/:nough to hp‘consideréé a provenance, as they were
relatively far-apirt and);ere from a broad range of

elevatgpns (Table 1).

2.2 Measurements and Sampling

v

2.2.1 Disease and Form Traits

'vtMeasurements of four traits rcla;galto disease
res}stance and tree form were recorded on all progeny'trom‘
the 24 provenances (during the summef of 1983):

a)Rust score for stalactiform blister rust (Cronart fum
coleospor iodes Arth.) and comandra blister rust (C.
<ﬁ7#andrae Pk.) was.recorded on a scale of 1 to 10, and on a

1 to 5 scale for western gall rust (Endocronart ium harknes | i

v

L 3
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ZONE  PROVENANCE NAME . ELEVATION(M) LATITUDE  LONGITUDE
e R EES A ENEREEE TIAEIEE RN I CRESREEEIREEIRERCREIICC SIS RSIEREIS RO R
1 . 4a MARL CR . 94% 51°31" 117%1 0

a5 serTiems- mo 1036 N
a6 camTemiGHr k. 1170 socas.  116°26-
56 €k vaLLer 1280 asPs9.  ndlss
T T wentorth cR. o0 sc°se . 120°200
W esperon L 1070 scf03  11sP3e
&7 INONOAKLIN s80 e P
22 Gmewwis 180 sotaz.  wettr
ST T R inGay Forks es 55°57.  123°48’
25 MUDSON WoE 725 s6°02.  122%05
26 Tower L. 190 s6°01.  12df3r
21 e wr . oama §7°00.  122°2ar
ST 0 Tcoums L sa0 sa%08 12714
27 porisL. 960+ . ses9-  126%33°
22 TeLkwa Low s20 se30  127°03
S5 TeLkwA WiGH | 1005 se38  121°26°
s T e amar e o0 s4°03-  125%08'
62 MckALE R 00 s3°25-  120°20°
6a  WENDLE PARK 1280 sPor- 1210300
65 tmx L s20 sPBe. 122059 -
e 29 wicmo L . s9°03-  125%46.
30 LOWER POST ea0 ewse 28033
37 cassiak 190 sPo6. 120048
66 stone w0 se 39 124945
i"“

TABLE t - Elevation, latitude and lohgitude for 24 lodgepole pine
pr ovenances in British Columbia.
a\ refer to INlingwprth, 1975
. ]
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Y. Hiratsuka). The alternate host for ét:iqctiform blister
rust ié Indian paint brush (Cast/lleja spp.)(Ziller 1974) .
.The abundance of ﬁaint brush thréughout the plantgtion
probably ensured a relatively uniform distribution of
inoculum ovef the past severalvyears._hctual number of stem
cankers caused by stalactiform blister rust would not have
beerr a good éstimapion of actual infection levels_oh“.~ -
individual trees, sfnce one tree could have one or two large
cankers whereas. the next tree could have five or six small e
ones. Therefore, a.scoring system (on a 1 to 10 scale)
‘similgr to the one used by Matziris and Zobel (1973) and
‘Stonecypher et él. (1973) was used. This appr may be
mofe ab;ﬁropriate in indicating a"\general leven resistance
for«individual.trees, because the tqn tree$ in the previous
example coyid poss}Ply haQe a similar level of resistance.
Different levels oi resistance could be due to inhibition of
infection or inhibition af subsequeﬁt growth of the fungus .
(Simmonds 1979). Therefore, a tree was considered a "1" if
ho cankers were visible and a "10" if there were many large
cankers on the stem and bfanches. Initially, each tree was
considered a "1" and subsequently had points adéed depending
upon the number and size of each canker. Large cankers
(i.e., those approaching 20-30 cm in length) on the stem-
usually dictated that "3" points were added to the tree's
score. Cankers on branches were usually small and "1" point

was added to the overall score with each occhrrence.[Trees

in the category of "10" for stalactiform rust vere earlier
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determined to have the heaviest infection in the plantation
‘'so that bcoting could be graded accordingly to what was

},.expected to be the worst sxtuatxon. A dxstmctzon between

. stalactxform and comandra blister rust was not attempted
but stalactxform blister rust appeared to be more prevalent
(Martinsson 1980). weétern gall rust was SCOréd_on a scale
from 1-5, since galls were primarily on branches and little
‘judgement had to beé given to ranking the severity of
individual galls. A score of "1" indicated no galls were
present and & score of "5" indicated approximately 10-15
galls were present in the crown. Scores bet;een "1" ‘and "5"
for western gall rust'atteméted to categorize‘trees with

N intermedjaté number of inftctions.

. .\

b) Crown écore was determined by a number of critetia, such
’as branch angle, crown shape and crown uniformity. Busby
'(1983), Ledig and Whitmore’  (1981), Matziris and Zobel (1973)
and Stonecypher et al. (1973) also have scored crown form in
a similar manner, using the same general criteria, on a 1-6
scale.vA scale of 1-10 was used inp this study to give more
classes to categorize a t;ee, since a nuhber of traits wvere
being used to score an individual trees crown. The scoring
system initially considered each tree as a "5"; this vas
adjusted to a "4" if branch angle was high, remained a "5"
if branch angle looked to be average, or méved to a "6" if
branch angle appeared to be low. The score wvas adjusted by

n2r points’if branch angle was‘'severe, Branch diameter and
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the other criteria hentioned previously were similarly
assessed and ﬁsed to modify the.score for‘tﬁat tree. With
such a system, two trees could bé judged as "3" for
completely different reasons.'For‘exaﬁple, one tree could
have excellent branch angle, excellent br;nch size, average
crown form and average Qnitbrmity, whereas another tree
could have poor angle, average branch si;e and excellent
shape and uniformity. This may'be considered acceptable,
since the trees scored és "3" may be economically desirable
to the same extent even by different criﬁeria. Since the
scoring‘system‘is subjective and prone to personal’
discrepancies, scoring was done by the same pérspn within-
each replication.

c) Stem straightness was also measured on an scale of 1 to
10, a "1" being a perfectly straight stem ahd a "10" being
an extremely crooked stem. Trees with éubstantial basal -
sweep had two or three points added to the score as did
trees with forked téps or leaders. Minor or major crooks in
the stem caused one or two points to be added to the score
depending on their severity. More complex methodé of
assessing sweeps and crooks in stems proposed by Shelbourne
and Namkoong (1966) were not used simply because of the
large numbers of trees in this study. The 1-10 scale was
again used to allow better discrimination among trees,
rather than the 1-6 scale used by Matziris and Zobel (1973).

Again, scoting within a replication was done by one person.
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2.2.2 Branch Traits .

A total of three measurements (branch angle, branch
diameter and branch length) was made on progeny from only 19
of the provenances, again because of sampling time
constraints. Provenances from zone #6 (Yukon) and provenance'
#22 within zone #4 were not measured for branch angle,
branch diameter and branch length. The objective behind
obtaining a detailed quantitative measure of these three
traits was to determine.their‘relativelgenetic control,

which could not be adequately distinguished in the

conglomerate trait of crown form.

a) Branch angle was measured at the base of four branches on
each tree, two branches each from the sixth and seventh
whorls. These two whorls were chosen'bécause théy were
accessible and usually were in the lower mid-crown and’’
'contaxned the ‘largest live branches. The two branches
measured at each whorl were the branches closest to the
north and south cardinal directions. This was done to ensure
that the effect that agpect might have had on branch size
was'reduc"'and that larger or smaller branches were not
favoured. Branch angle was recorded in degrees using a
modified protréctor that had extended arms and could be
placed along the branch and the stem. Ledig and Whitmore
(1981) ;éasured branch angle using a‘subjective point
scoring system, but they obtained low estimates of

heritability, so a quantitative'measure of branch angle was

ive s~
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preferred.

b) Branch diameter (spproximately 3cm f;om the base of the
branch) of the same four branches was measured to the
nearest mm.

c) Branch length was recorded to the'nearest cm on these
four b;anches to the ehd of the 1982-formed shoot. The
branches were straightened and measured from the base of the
branch so that curvature of the branch would not affect the

measurement of length.

2.2.3 Wood Property‘Triits

F-om the 19 provenances with branch measurements, only
14 provenances from five zoneS‘;ere seiected for wood
property studies. One large'diameter increment core (11 mm),
containing wood from the pith to the bark, was removed from
each tree approximately 30 cm above the ground. Each core
was taken from the southern cardinal direction of each free.
Wood cores have been shown to give a reliable estimate of
whole-tree wood density (Zobel and Talbert 1984). The
following measurements were made on the wood samples
collected from proéeny df“the 14 provenances: -

.

a) Specific gravity (é%“wood density) from trees in three.
replications was measured hsing the oven-dry weight/green

volume methode(Panshin and DeZeeuw 1980). The 1983 growth
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ring was not complete at the time of sampling and was

v

removed from the cores. R
fo assess the usefulness of a method for rapidly
screening individuals or families for specific gravity, the
Pilodyn instrument (e.g., Micko et al. 1982a) was used on
progeny from 10 provenances in replications 1 and 2. A
six?joule Pilodyn was used on approximately 1000 progeny in
the experiment for which specific gravity values were also
obtained. Two pin penetration’readings were taken from each
tree, each through the bark c}ose to where the wood samples
were removed. |
b) Wood moisture cdntent {Panshin and DeZeeuw 1980, pg. 201)
of the cores was measured\bn 10 provenances from
replications 1 and 2. Immediately after removal from the
tree and labelling, the cores were wrapped in cellophane to
avoid moisture loss. Fresh weights were obtained from cores
within'one hour after removal from the tree.

Although better estimates of moisture content are
obtained from disk-type samples (Zobel, pers, com.), the
data obtained from cores should give a good-estimate of
moisture-content variation and how it relates to other wood

property and growth traits.

c) Tracheid (or fibre) lengths were measured from progeny of
10 provenances in all three réplications (Appendix A). The

ring formed in the 1982 growing season (i.e., which was
' ¢
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usually the ninth ring from the pith) was removed trém the
. core aAd width was recorded to the nearest 011 mm. This .
measure of ring width, as opposed to a larger ‘measure of
diameter growth, was recorded specifically to examine the
relationship between ring width anq'trachéid length., Two
match-stick sized samples uére rem;ved-from this ring of the
1imm core (containing equal portions of spring and
summerwood), macerated, and 50 t;acheids per sample were
measured as described by Taylor (1975) and Micko et al.
(1982b).
_“ )
d) Compression woodhpercentage was estimated dn each sample
by recording the amount of compression wood (in mm) present
across the radial length of the wood sample. This
measurement, although recofded Quantitatively, was soﬁewhat
subjective because actual delineation of a zone of
compression wood was difficult. Although the method of
.dentifying compression wood using a light box (e.g., -
Shelbourne et al. 1969) was not used, the method was similar
to that of Shelbourne et al. (1969) in that this measure
only recorded those bands .or zones which appeared to be

extremely dark and characteristic of compression wood.

e) Rate of growth was measured on the core from the pith to
the end of the 1982 growth ring. This measure may be a more
appropriate measure than tree diameter (outside bark) for

relating growth rate to wood traits. This measure would also



be free of bias from the influence of bark thickness.

.2.2.4 Height, Diameter, Volume and Dry-Weight
| Tree height (HT) to the nearest dm and diameter (DIA)
to the closest cm were recorded at the end of the 1982
growing season on'14 provenances in replications 1 and 2 of
the experiment. Diameter was measured at variable heights
(approximately at 25 percent of total tree h;ight). This was
required for the calculation of volume per tree by the
volume function. Individual tree volumes were calculated
using an Alberta Forest Service volume function of:
vOL(dm?)= 0.024716 x (DIA*#2.133) x (HTs0.987),
for young lodgepole pine °’. Dry-weight was calculated
(kg/tree) by multiplying the volume of each tree by the core

specific gravity.

2.3 Statistical Analysis

2.3.1 Variance and Covariance Estimation

All effects in the analysis of variance and covariance
model were considered to be random (Table 2). Valid error
terms were present for only four sources of variation
(replication x provenance with zone [ﬁxP/Z], replication x

zone [Rx2), families within provenances Wthin zones

__________________ \)v

sThe volume function derived by Kovatts (1977) for young
lodgepole pine gave a correlation of 0.991 (r?) with the AFS
volume function. s indicates exponent.
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(FAM/P/2) and replications [REPS]; Table 2). Since the
effects of pf?venances vithin zones (PROV/Z) and zones
(ZONES) do not have true error terms in this completely
random model, error terms for these tvo effects were derived
using the Satterthwaite (1946) approximation method. Also,
the relative contribution of each variance component in the
model (on a percentage scale) was examined. . |

All traits except stalactiform blister rust 'score,
western gall rust score and percent comprgssibn wood had
.normal distributions. The data obtained on a 1 to 10 scale
for the two disease traits showed extremely skeved
distributions simply because of the large numbers of trees
that were scored as "1". Variance compepents oStained from
data vwith skewed distributions are unreliably estimated
(Gilbert 1973).

Three statistical procedures have been proposed for
data with non-normal dxstributioﬁs. The first would be a
binoﬁiai approach where a tree was considered as a "0",
(e.g., not infected by a pathogen) or a "1" (e.g., infected ‘..
by a pathogen). This approach allows the estimation of |
heritabilities and correlations on indllhdual tree data
(Falconer 1981, Sohn and Goddard 1979). Binomial data can
introduce a large amount of measurement error, which appeérs
as environmental variance if the incidence deviates
considerably from fifty percent (Falconer 198t1),

bThe second procedure for obtaining variance coﬁponents

from non-normal data is the app;oaﬁh presented by Becker and
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Ma?sden (1972) ftor vhit; pine blistcr rust. This procedure
i; an ;nalysis of variance on the percentage of trees
infectéé in a plat for which the data have underq?ne s
arcsin, square-root tranSformaE}on. For this analysis the
sampling variance is a constant (¢’ =821; Fisher and Yates
1963). |

The third method fe;ts percentage of trees infected per

square for a heritability

plot using a heterogeneity cld

estimate. This approach, d ed by Dempster and Lerner

(1950) as "threshold chéfa was used on slash pine by

Goddard and Arnold (1966).
Compression wqod data, whep calculated as a percentage
of total ‘core sample length, wg¢re analyzed using the

binomial approach N bec € an arcsin transformation of

’

percent compression wood relative to the whole core (e.q.,
as was done by Shelbourne et al. 1969) was not effective in
normalizing the data. )

| Analyses of weriances and covariances were carried out
by two procedurés. The first analysis done on plot means
included all effects in the model (Table 2). A few of the
traits had an unbalanced daté set for the plot means
analysis (i.e., cells were missing); therefore, proceéure
MANOVA in SP§Sx was used to obtain the sums of squares,
degrees of freedom and mean squares for the plot mééns.
Because the plotjmeans analyses were sligh&ly unbalanced,
coefficients relating to variance components for the

expected mean squares would not be whole numbers. Therefore,
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the appropriate values associated with the variance

" components in the eexpected meanqs;:;?fé (i.e., k1, k2, k3
‘ L4

~

... k15, in’Tabfg 2) were derived using the procedure
described by King and Henderson (1954) in procedure UANOVA
of SPSSX at the University of Alberta”(Taefum 1984). To

. obtain estimates of within-plot variances'(for within-plct

X,
" error terms in the plot means afalysis), as well as

AT B

hepitabilitieé and genetic correlations for all traits, the
I

generalized least-squares procedure of Harvey (1977) (MTY=07)
was used on individual tree data. Expected mean squares a;d
cros% produsts fér the analysis on individuals are given in
Appendix B. Standard errors ofAHeritébilitx estimates and
genetic correlations from individual tree aata were o
estimated from Hhrvey (1977) following the formulas gfvén by
Swiger et al. (1964) and Tallis (1959). Heritabilities that
are in the range of 0 to 0.1 were considered as low, from
0.1 to 0.4 as moderate and greater than 0.4 as high.

| As indicated earlier, the material used {n théﬁ study
was tested on one site.\An upward bias may be presént in the,
estimates of heritability if some genotype x environment .
interactions were presékt. Hewever, the magnitude of these
interactions for wvarious traits may be inferred from tge
literature. Based on 10-year results for lodgepoigrpine in
British Columbia, provenance x location interactions for
ﬁeiggi and survival appear to be relatively small {C.C.

Ying, pers, com.): The assumption that all progeny are true

half-sibs may not be realistic in forQst‘{kees (King at a].

4 . 3
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1984,‘Némkoong 1966),_because all parent tree selections
within a stand would have to be unrelated and crosses from a
large ef fdctive pollen pooldat each pollination event would
be required to avoid overestimates of additive genetic
variance (Namkoong 1966). For true half-sib structure to ‘
exist in a test with, for example, 24 seedlings per half-sib
family, 24 unrelated pollen parents would have to have
contributed the male gametes. Therefore; the coefficieqt of
four may not always be accurate in estimating additive
genet;c variance from family effects. However most 1odgepole
pines. maintain viable seeds frbm a number of pollination
‘events (cones up to 10 years old with viable seed are
common) Also,%lodgepole pine has beep shown to be a hxghly
outcr0591ng‘spec1es with little stand-to-stand variability
in outcr0551ng ‘rates (Epperson and Allard 1984). Therefore,
the collectlon of stoggd, open-pollinated seed from such
trees may be as close to being true half-sibs as is possible
from wild-tree collections.
Q;Lfmulas used for calculating heritabilities on an

individual-tree basis and heritabilities for family,

provenance and zone means are as follows:

-

.

4 o o?
b2 oL £ _ A L
¢ = > e (using individual trcc‘QaEaJ
0%t Orgt Of o1
1 2 2
) 4 o¢ % .
hi = ; = 5 (using plot means)
o, * 0. * O¢ or
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where;

o =phenotypic variance among individuals %

o} =additive genetic variance
B
q£5 =phenotypic variance among half-sib

. .
familgy means

Oy =Phenotypic variance among provenance means

.

v o e Ty .
O ?pné'gtyp1c,’ar1ance among zone means

0 =wit@®in-plot variance : /

3
*

o’; =variance due to replications x families/prov..
¢ =variance due to énvironmental plot-to-plot

differences QTﬂ >
s
q’-variance due to families/prov./zone

q; =variance due to replications x provenance/zone

o) =variance due to provenances/zone
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'@ =variance due to replications x zones

~

A =variance due to zones
h? =herjtability on an individual basis

h? =heritability.of fomily means

. s

h: =heritability M§nance means
e A} F Y

h? =heritability of zone means
n znumber of trees per plot = k = harmonic mean of’

number of trees per plot

k4-k12 =coefficients from Table 2.

‘

:;ré derived from the analysis on plot means. Standard
érroré for heritability estimates derived from?the plot
meané analysis were calculated as given by B;cker (1975) and
are shown in Appendix C. ‘

. For the determination of heritabilities and genetic
correlatiéns within geographic zones, individualltree data
were analyzed ﬁsing two different anaiysis_of variance
models* in Harvey's (1977) p:ogram.AThe first included
replications, families, replications x family and error
effects as sources of variation in the mbdel, and the second
included replications, provenances, families within
provenances, replications x proveﬁance,‘replications x
families with pravenance and error effects (for both the
analysis of variance and covariance). These two analysis of
variance models for the within-zone analysis will elucidate

on the ééé?tig provesance differences may have on

.
S1E o
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heriéabilities and correlations. All variance and co;ariénce
codponents vere perived ﬁy equatihg the expected meaﬁ
squa?ﬁs and expected mean cross products to the mean squares
and mean cross-products, respectively (i.e., Henderson

method 1; Searle 1971).

2.3.2 Index Constrﬁction

The least-squares solution for regression coefficients
that maximizes the correlation betweén Hend I (i.e., the
aggregaté genotype and the Andex value for the individual)-
has been shown by Hazel {1943), Lin (1978), Talbert (1984),

Turner and Young (1969) hﬁa Falconer (1981) to be:

L

. Pb = Ca, =
A
\\1
where P = phenotypic variance-covariance AN
matrix,

b = index coefficients,
C = matrix of genetic variance and
covariances, and

a = vector of economic weights.

The response of any one of the traits in the index can
be predicted, because response of H is equal to the
selection intensity multiplied by the standard deviation of

the index. This measure provides a simple way of comparing

the relativé efficiencies of an index, because the response
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of merit is a proportion of o’ (Falconer 1981, pg. 296). The
expected response (R) of the characters of the index (or
aggregate genotype) as a result of selection on the ihdex
is:

R= (i/o)bC, o ©

vhere C is the genetic variance;vaaria@ce matrix, 5
the vector of index coefficients, i.the selection intensity
and o the standard deviation of the index (Lin 1978). When
information from relatives i§ included (e.g., half-sib ;r
full-sib family infofmation), the aggregate genetic worth
(H) remains the same, but the index (f) is expanded to
include the additianal phenotypic measurement just as if the
measﬁrement on a given relative was a measurement of another
trait (Talbert 1984). The correlation between H-and I (R’m)‘
is a predittor of genetic thafige in H vhen selection is on I
(Nordskog 1978).

When restrictions are imposed on é trait in an'index‘
(e.g., to examine the response of other traits in the index
when no genetic change is requjred in one trait of
interesﬁ), the proceddre described by Kempthorné and
Nordskog (1959) was used (i.e., for indices derived for -
individual-tree or mass selection).

Economic weights;for the traits wvere estimated .
following the procedure of Wilcox et gl/. (1975), where the
inverse of the pheno?ypic standard deviation was ‘used to
standardize the b coéfficients. This ‘method df_'eé6nomic

’

weights" influencés the index weights by the variabilify

&
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associated with each trait. A second set of "economic
weights” vas‘used that gave each trait an equal wveighting
(i.e., the a matrix viﬁh 1 for all traits). The index
weights derived from this appréach"were affected by the
fﬁeritabilitiqs and phenotypic variances associated with each
trait. S -
Genétic 6;rameter§;used in index construction were
derived from individual tree analysis. Provenance
inform;tion,‘when included in.index construction,‘las pooled
over all provenances; therefore, the gepetic variance and
covarjance of, provenances vas assumed to be the variance and
lcovariance component from the analysis of varianée and
covariance (i.e., ﬂfand COVE). Additive genetic vafiance and
covaiiénce among»half-sib»familieé was assymed to be qzand
COV,, repectively. Outlines of “the genetic and phenotypic
matrices used in index Constructign are show; in Appendix D.
For ranking a select‘number of trees in the. plantation,
family means were expressed as deviations from provenance
means. Similarly, individuals Qegg expressed as deviations
from family means. Index (b) va.ues were then multipliéd by
the deviafionS'each individual tree exhibited froa its
ove;QiL family mean, its family mpan from the provenance
mea& and the provenance mean fromyphe overall grand mean.
When combined selection was oply at the individual and
family levels, family means were expressed as deviations

from the pverall mean. Deviations were also adjusted for the

replication effects so that individuals were not favoured
&



because of the replication in which they occurred.
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T 3. Results

3.1 Provenance Variation and He;itabilities

" Heritabilities estimatedkfrom individual tree data were
vefy%gfose to heritability estimates on a plot mean basis
acro§§ all zones (Table 3), and those derived from the plot
means analysis are discussed here. A listing of zone,
provenance and'famiiy means for all traits is given in
' Appendix A. Expected mean squares, mean cross-productsy
variance and covariance componenté from the analysis og\
individuals are shown in Appendix B. Expected mean squares
for the analysis of variance 6n plot means are shown in
Appendix E . |
3.1.1 Crown and'Stem Score

Crown score on the .1 %% 10 measurement scale had a'

grand mean of 3.3 with a coefficient of variation (CV) of
28%. These two statistics indicate a tendency to score trees
somevhat lower than the mid-point of the ranking scale and
that a large amount of variation was pfesent among trees.
Crown score differed significantly among REPS (Table 4). The
replicafion means for crown score were 2.42, 4.50 and 2.96.
If,écprer biases were removed, it is unlikely that crown
score differences would have been as great. ZONES and PROV/2Z
effects were not significantly different for crown score
even thoughithe heritabpility estimate of provenance means

vas 0.40(%.34) (Table 35, FAM/P/Z and IONE heritability

47
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estimates were quite low (Table 3); hovever, FAM/P/Z effects *
vere significant at the P<0.05 level (Table 4), indicating
substantial variation exists within PROV/Z and within ZONES.‘iy
Family means across the experiment ranged from 2.4
(provenance #;5, family #14) to 4.9 (provenance #56, family
#11) on the 1 to 10 point scale. RxP/7 interaction was
significant (P<0.01) indicating some provenances changed
rankings in‘the three replications.

Heritability of crown score was 0.07(:.03), which is
low in comparison to the heritability of "branch quality"”
(0.18+.07) by Dean et al. (1983) in radiata pine. This may
have been due to additional emphasis placed on other
characteristics (i.e., crown uniformity and shape) in this
study, making the. overall measure less sensitive. Matziris
and Zobel (1973) reported a heritability of 0.33 for crown
score for loblolly pine, while Stonecypher et al. (1973)
reported a heritability of 0.08 in the same species.
Stonecypher indicated his relatively lovw estimate may have
been affected by early insect damage in the plantation;
however, in this study no such cause was evident. What may
have influenced the heritability estimate for crown score
was the large effect of RxF/P/7 and a relatively large
within-plot variance (Table §). .

The grand mean score for s;em straightness was 4.4,
with a CV of 32%X. This would indicate that trees with

average straightness were close to the mid-point of the

ranking scale for straightness and that a substantial amount
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of variability wvas also present among trees. 2tem$acore had
no significant REPS effects, which is in contfist to that
observed for crown score (Table 5). ZONES were not
significant and had a heritabilitywestimate of only

_0 04(1.38). The sources of variation PROV/?Z and FAM/P/Z were
significant (P<0.01)(Table 5), and heritabilities of
provenance and family means were moderately high at
0.59(+.33) and 0.30(2.13), respectively. Provenance means
for stem straightness varied from 2.77 (provenance #62) to
4.09 (provenance 45). Family means within proveﬁancg #62
varied from 2.41 (family #14) to 3.23 (family #9). Within

provenance #45, family means ranged from 3.05 (family #9) to

. L
4.82 (family #15); therefore, some overlap is present " - »
between the best and worst provenances for stem. L S $§§%
. S% B
straightness. Coefficients of variation assoc;ated thh """" (ﬁg,

A

these means were quite high, ranging from 25 to 50% Evﬁ "

\

(Appendix A3). RxZ and RxP/Z all accounted ﬁor about t e

‘&
same amount of variation (on a percentage basisb, and ot

’

these RxP/Z was sxgnlfxcant (P<0.01) (Table 5). éu df thx§

interaction is difficult to determine, but ther have v
X a

been differential environmental stresses on thﬁ; s among

replications dur:ng planting. These may have quggséed to

cause basal sweep as the trees grev larger.

The heritability estimate for stem score{;' :
: _ e :
0.13(¢.06), vhich is close to the heritability ¥§¥H.

reported by Dean et al. (1983) for radiata pinek
substantially lower than the estxmate of 0. Gé%;ﬁ%
. , ‘ :
- Lo | oy |
. - L . _ %,‘t..'_‘ e,
o = Ol . : R R
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Matziris and Zobel (1973) for loblolly pine. Shelbourne
(1969b) indzca*ed that stem straightness is probably more

her1tab1e-than growth traits. However, in this Study the

N : ¥
I - 3
estimate may be lowertwbecause of the occurrence of basal
» . ‘\ . Eal ( v J‘

sweep on many stems,

. . . K )

) ’ k v; -~
- v

3.1.2 Bark Thickness

| Bark thickness, from the 14 provenances examined,
averaged 3.2 mm (Cv=15%). Differencei'among ZONESﬁfor bark
thickness "ij not significant (Table 6). The effects PROV/Z
and FAM/P/Z were sxgn1f1cant (P<0 05) and both were of -the
same order of magnltude (exp1a1n1ng approxlmately 6% of the
varlatlon‘each- Table 6). Provenance means for bark
th1ckness ranged from 2. 70mm (;rovenance #22) to -3. 46mm
(provenance £27). Famply means within provenance #22»var1ed
from 2.49mm to 3. Oamm, and within provenance #27 from

3. 20mm to 3.69mm. Her&tab111ty ;3t1mates for ZONE, PROV/Z
and FAM/P/7 wete 0 33(+.39), 0. 48(1.37) and 0. 40(+ )u
ree;%ct1vely Both thehREéiéand the the RxP/Z interaction

~—

[ 4

‘were sxgnzfltant at the P<0.01 level (Table 6).

l

Y
Herxtablllty for  bark thickness on an ‘individual basxs

was 0.3 (£.10). Matziris and Zobel (1973), Pederick (1970)

' andJLedig and ﬁhitmofe.(1981) also reported moderefe to high
heritabilities for thisffrait ﬁk\Cariobean pine (Pinus

. carlbaea Morelet) and 1oblolly p1ne (ranging from 0 28 to

0.7). \Although the practical significance of bark thYckneSs

may be less 1m§ortant than volume growth or vood density,
. ;
- - o C
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its importance may lie in its correlations with other

3.1.5 Wood Moisture Content
The averéée-moiétpre content for Yodgepole pine at age
10 was 112 percent (CV=H3%) of dry weight of the wood. This
ifdicates that at.this ege, more than half of the weight of
anstanding tree is water. The effect of ZONE% va}%etiQn was
not significant (Table 7), although it accountéd for 15
percent of the variation. PROV/Zvand‘FAM/P/Z effects were
51gn1£1cant at the P<0.05 level (herxtab111ty estxmates were
0.77[+.56), 0. éb[+ 54) and 0.37[%. 21] respectively). “RxZ
and RaP/1 coniributed negligibly to the overall variation in
wood moisture content. Although, REPS was significant effect
(PQO 01; Table 7), wood moisture content in replxcat1ons #1
and #2 wvas on1y¢110 4% and 113.9%, rﬁgggctlvely The lack*of
,significance of the effect of ZONES was apparently due to
the relatively large variation in moisture contept among
provenances (Fig. 3). Provenance #20 had the lowest mean
moisture.content of 95.5%, and provenance #25 had the
highest mean wdod moisture content of 119.9%. Family means
within provenance #20 varied ffom.87.3% (family #1)i£o
105.5% (family #11), and in provenance #25, family means
varied from 116.1% (family #3) to 125.3% (family #7).
The heritability for moisture content was 0.24(}.14).

Compared to Matziris and Zobel's i1973) estimate of 0.8 for

loblolly pine,:this is somewhat Io;;ihlthough wood moisture

[
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' Figure 3 - Lodgepole pine provenance means for wood

- density and percent moisture content of wood
{in parenthesis) at the Red Rock test site
in central British Columbia.
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content may have economic implications, its importance may.

again lie in its rélationship to other traits.

3.1,4 Wood Specific Gravity . ,
Although the grand mean for specxtzc gravity was quxte
high (0.385), wood at thjs age should st111 be - con51dered
juvenile (i.e. r1ngs 1-10). Spec1f1c grav1ty is expected to
decrease in growth rings after this age, then 1ncrease agaxn
in ringa 25-30 (Taylor et al. 1983). «The CV assocxated with
the grand mean for wood density was only 7%; thenefore,'the
overall observed variabil?ty is low reiaﬁive to theotherr
“traits. The effects of 2ZONES and FAM/P/Z in this study were .
sxgn1f1cant and both accounted for the largest amount of -
variation-in specific gravity (Table 8). The proportlon of .
variation‘accounted for by PROV/Z was zero-kTable 8);
therefdfe, no genetic differences were presentufor specificv
graeity among stands within a 9eographic zone oOr area. The.gf
zene-mean heritability was high at 0.81(2.51). Zone meana-f
.for specific gravity were lowest in zone'#l (b.375) and
highest in zone #4 (0.400)f Since provenancea within
geodraphic zones were not significant, variabilify between
zones for wood specific gravity can be examined by pooling

families w1th1n zones. In the low specxfxc gravity zone

(#1), family means ranged from 0.352 (famxly , provenance

>
#44) to 0.394 (famxly #2, provenance~#46)

- x

spec1f1c gravity zone (#4), famlly geéns va‘ 4 ;froﬁ 0. 381

(family #11, provenance #22) to 0 (27 (famxly #2, provenance

&
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#22). Therefore, families of high specific gravitf are
pfesent in geographic zones with low specific grdvity.
: A o*ipal patterﬁfof decreasing specific gravity from
the northwest to the southeé§t exists‘for lodgepole pine
(Fig. 3). Henderson and Pét€§ (1972) found similar results
when coastal and inland sources of lodgepole.pine from
British Columbia were established in Scotland. Maeglen and
Wahlgren (1972), in a study of variationlof specific gravity
of natural stands of lodgepole pine, reported that coastal
stands (e.g., from Washington and Oregon3 had higher .
specific gravity than did interior stands,'(g.g., from Utah
and Wyoming).’The open-pollinateqd fa&ilies sampled from zone
#4 would be classified as the inland variety (Fig. 1), And
they resembled the inland variety phenotypically
(Illingworth, pers. com.). It appears, therefore, that.the
clinal pattern of variation expfessed in this genetic test‘
coincides with the phenotypic patterns of variation that
have been reported elsewhere. However, this is.not
necessarily the case for specific gravity in other conifers
(e.g., 2obel et al. 1982). |
Photoperiodism may be affecting growth and ybod
f?rmation. O'Réilly (pers. com.) noted that in the. same
plantation, southern.sources continued shoot elonQAtion for
two to three weeks longer than sources from near or north of
the test site. This maf be a large factor causing low
specific gravity in the southern sources. The extehsion of

the growing season (by photoperiod extension) causes auxin
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synthesis to continue resulting in a continuation of the
production of large diameter cells (Larson 1960; 1964,
Zahner 1963). Larson (1962b) demonstrated thi's indirect
| effect of photoperiod on cell diameter and wall thickening
in red pine (Pinus resinosa Ait.). Rees and Brown (1954),
Thor and Brown (1962) and Saucier and Taras (1966) observed
a similar wood densitf response in provenance tests
examxnxng growth and specific gravity in other spec1es.

As mentioned prevxously, not all.of the observed
variation among provenances for wood density may be
attributeq to latitudinal transfers. Henderson and Petty
(1972) reported that coastal 1odgepoie pine had a
‘sigpificantiy higher proportion of latewood and higher
earlywood and latewood densities than inland material.
.ﬁvefage eree heights and diameters were fimilar for the two
?eeb-species: therefore;, the observed lower density from the
'ielepd variety was probably due to genetic factors and not a ,&
groﬁth-rate/specific gravity relationship.
| The heritability appropriate for mass selection for
spec1t1c gravxty'dhz) was estimated to be 0.44(z. 10) This
est1mate is similar to that reported for wood densﬂﬁ% in
other eonxfers (e.g., Dean et al. [1983] for radxggg'pxne,
Erﬁétlét_al. [1983] for jack pine, and Matziri%)a§%120bel
[1973] Shelbourne et al. [1969]), Stonecypheriet al. [1973],
Talbert et al. [1982]) for loblolly pine). The“heritability
estimate of famjly means for wood density was the highest >

(0.65¢.15) among all traits measured”’in this study.
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As mentioned previously, th; occurrence of genotype x
environment interactions can substantially influence
hefitability in'; study'with only one test site. For
specific gravity, however, a large number of studies with
more than 9né(test site indicate that ,specific gravity is a
relatively'stable;trait (e.g., Matziris 1979, Sprague et al.
1983, Talbert et a?. 1982), although exceptions to this rule
have been reported (McKimmy and Campbell 1982, lobel et al.
1982) . |

The general pattern that seems to emerge from the
‘ " literature on this topic is that the genotype x environment
interaction may be negligible for specific gravity if.
locally adapted populations are fested in "compatible"”
envifbnﬁents. Interactions may develop, however, when trees
. are moved to environments with substantial edaphic,-

photoperiodic and climatic differences.

3.1.5 hranch Angle, Diameter and Length

Grand means for branch-angle, branch diameter and
branch length were 6923‘degrees (CV=10%), 22.3 mm (CV=16%)
and 142.4 cm (CV=15%), respectively. The overall ranges for
-braqgh angle could only vary from 45 to 90%; the mean of the
“plantation is relatively intermediate and the level of
variation éuite moderate. No significant differences were
noted among ZONES and PROV/Z for branch angle (Table 9), and
heritabilities of zone and provenance means for branch angle

were Quite low (0.0 and 0.14%.24, respectively). Geographic
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origin, therefore, has little effect on branch angle.
FAM/P/1 effects, however, were significant (P<0.01) and
accounted for a large percentage of the variation in branch
angle (9.5%). Family means across all zones ranged from 69.7
degrees (family #6, provenance #44) to 75.7 degrees (family
#10, provenance #57). The heritability of the family means
estimate (0.61:.12) and the heritability on an individual
basis (0.41:.08) were quite high. This heritability estimate
‘is much higher than the‘estimates af 0.07 and 0.04 obfained
by Erhenberg (1966) for Scots pine (Pinus sylvestris L.) and
Ledig and Whitmore (1981) for Caribbean pine. Their
procedure of scoring branch angle rather than actually
measuring it may have caused poor separation among families.
The effects of ZONES on branch diameter apd branch
length were non-significant; however, the effects of REPS,
PROV/Z and FAM/P/l were significant (P<0.01)(Table 10 and
11). Provenance means for branch diameter varied f‘rom 20.1mm
(provenance #20) to 24.8mm (provenance #72) and for branch
length from 119.0cm to 170.5cm, again from provenance #72
and #20, respectively. Family means within provenance #72
ranged from 158.9cm (family #6) to 185.0cm (family #14).
Family means for provgpance #20 ranged from 100.4cm (family
#1) to 127.5cm (family #5). As mentioned egeyiously, the
effect of ZONES was not significant for br;hch length but
;he heritability éstimate was high at 0.45(¢.53; Table 3).
The lafge standard error of this estimate indicates large

within-zone variability for dbranch length.
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: Herxtab111t1es of provenance anq.‘amxly means were

'AO 83(1 35) and 0. 48(1 13) for branch dxameter and 0 85(t.35)

"and 0. 53(1 13) for branch length, 1n9;cat1ng selection for

: deszrahle Provenances and desxrable famllxes w1th1n f\\\

7 ”,

provenanqes;ggr~these two branch trexts.would.be posgible.
Individual tree her1tab111ties were moderate fgr branch

diameter (0. 25: 07) and branch length (o 31: oe) o
e B

- )
-~ ®

, . . S .
3.1.6 Tracheid Length ’ X "f o
- The grand mean for tracheia“iength-meaSured on a
c065351te sample of earlywood and latewood from the ninth
\

growgh ru&was 1. 7mm with a CV of 8%. In )ature wood of

‘lodgepole

ne trachexd lengths are .expected to be over 3 mm
(Jaylor et al. 1983) therefcre, flbre«Length at ‘this agt is

st1ll indicative of juvenile wood. The source of var1atxon

'REPS was s1gn1f1tant at. the P<0.05 level and accoqg}ed for

more than 10 percent of the varxance (me'afs for replications

1} 2 and 3 vere 1,75, 1.62 and 1.67 mm respect1vedy, Table

r42) Therefore, some mxcro env1ronmenta1 d1f£eqpnces among

rep11catron§ may 1nfluencektracheld,development. The effects

of ¢0NES and PRDV/Z vere not san1f1cant Herxtab1l1ty of

’ -
zone means for t;achexd length was modera&e (0. 311-56) but
y ~

e large amount of Fariatidn was present within Zones .

L4

pend;x A)";Bk1ng this effeck non- s1gn1f1cant The ef fett

Y
of FAM/P/1 uas ﬁxgqnflcant (P<0 01) and the her1tab111ty of

famxly meanhs was also hxghﬂ(o 521 17), suggest;ng that a ’j?

karge amount of var1atxonex1sts among iam1l1es for tracheld

‘e
(d . . ?

i}
L 4 4

A3
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b
Q

“‘}ength. Interactions for RxZ and RxP/Z were significant

|

“(P<0.01); therefore, envxronmental dlfferences within.

-

repllcatzons ‘were probably large enough to cause a change in

the ranking of variances for these“two effects. Family means

across the exper1ment ranged from 1.51mm for fam11y #9
(provenance #27) to 1. 89mm for fam1ly #2 (provenance #57)
for the 1982 growth Ting. AS mentxoned prev1ouslyu family
differences‘were’siénifiqant and the heritability estimate
on an indiéidugi baeis for tracheid length was moderate
(0.311.05). For radiata oine, broad—sé&se heritabilities
have varied from O-. 2 to 0.8 (Dadswell et al. 1961p Nicholrs

1967) for loblolly pine, Stonecypher etﬁal (1973) and

Matziris and ZObel (1973) reported narrow- sense -

Q‘aherxtab1l1t1es of 0 44 and 0.97, respect1vely Although the

4
'herxtab111ty estimate for tracheid length from this study .is

somewhat lower than those reported for southern plnes, it
had the thlrd highest her1tabJ&1ty ‘for all tralts measureg
in th%&’study and shohld‘probably be considered a highly
heritable traitrin'Iodgepole pine.

3.1.7 Height ond Diaheter . )
Trees in the Red Rock plantation aVeraged i.ﬁm (CVeIO%)
tall and had an average diamé%er of 7.4 cm (Cvﬁﬁ1%5-at age
. Because he1ght and dlameter may be considered cloSely

related. tra1ts, it was not unexpected that both would

A ‘/‘{%3
exhibit sxmxlar patterns of variation at the zone, {g
provenance and family levels« ZONEg.and FAM/P/Z were wz

® )

P

5

A



.'\J

‘sggngfi¢ant at the P<0.05 lével'and REPS and PROV/Z were
. i

significant at the P<Q,01 level for, height at age 10 (Table

13). Besults of sxgn1f1cance tests for ‘diameter growth in

“the model were the same as for he1ght, except that ZONES was

sxgn1f1cant only at tﬁe 0.05 level (Table 14). Zone means
for height varled from 4.4m to 5 2m and for dlameter from
6.9cm to 8.0cm {zones .#2. and #4. respectively). The

heritability of zone means for both traits were also véry

\clése (Table 3). Prowve
from 4.2m for provenance/£27, to 5.6m fJ; pfovenance #72,

Provgpance means.. @or_daémeter ranged from 6.6cm to 8.6cm,
/\\{

_ agayh/ for

rovenances #27 and #72, respectxvely
Heritabflity

and 0.79(+.43) Pqr diameter, indicating that selection for

-

- ‘
increased growth can easily/be achieved by selection at the

pﬂ.wenance level.

“u .
4 .

Famlly means for he1ght growth within provenance #27
P J

5ranged £rom 4.1m to 4.3m, and in provenance #72, ranged from

)
5 5m to 6. 1m HeritabiMities of family means‘§éré moderate

at 0. 36(1 17) for height and 0.35(%.17) for dxaméterw as
‘were her1tab111t1es on a‘ individual ba'sis (0 2710 08 and
0.231:6?: \_respe.ctlvely)“; , . \'
ﬁeight ?nd diameter gréwth typically have lower
heritabilities than those reported here, which may Se
explained by the fact that the test site at Red Rock was

extremely ‘homogeneous, thereby reducing environmental

variation. This would reduce the within-plot variance (qﬁ

 means fos height growth ranged

£ proxeﬂance means was 0.87 (1.43) for height
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vhioch'is usuaily/a major cbmponent in the denominator of the
her:tabxlrty calculatzon. Herxtabxlxty of hexght growth at~r

. age six in thxs same plantatxon (using a larger data set)

'vas estxmated to be 0.16" (Ydh, pets. com.). Rehfeldt (1985b)

st:mated a hentabxlxty ot% 22 for six-year hexght growth
of lodgepole pxne in Idaho. When plantatxons of“odgepole
pine are established in thesfﬁftarm xcld' ‘sites, superxor
~ height growth should be expressed vé%&‘&rom the better

oA
amilies.

3.1.8 Volume and Dry-ﬂeight‘ Prgducfion : Co»

The averQe v‘ume for trees in the expem‘ was 8, 5
dm’ ’and for dry welght 3 3 kg/tree "both of: which had CV's
of 31%, indicating éverali var1ab111ty is greater for these
t;o traits than foi‘hexght and diameter. Volume and+#ry
yeight, which are functions.of both diaaeter and thLht:
exhibited the.same trgnds of Gariat‘Pn as diameter and .
height. REPS, ZONES and FAM/P/§:were sigﬁificant (P<0.05

. level) and_PROV/z vas signifiéénf.at the P<0.01 level for
both volume and dty-veiéht productionv(Table 15 ﬁnd 16).
Zone ;nd prpvehange means indicated a northito\sou::
increase in volumfe and dry-weight productioﬂ (Fig. 4).\

" Provenance #27 produced the }owest volumes (Sﬂg ém’) and
provenance #72 thé highest (13,8 dm?®). Tﬁzse tvo provenances
also produced the smallest (2.3 kg/tt‘ee),.and lar‘t (5.1
kg/tree) estimated dry veights, respectively. Therefore,

volume “production appears ™ be the major factor influercing

-
~
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Figure
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4 - Lodgepole pine provenance means for vo!ume
prodgc??on (dm® ) and dry-weight production.
(kg/tree; in parenthesis) at the Red Rock
test site in central British Columbia.
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dry-veight preduction. Variation ambng famﬁly means for

these two traits in provenance #27 varied from 4.7 dm’ to

6.9 dm’ for volume‘and from 1.8 kg/tree to 2.6 kg/tree for
dry-weight. In provenance #72 family means varied from 12.0
am® to 15.7-dm® for volume, and from-4.4 kg/tree to 5.7 -
' kg/tree for-dry-weight. Heritabilities of zone, provenance
and;%ﬁmily means werdsimilar to those for”height and
diametér (Table.3). Heritabilities for volume and dry-veight-

 production vere slightly lower compsred to those for height

and diameter (Table 3). In the Stonecypher (1973)
study herxtablley estxmates for dry- wexg'uction -
(0. 19):hnd vélume (0 18) also we?; intermediate to those for %
height and diameter and were similar to the estimates L g T
reported here for iodgepole pine.
3.1.9 Rust Resistance
| f the total number of trees examined for rust
. infgction from the 24 pré:enance;, 25.6% vere infected vxth
sta\)ctxform blister rg}t and 18 9% with vestetn gall rust.
From £ e § ys;s of stalactiform blister rust on the
Sérﬂént e of.trees infected per plot, REPS, PROV/Z, FAM/P/1
and RxP/ vere qxgnltxcant (P<0. 01)(Tab1e 17). The largest.
two. sources of var&ati n found in the analysis were for REPS
(18.4%) and PROV/Z (15.4%){Table 17). Réplicatibn_mggns for
trees infeéted (i.e., scored on a scale of 1 to 10) were

1.6, 1.4 and 2.1 for replications 1, 2 and 3, tespectifzqy.

‘Phe REP effect could again have been influenced by scorer

.
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bias as vell as by variation in Indian paint brush denlttffs
acting differentially among replications as inoculum . Y
‘'sources. Differences among replicationsoin
micro-meteorological factors intluencing infection may al
have been a factor. P;ovenaﬂte meanfmbased on the +10 r
intogiionhsbale ranged from 1,04 (psovenance #62) to 2.4
(provenance #15). Family me‘ans within";ovenanc‘e #6% ranged
¢ from 1.0 (family #5) to 1.2 (family #4). Pamilmeeans in the -
least‘rc!:s(ant of the 24 provenances (p?gvenance #15)
varxed fléh 1.3 (family #5) to 2.9 ‘(family #6). Heritability
for stalactlform bllster rust score from the transformed
pkot mean (percent 1nfect1on) data w:s 039, from the .
‘fb;;omxal anaIQ;xs 0.20(2.05), and from the threshold ©
chx-square«analysxs, 0. 55 (Table 17, 18, 19). Sohn and
Goddard (1979) reported that ga1n calculations usiﬂg genetic
estimates from the binomial analysis were closest .to the
realized gain calculatxons for fu51form bYister rust
(Cﬂonarflum quercuum (Berk.) Miyabe ex Shirai f.sp, '~
..fUSIfOPme) Indivi%ual trée heritabilities for fusiform rust
”tesxstance in loblolly pine rangcd from 0.02 to O. 39 u
ﬁ dgpendlug on the rgsxs§§an lndex,used fiocatlon, and yeaf
/*«ﬁ‘*”’*& plantmg (Barktr»ﬂ?‘{;:::ja.)axr 1970) As’ stated by»Sohn "and
L-; ‘Goldard (1979) dxfterehces in heritability estimates may be
A, due to diffetences in 1hfect19n level at the site, because

with low infections, the chance for a 'non—resistént' tree

to>escape is high.
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For western gall rust, REPS yas signiticant (P<0.01f
4nd ZONES, PROV/Z and FAM/P/Z.were significant at the 0.05
level (Table.ZO)A ZONES accounted for ppproximately. 19.5% of
‘the variation, whxch is qulte dlfferent than the case for |

stalactiform blxster rust (Table 20) No clina patterns

© were, evxdent. The population from zone #1 had the lowest

‘mean xnfectxon (1 1) while the populatxon from zone #3 had

-

the highest mean infection (1.7). The effect of PBOV/Z and

' . ’ : . ' - :
FAM/P/Z/both accounted for a small amount of thegvar}ation

(6 and 7 X, respectively). Provenance #57 had the lzwest'

level of 1nfectlon at 1.04, ahd provenance #20 had

_1nfect1on level of 1.88 (ory the 1 to 5 scale). Family means

within provenance #57 ranged from 1.0 (no infection) to 1.2.

Famxly means in the least resnstant provenance (#20) ranged

‘ from 1.3 to 2.4. The heritability estimate for western gall»

rust score from the transformed plot means daQwas 0.21,

from the binomial analysis, 0.714 and from threshold

chi-square analysis, 0.48 (Table 20, 18, 19, respectively).

Ir wou}d be difficult to speculate whether or not these
results indicate there is less additrve genetic variance for
wesfern gall rust resistance than for)sﬁalactiformwbiister
rust, or. vhetn}r 1n£ect1on levels in the plantation
primarily determ1ned the outcome. Western gall rust was
present on only 19% qf the trees (compared to 26% for
stalactiform blister rust); this may indicate that less
inoculum was present for QEStern gall‘rust than stalactiform

blister rust.

o
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The machanilms ot rust resistance c7ﬁnot be elucidated

>£rom 1nformation gathered in this study, except that a
"sufftcxent amount of add1t1ve genetic variance for

”resrstance breedxng appears to be present in these lodgepole

pine populatxons (i.e., tamily differences vere

‘sxgnxfxcant), Also; provenance and zone effects were

sxgniftcant, indicatzng populatrons have dxfferent levels of

resxstance' these may be caused by gross maladaptat1on

?

(i. e., severe stress) Gt‘some populatxons to the test site

&

or some 1nhefent level of res1stance ‘built in by L

coadaptatxon/uxth the pathogen. L, _{‘;

/
]

W)

3 1. 10 Structure of Genetxc Vartance"

Assum1ng the clinal pattern of var1at1on exh1b1ted here

' for wood density (as well as the c11na1 or ecotypic patterns»

of var1at1on for any of the other traits) has a genetxc

basxs, it could be proposed that selectxve and/or

- non-= select1ve factors have led to the observed pattern of

varxat;on in lodgepole pxne. To further extrapolate. the

-

’wdxfferences among - famxlxes from dxfferent zones, the three

e e .
L SRPTIRE
oL

components of var;ance that go 1nto the calculat1on of these

herxtab1lxt1es (i. e., error ‘variance, replication x fam11y

_varrance and famxly variance) were estimated 1ndependent1y

for zones #) through #5 us1ng two analy51s of variance

. models (Tables 21a apd 21b) These 1nd1cated that the rat1o

of additxve genetxc varlance est1mates to the error variance

vere relatxvely constant for spec1£1c grav1ty across all
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five zones teéa;dlebs it provenance eftecti“vere‘remercv
from'the‘analysis (Table' 21a and 21b). This is no doubt due
. to the lack of significqnt ditterehcg; among proveneﬁcel
withih zones.'signiticenf family effects, wﬁeh piesent,"are
'due to differences among trees and not among.stands (Table
22a and 22b). For branch angle, the differences among
estxmates of addxt1ve genetxc variation were quxte large
) (from o -4&1.6 and 1.3 for. zone vé to a =4x12.9 for zone
#1;'Tab1e,21a and 21b) and were the major components

affecting heritability differences among zones (Table 22a
1and 22b); The incluéion of brov%hance effects in the
'_ahalysis of vartafice mocelg as expected; did not affect

- estimates of variance for branch angle (Table 21ajend 21b).
No clear pattern was evident.with respect tc>di£ferent‘
populatxons express1ng more or less addltxve genetic
variance for all traxts, except the population from zone cs
had five of the lowest heritabilities (Table 22a and 22b) .

Although a few of the hetltabllxtles were poorly

est1mated (i.e., heritabilities greater than one .in Table
22a), and the standard errors among,her1tab§lxty estimates
vere large, heritabilities were generally reliable (i.e.,
stacdard errors vere usually lovwer than the heritability
estimate; Table 22a and 22b)Jihlthough heritabilities within
zones were usually greater thaq 0.2, which would indicate |
that -a large amount of addxtxse genetic variance is present
for most ttaxts, sxgn1£1cance tests for family effects

(F-;estsf was quite variable across zones for the same trait
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)und also depended on the analyeis of virinn&o model used
(Table 228 and 22b). Signitié:;t tamily differences in
opoci!ic gravity vere present only in the populstion from
:onc g4 (p<,05) and did not change vhen provenance effects
vas added to the analysis of variance model (Table 22b).
Heritability on an individual basis (h?) tor bark thickness
vere gquite close across all zones from which ostimaieé could
be obtained, hovever, significant femily differences were
not present when prdvenanpe effects were included in the
analysis. Therefore, a heritability without significant
family effects is probably not 2 meaningful statistic.
Qgight growth for the populition from zone #2 had a
hetitability (h’) of over one, vhereas, height grswth for
the population trom zone #5 had & heritability estimate of
0.52(+.22) (Table 22a). When provenance effects are included
in the analysxs, heritability estimates dropped considerably
(Table 22b). Por dxameter,:the éstxpute from zone #3 vas
close to.one (0.97%.28) and that obtaxqfd from zone #5 had
an estimate of only 0.16(%. 15)‘ and these similarly became
smaller when provenance ef fects was 'in the model, Large
ditferences,vereﬂglod'preseng ‘between the he:}tab111t1es for
branch anglefxn zone #1 (0.86%.34) and zone #é {0.13¢.15).
Likewise, family differences were s1gn1f1cant for branch
angle in the zone #1 populatiom (P<, 01) and non- sxgnxfxcant
in the zone #4¢ population. As indicated earl)er, thxs trait
vas not 1n£1uenced by provenance effects. Thesg large scale

changes in heritabilxty estimates caused by chang1ng the

%
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snalysis of variance model to included provensnce eftects,
indicates that significant family effects may in fact be due
to prov‘kgncc (or stands) dittoroﬁdon and little veriation
exists within a provenance. What is particularly
Atcrgstiﬁg, is that these differences in varianc:s chanqe.
among zones and among traits in different zones.

Pamily heritability (h’) maf be a more roliable
estimate to conpcrq.t.mily variation across zones, simply
because in comparxson to h2 it is trec of blcl from
stand-to-stand d{tferences in_relatedness and full-sib
structure in the progeny (as previously discussed). The
heritabilities of family means ranged from 0.00 to 0.78 and
corresponded closely to the F-tests for family differgﬁc?s
(Table 22a and 22b).‘H¢ritability estimates in the range of
0.00 to 0.41 corresponded with non-significant family
Qifferences, those froﬁ 0.5 to 0.60 corresponded with
'significant family difté;ences at P<.05 and from 0.6 and
greater, corresponded with significant family differences at
the P<.01 level (Table 22a and 22b). |

Even though there a;e.large eftors associated with
these estimates, the genetic parameters may provide some
insight into the expected stability of traits over all
populations. Making the assumption that a trait such as
| height grovth.may be more important than wood density to
overall reproductive fitness, selective tbrces might exert

differential pressures depending upon the environments

associated with different nggraphic zones. Therefore, in
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situations wvhere thg _selective pressure for heigh® growth
. vas weak, ad&itivc genetic var!ano might be conserved and
heritability estimates from such populations would bg high.
In environments vhere selection,for height growth is strong,
.addiJiV¥ genetic variance vould be low-if it was not
maintsined at hiqh lovols by mutation and recombination.
when selective pressure vas more uniform across the
geographic distribution, additive genetic varisance may be |
expected to be constant acrgis all populations. The ag;ve
considerations suggest that when population's are pooled to
obtain estimaies of genetic parameters (for ﬁerit)bility° N
estimates used in expected gain calculations), the
veliability of the values is obviously duestionable as
genetic parameters have been shown to vary across the
geographic range. ¢ ’

'within a zone, significant stand-to-stlnd differences
may contribute most of the additive genetic variance,
vhereas in other zones, additive genetic variance may be'
;tpread' across stands (i.e., stand differences '_. .
non—sig;iticant). For éx#mple, there vere sibnificint‘PROV/z .
effects for height, diameter, volume and bianch diaméiof:‘
thefefofe, these traizs are influenced by the genbtic .
structures among stands vi}hin zoﬁes. For specific gravity
and branch angle, .PROV/7 effects were not significant,
indicating that variation within zones is primarily
influenced by genetic differences among individuals,

irrespective of the stand (or provenance) structure.

L}
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uovo\;cr. signiticent difterences of femily effects for
specific 9rn§£ty vere:only present in the sone #4 pépulotion
(Table 22). Of pnrticqlarl‘y interest, the hori;abiut‘uﬂor
.spociiié gravity vere relatively constdnt over sll five
populltions, vhereas the heritabilities for bronqg__gqlo
vere quite variable. rﬁ&é the generalization that characters
more closely rela ed to reproductive !;tnols have less
additive gonotic variance, it cquld be suggested that
stabilizing,:clggjﬁon may bg more uniform for specific
gravity aoross tge species ran%f, where s'branch anqleqyay
be more tightly relatéd to fitness in some zones (as both

- additive genetic variance and pp‘%otypic yeriance vere

reduced in zone #4; Table 21). Not knowing, however, how PJ/,—

natural selection acts;gg“;hg\izaracttf makes this type of
\

speculation difficult, since selection may be occurring on
one of its correlated characters (Falconer 1981). Also,
additive genetic variance may have been reduced simply by
) )

+ genetic drift and/or selection, as the more northern

populations (i.e., population from zone #4) tended to occur

-

in smaller isolated stands and may have had to undergo

greater adaptation to narrower ecological niches (Yeh et al.

1985).

3.2 Correlations Among Traits and Relationships of Traits
with Information of Provenance Origin
Relationships among traits measured in this ptudyﬁg‘n

be examined at a number levels. Relationships betvegﬁ

s
/



*.prqvenance means tor the varlous tralts and geographxc
'orxgxn 1n£ormatxon can be uSed to examxne the xnfluence that
latatude,‘longxtude and elevation-’ have had on developing
“Ldlfferences among pr0venances.fv\ ‘

Correlavﬂlns between traits have two distinct causes,‘
genet1c and env1ronmenta1 (Faiconer 1981). Genetic
correlatxons ar;se pr1ma511y ‘from plexotrop;c effects of'
:'genes and, to a 1esser extent lxnkage among genes,

: partrcularly if. 'selection is weak (Falconer 1981). Most
'vgeneS’are thqught‘to be p1e1otrop1c,’a£fect1ng many
d&ffereat aapects‘of‘the'phendtype $Wright 1980).
Env1ronmenta1 correlatlons between tralts occur in
51tuat10ns where two characters are 1n£1uenced by the same
'changes in environmental conditions (Falconer 1981) )
Phenotyplc correlat1@ns,»there£ore, are a combination of
genetzc and env1ronmental causes.«lf the herltabllxtles of
the two traxts are hlgh then the phenotyp1c correlatlon is
detérmined éhiefly by the genetxc qg;relatron: if both
‘tra1ts have low her1tab111t1es then’ it isbtﬁe environmental
correlatlon that is more 1mportant (Falconer 1981} .

Because ‘of the large number of correlat1ons that can be
generated in- th1s study, only those which were consxdered A
economxcally 1mportant have bden dxscussed in this sectxon
\(Table 23). A matrix 0£,all p0551blebcorrelat1ons, based on
the maximum aumber of‘treesffOr each combination aﬁong |

traits, is provided (Appendix F).
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Dw
-18

DIA

stem dry weight
branch length
branch d lameter
dlameter

8T
RS
GS

bark thicknesy.

stalactitorm rust score
westarn gall rust score

/

TABLE 23 - Genetic, phenotyplc and environmental correlations tor growth and wood
pr‘oborfy traits tor lodgepole pine at the Red Rock test site In centrel
British Columbla, ' '
TRAITS GENETIC CORRELATION PHENOTYPIC CORRELATION | ENVIRONMENTAL CORREL AT ION/
(S,e,) . 1'/
SG w, HT 0,034 (,20) -.032 i -.071 ’
SG w, DIA -0,401 (,20) -.1%% -.018
SG w, VOL -0,364 (,22) -2 -.007
SG w, OW -0.124 (,21). .090 JA90 7
SG w, MC -0,536 (.28) ~.513 ~.599% ’/
SG w, CW 0.601 (.24) 176 .016
HT w, DIA 0.41% (,18) 574 . 821
HT 'w, OW 0.797 (,09) 720 .698
HT w, VOL 0.680 (,13) .730 A9
DIA w, DW 0.915-(.04) 913 - 916
BL w, HT 0,301 (,18) 418 467
BL w, DIA 0.120 (,21) .430 555
8L w, BO 0,742 (,06) B35 .870
BL w, S9 0.310 (.20) .067 .018
BA w, BO -0.561 (,14) -.360 -.272
BA w, BL © -0.420 (,14) -.251 -.164
BA w, HT -0,041 (,18) .082 163
BA w, DIA -0.05! (.18) .028 .078
BA w,.VOL > -0.099 (.20 .051 132
B0 w, HT -0,210 (,20) 225 A1
BO w, DIA 0,129 (200 .389 494
CS w, BA -0.970 (,20) -.2%8 -4
CS w, BD - 0.656 (,15) 271 194
cS w, 8L 0.390 (7)Y .195 155
" SS w, BA 0.343 (,18) 061 -.013
SS w, BO 0,226 (,20) .063 .033
55 w, DIA 0.414 (.25) .078 -,009
‘$S w, HT 0,437 (,26) -.084 -.231
SS w, VOL 0.343 (,28) .040 -.028
SS w, Dw - 0,400 (,28) .037 -.043 .
'$S w, CS 0,120 (,27) .239 .2%6
BT w. HT -0.175 (.24) 12 .202
8T w, DIA 0,628 {,20) <4253 .49
RS w, GS 0.588 (,17) .0%% -,081
A}
where; SG - specitic gravity BA - branch angle '
HT 10 year height growth SS stem score for stralghtness
YOL - volume growth CS - crown score tor form
MC wood molsture content . CW - compression wood
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3.2.1 wood Sp.cxtic Gravxty _

The relationships of latitude and eleva:xon to specxfxc
gravity were not gsignificant, but that between specific
gravxty and longxtude was sxgnlflcant (P<.01; Table 24),
However, photoperxodxc responses could indirectly be the
primarj cause of this relataonshlp, as western provenances
were from latltudes hxgher than the test site. Therefore,
some confoundxng of 1at1tud1nal effects may be present in
. regressxons of traits with longxtude '

The relatxonshxp of most 1nterest in tree breedxng is B
usuélly the one“betweenyspgcif;C‘qrav1ty and volume. The
economic impiicaéion of spétific gravity being reduced by
selection for quuﬁe.prodGCtion is a major concern (e.g.,
Kellogg 1982). R4nk correlations>between specific gravityb
and volume growtﬂ at the provenance level uere significant
(P<.01), 1nd1cat1ng that the fastest growing provenances
‘also had the lowest wood densltxes (Table 25).

- The genetic correlatmn of ,sp’xhc gravity wlth l‘fbn;ht

was essentially zero (0. 031 20), but for diameter the

relatlonshlp was moderately negatxve (-0.40%.20). Because

the volume calculation 1s heavily weighted by diameter, the

genet;c correlatxon of volume with spec1£1c gravity was also
negative -(-0.36¢.,22). Phenotypic and env1ronmenta1
correlations among these traits, however, were low (Tablg
23). Therefore, selection for increased volume growth should
~-have a neéative genetic effect on specific gravity. Dean et

al. (1983) and Loo et al. (1985) reported similarly high
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negative genetic correfatxons between vood density and
volume for radiata and loblohly pine. whereas Dean et al.
(1983) reported a negatxve genetxc correlation between

hexght and specxfxc gravxty, the relatxonship for lodgepole
N
pine in this study was essent1a11y zero (. 03:.20). Theae

]

results suggest that selection based on height growth alone

A

"should not adversely affect specific gravity from mass

selection.

Cheverud: (1982) suggested that 1f genetlc correlatxons
were higher than the cotrespondtng phenotypic correlations,
the morpnology of traits under‘study is more tightly
integrated™in the genotype. Therefore, it may be thet these
gknetic correlat1ons indicate that hezght growth and . *
specxflc gravity are functlonally and developmentally
1ndependent Diameter growth and- spec1f1c gravity have a
dependency such that selectlon for dxameter will cause a
negative response in spec1f1c gravxty. o '( . ' :

) wood m01sture content and spec1f1c‘grav1ty at the 1
provenance level hdd a rank correlation of -0.81, 1ndxcating
that sources with low~spec1f1c gravity have hxgh moxsture
_content (Table 26). The genetxc correlation of vood moisture
content w1th specxfxc gravity was moderately negative
‘( 0 34¢. 28) and, coﬂsxder1ng the standard error assocxated

2

with this correlation, is comparable to the value of -0.51
.reported by. Matzxrxs and Zokel (1973) for loblolly pine. The
fenvxronmental correlét1on betveen the two traxts vas highly

negatxve (-0.60), indicating the env1ronmental factors



o’ 'S . -
" ' .
R // , , E
- - - LO >d BUl 1@ JUED4IuDS 198 0~ NOI1V13BH0D WNVHE NYWEVILS \\
T z oz (941666 o vy (920 )ZLE" /
) 11 (94)8°Z0} & TL (eco )aLE”
v 64 (S1 )8 L0t 8 oy (€20 )LLE’
s L3 (Ly)O 04 L v (vZ0°)10€E"°
b E14 4Lb)L OVE 9 14 (OEO )1 8E "
S »9 (L@lL 944 S . v9 (ETO )LBE"
. L ; 1 4] (9%3C Wi v LT (vZO )68E"
; o 134 (81)9 814 £ 64 (LZO" )B8E’
B .6 T (S1)L 641 z , ot (§ZO )OOF '
= 9 ST (LbE)6 644 3 1 (080 )OOV~
R Bujruey | ON 8DUBUBAO.d | @unisiom % Bupnuey | .vz edoueueAosd | #>u.o:|o.0003
IN3INOD 3uNISION % (S3IN0D wwii WOH4) ALISN3O
QOOA Y03 NV3IN IINYNIAOUJ

303 NV3IN _IINVNIAOYD

: - ‘ -A3SUSP POOM O} BA}3IR G uoi 3} sod
Bul NueJs S8IBDIPUL s sayyuaded U} 948 ueew 9OURUBACJD YOBE JOj SUO) I8 ABD pJepuRlS
S (IUSDI8d U} ). IUSIUCD BUNIEjOW U0, susew 8OuRUPAOId Isu)ebe 88I0D IUGWS JOU| WOJ)
Ay SUBP POOA UBSE 4O} D8 1e4Ued Uy 2316 U0 )@ $0OouUBLeAOJd BuId s 008000 Q) 40 Buy nuey- 9T ®1Qey

.

aw



101

. “ ]
0 .
A '
4

cpusinq 8 decrease in apecitxc grav:ty aIeo ceuse an

increase in wood moisture content. Moisturé content was not
exgnxfxcaptly influenced by latitude or elevation, but the
- relationship between longitude and moisture content was
\significant (P<0.05) (Table 24). - o

'~ The.only large genetic correlation with specific
gravity was that Jith compression*vood (treated as binomial .
data) (0.64t.22; Table 23).“Therefore, selection for

families with high specific gravity, without noting-the

families w1 hiqh compression wood content, could lead to a
substantial decrease in wood quality by inadvertently
increasing cogpression wood content. |
“Eorre}a ions of dry weight with height, Jiameter.and
specific.gravity were examined to detegm;he the relative
magnitude each may have when dry-weight production is the
goal. The genetic correlation for stem dry weight with
specific gravity was negative and low (-0.12¢.21), but its
»correlatxon with height and diameter was very high: and
positive (0.80%.09 and/o,gf& &5 respectively).
Environmental cgrrelatxons between dry weight and height and
diameter were, as expected, quite large, and betwéen dry
weighé and specific gravity only 0.19 (Table 23). This may
indicate that specific gravity is not a large factor
‘.influencing dry veight of a stem aﬁd that height and
diameter are the critical factors. This is in general

agreement with what has been reported for loblolly pipe

(Bridgwater et al. 1983).

\

?
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As mentioned earlier, the fastest grovxng sources at

'3.2.2 Height and Dia-eter Growth

the Red Rock site vere those from lower latitudes. There vas
also a sxgnificant negative relationship between longitude
and height and diameter (P<0.01 and P<(.05,
respectively)(Table 24). This was again probably. influenced ~
by a eampling biac of more vestetn provenances being from -
higher latitudes relatxve to other provenances sampled in
cthxs study. As expected the effect of latitude was
:significant (P<.01; Table 24). T
\Height and dlameter wvere highly genetically correlated )
with vclune andxbxomass (Table 23). However, the genetic
correlation between hexght and diameter was only 0.42%.18,
suggesting that height and_dxameter growth are not strongly
related gehetic treiﬁs. Dean et al. (?983) and Bridgwater et
al. (1983) reported genetic correlations greater than -0.79
‘between these two traits in radiata and loblolly pine,
respecti#ely, The phenotypic correlation between height and
_diameter was only slightlx‘higher than the genetic.
correlation in this study (Table 23). The largest genetic
correlatxon was between.volume and dry weight (0 97¢.01),
indicating that selecting for "volume should br1ng about an
_increase in dry,veight.
Bark thictness had a smali negative genetic cortelatiqn
with height growth (-0;181.24). With diameter growth,
hovwever, it had a genetic correlation of 0.63(£.20). Ledig

\‘

and Whitmore (1981) found a high genetic relationship
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_between bark thickness and diameter growth for Caribbean
pine in Puerto Rico, and suggelt&d that bark thickness could

be incorpéfated into a selection? ndex to improve selection

fof volume. However, the moderdt‘

]

study for bark thickness (0.29¢ .09

lheritability found in this

obtained by Ledig and Whitﬁofe ';fKI; hf-0.53) may make it a

less valuable trait in merov;ng ff‘gction for diameter

4 \
o Lo
. Uy 48
- - 3 ]
EN Ao,

Provenances from hfg er latityS¥#

growth 1n lodgopole pxnj

]
»(i.e., slow growing
'p}ovenances) tended to have shorter tracheids (P<0.05)

(Table . 24). Correlafions of fibre length with height growth
were bothkpositive (phenotypic 0.14 and genetic 0.55t.27),
but the genetic correlation of fibre length with diameter
vas. negative (-0.39t.31). Matziris and Zobel (1973) reported
2 similar relationship between height and tracheid length in
. loblolly pine, but did not find a negative correlation
between diameter and tracheid length. BecauSe volume is
ptopbrtional to diameter squared, the genetic correlation
between traéhcid length and volumeﬂuﬁs'ilso nggptive
(-0.13%.35). Again; the‘ényironmen;al correlations were all

quite low (Table 23). *

3.2.3 Branching‘Characteriitics

Of all the linear .regressions of provénqnge means
agai;st origin information, only brancﬁ,éiamg;ef vas
significantly influenced by elevation (P<.05; Ta?le 24)..

This indicates that provenances originating from higher
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elevations tend to have smaller bun‘neterl‘
The genetic correlation of branch dismeter with ??anch
length vas positive and high (0.74s. 06), but genetic
corrolations for these tvo traxts with branch angle were
negative (-0. 561 14 and -0.42¢.14, respectively; Tablo 23).
Genetic correlatxons between branch angle and heéight and
. between branch angle and diameter vere essent{ally zero,
although that between branch diameter and 'stem diameter was
.slightly positive (0.131.20). The genetic correlation

between height and branch diameter was small and negative

e -

(-0.211.20).

. .What may be surmised from tﬁis complex of genetic
interactjons of branch’characteristicé with growth variab1e$ )
is that selectxon for the more desirable higher branch
angles (1.e., those approachxng 90 degrees) should bring
about smaller branch diameters and shorter branches. This is
a very desirable genefz; relationship for tree breeders
concerned with reducxng branch biomass and the relatlve sice

of knots in the stems of trees (Blair et al. 1974).
'R

3.2.4 Crown and Stem Score

Crown score was no:‘relatéd to geographic origin of Y
provenance, Crown score had a stopgly negétive genetic
correlation with branch angle (-0.97:.20) and a strongly™
posxtwe genetxc forrelatxon with branch dxameter and branchb
length (0.66%.15 and 0.39:.17, respectxvgly, ‘Table 23),

Unfor;unaﬁkl&,‘correlatxon estxmates with the growth traits
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had large standard ecrors (Appendix F) and are probably.of
littlc vnluo. It should be mcntionod hovever, that these
correlation cltimatos vere all noqativc, indiceting that
selection for better grqg;h may increase the quality of the
crown form. S “ |
Genetic correlations of itéﬁ st}aightness vith the four
growth traits (i.e.. height, d{ameter, volume and |
dry-weight) ranged from 0 34 to 0.44 (all citxmatel had
" standard errors close ®o $.28; Tablo ’3) suggestinq that
faster grovxng famxlxes tend to produce norc crooked stems.
Explanations for th1s phenomenon includt nutrxent depletion
at the microsite level (Kolarx 1982), wind damage and lean
in individuals that vere larger at tg; time of
establishment,.Q( a t{be'geneiiq correlation between the
traits; however,.none of these can be substantiated by this
study. Ledig and Whitmore (1981) also found a positive
rglationship betveen stem crook and volume production,
The genetic correlation between crovn score ‘and stem
score in this study vas small but positive (0.121.27).
Stonecypher et al. ({573) 3136 reported a positive genetic
relationship between cfovn and stem score and Matziris and
Zobel (1975) reported a’genetic correlation between the two
score traits that exc;eded 1.0. Dean et al. (1983), howvever,
found a st}ong negative genetic correlation betvéen these
two traits in radiata pine. It should be surmised,

therefore, that selection for increased volume production

will generally'r:duce the occurrence of desirable crown

-

LY
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traits.
3.2.8 Disesse Traits v
At the provenance level, stalactiform blieter rust

score had » significant (P<0.01) positive relationship with

elevation (Table 24); therefore, those provenances from q

higher elevations were more sueoeptible to theee in}ectiops.
Genetic eorrelatibns-fOr sthlactiform blister rust and

vestern gall rust vith the other traits vere quite e’ell,
with the exception of the correlation between the o rust
scores (0.592.17). Therefere, families that wvere 3uaaeptib1e
to stalactiform blister rust also seemed to ée susceptible
to western gall rust. Stalactiform blister rust was not
noticeably related to crown or stem Score., but western ga}l‘
rust had a slightly positive gene;xc correlatxon vith crown
score and a slxghtly negative genetit correlation with stem

score (Table 23). . ‘ -

-t

3.2.6 Structure of Genetic Covariance

Genetxc correlations among traxts thhxn zones ¢en be
examined to see vhether or not genetic structures of
cerrelations vere the same among geographic zoneei The ..
number of families included in the ‘within-zone anal}sxs as
expected vas substantially smaller- therefore, a few of the.
genetic correlations had large standard errors, or could not

be estimated due to negative variance components (Table 27a

and 27b). What is noticeable are the large differences in

Vd

-

/ -
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genetxc correféé1ons fotispecxfxc gravxty with volume and
diameter growth betveen zones #1 and #5 (Table 27a and 27b).
The genetxc correlatlon from the overall analysis was —0 36
for volume with' specxfzﬁ grav1ty, whereas this value ranged
from 0.04 to -1. 7 in zones #5 and #1 respectively (Jabl
27a). Therefore, selectxon for volume production in the
populationﬂfrom zone #5-.is not expected to brxng about a.
decrease in specific gravity, whereas the converse would
‘apply for the populaéion from zor~ #1. However, when
'provenance effects where incluce1 . the analysis,
correlations changed from 0.04 t =$.28 in zone #5, and from
'-0.36‘to —0.07'in zone #3. Although standard errors of these
correlat1ons indicate that these would not be significant
- differences, it does exhibit the sensitivity of the analy51s
to changesvim the Model by inCluding provenance‘effects.
Height and volume growth had high genet1c correlatxons that
were relatxvely constant across zones. Height and diameter
growth, however, exhibited s1gn1£1cant differences in
genetic correlations between zone #2 and #5 (Table 27a). The
relafively low genetic correlation for height and diameter
in zone #5, suggests these traits may be more ihdépendentAin
this particular populatlon. \

ﬂ Alfhough correlations between branch angle and branch
diameter varied>substantially, particularly forviOne #3
(0.09t.36) and #4 (?o.ss:.se),‘there were no significant
differences among zones in the correlations between these

two Eraits'(Table 27a and 27b). Since the overall trend was

-
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for a négat&ve correlation betwéen branch angle and branch
diaméter, the correlation across all ﬁopulations vas also
negatxve (-0.56; Table 23). | ,
Compar1sons of genetic parameters are probably most
appropriate for zones #1 and #2, since they are
geographically proximate (Fig. 2) and have been displaced-a
similar.distaﬁce from the test site in central B.C. One
would expect then\that.the increased growth_rates exhibited .
by provénances from these two zones (primarily due to the
résponse to inéreased daylengths\by soﬁthern sources) shbuld
be free of a bias dué to latitudinal transfér and that
these differences in genetic correlatlons are real.
Unfortunately, cogrelat1ons with height growth in zone #1
were not estimated because of the negative variance "—
’component obtained for height growth. However, specific
gravity and volume showéd large differences in this
relationship between zones #1 énd #2 (Table 27a). Wha;'is
noteworthy is that the best overali.prpvenance in the
plantation was from zone #2 (provenance #72), which
exhibited a ﬁegative geneti;,cofrelation of -0.33(+.30)
between specific gravity and volume. Thereﬁore; sélection‘
for volume production in the population from zone #2 would
not bring ahout the drastic reduction in specific gravity
that woﬁld occur from selection for *volume in the population
frdm zone #1. The inclusion of provenance effects in the

model did not affect correlations inyzone #1, suggesting

that the negative covariance at the family level was not
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éffected'by stand-to-stand differences within a zone (Table

27b) .

. -

It-may be safe tb say tirat épecitic,gravity Qﬁd volume
growth are not entirely 1ndependent traits, sxmply betause
‘growth in trees depends on the product1on of wood Falconer
(1981) suggested that when tug characters (which are
pleidtropic) are intensively selected, the genetic
correlation eventually becomes negative. For this to have
occurred Eor the height-specific gravity relationship,
selectioﬁﬁvou}d have had to reduce genetic variaﬁcé, and
therefgfe'the covariancé, to,fixétion. In zone #1, both
height and specific gravity showed no significant family
differentes,. and {f a genetic éal:elation‘could have been .
estlmated it undoubtedly would have been negative (based on
,the large negative correlatxons which were calculated for
'bspecxflc gravity with volume and diameter). Although the
reliability of these correlations may be limited (becausejof
lafge Standard errors and large thanges when the model is
changed), these differences in genetic correlations may
indicate difﬂi@ences in genétic structures among zones
;imbly by the magnitude of some of the differences in the
- estimates. These differences could be valuable for

i

multiple-population breeding strategies.
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3.3.c-ih“:ram Individual and Multiple-trait Selaction

‘I 3.1 lndxvxdual Traxt Selectxon
Genet1c 1nformatxon is avaxlible from .this study at
‘four levels (i.e., individual, family, provenance-and.zpne)l
The, heritabllxty at each of the four levels acts as a |
pred1ctor of what may be expected in the’;:xt gene:at1on if
select1on is practiced on that level I1f the herxtabxlxty is
.one, the mean of the new populatlon would equal that of the
: selected parents (Sxmmonds 1979) . Expected gain or response
can be calculated for a single trait, by ‘multiplying the ‘
heritabillty by a selectlon dafferent1al (Falconer 1981)t
vThe selection dxfferentlal is derived by multiplying the
:.phenotypxc standard,devxatlon *M#a tra1t by. an approprlate
celection intensity (i) to estimate a genet1c gain. The
;her1tab111ty estxmate for calculat1on of galn from mass _
:selectxon is, of course, the narrow-sense her1tab111ty and -
the heritability for estimating gain from family, provenance
and-zone selection is the heritability estimate of family,
provenance and zone means,‘respectlvely (based on the plot
means analysxs ). Expected gain ‘from within- fam1ly selection
is - also possible to calculate and was derived following the
procedure outlined by Shelbourne. (1969a). '
It prcpprtions of selection ranging ftom'1/10 to 7/10
e, {=1.75, 1.4, 1.16, 0.966, 0.798, 0.544 and 0.497,

- - - e e e

‘Fig. 5b-h are based on the plot means analysxs. Fig. %a,
_for the two disease traits, were based on 1nd1v1dual tree
data.
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respectively) are practiced indep{ndently on .the five levels

‘available for selection, it is apparent that the best gains,

for a majorxty ot the tralts, are achxeved simply by
e1ect1on at the zone or provenance level (Fxg 5a-h).

1f volume productxon is the primary obJectxve,

’selectxon of materxal from the best zone vould yield gains

of: approx:mately 30 percent (at i=1.75; Fxg 5g). Selection
of the best 10% of the provenances'for volume would

theoretlcally yleld ga1ns of only’ 25 percent° however, - sxnce‘
pro&enance means make up the zone mean it is only the

functlon of the phenotyp1C“standard devxatlon among zone

means that makes expected gains 'larger for selection of

" zones . NeVerthe}ess,'it is obvious that selection'for‘

oeerall vélume production,Should be_made from the best
provenances in zone #1. For other traits, such as specific-

gravxty, branch angle and tracheld -length,’ genetmc gains may

_ be best achieved’ through mass selection. Expected galn for

specific gravity by mass selectlon-was 5.2 percent -and from‘

' selection at the family or zone.leéel'only 3.3 percent (Fig.

5c) . Although the famlly herltabxlxty is substantially
larger than the herxtabxllty based on 1nd1v1duals (Table 3)
the large phenotypzc variation present among progeny within

fam111es increases the expected gain. Predicted’ gaxns from

family selection over mass selectzon vere usually lower and

was probably due to lower phenotyp1c standard deviations of
* In practice the selectxon intensity of 0.1 could not be
used for zones since only fxve zones vere used in this
study; therefore, the gains presented for ‘Zzones are for
comparative purposes only.
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family means. Within-family selectionU05uallyvcortesppndedH
closely to the g;1ns derived from iamxly selectxon.eh
possible reason why gains £rom 1nd1vxdua1 select1on for the
two rust traits are so high is that‘the'standard devxigxons
. were very high relative to the meahs.,fhié agaiﬁ wés~due to‘
the binomial analysis approach, and iteis difficﬁlt to
understafd what economic value a 75% or 85% ga1n 1n rust
resistanc has (i. e., at a selectlon 1ntens1ty of 1. 75)
what should be noted for the two rust trazts 1s that best
gains are achieved by select1on f1rst at the provenance
level, then by the selection of 1nd1v1duals (Fxg S5a) .

: .

3.3.2 Correlated Responses'ffbmylndex Selection

Dean et al. (1983), calculated inéices céhbiﬁQﬁg volﬁme,ﬂjlﬁ

stem strazghtness, branch qua11ty and wood den51ty for
‘radiata pine and found that it was not possxble tqQ athaeve
significant improvement 51multaneously in wood‘densxty'and
growth, For comparison purposes similar 1nd1ces vepe derlved
for lodgépole pine combining volume, branch angle branch
'1ameter, stem straightness and speilflc gravxty using
economic weightings similar to that of Dean'et al. (1983).
lthough it has been shown that. the genetlc parameters
required to construct accurate 1ndicé% could vary from
population to population, estimates from the pooled analysis
were used. These give an 'average"'effect for lodgepole pine
for expected responses from multiéle—trait selection *.

. - - - -

‘Genetic estimates used here were derived from ‘mean squares
and cross products in Appendix B; correlations are given in
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Also, genetic parameters estimated from the pooled analysis
had smaller standard errors; therefore, indices would

theoretically be more precise. The expected genetic response

in these traits from mass selection in the test‘plaﬁtation

~(at a selegtion intensity of 2.67, or proport1on selected of

'1/100), as expected indicated _that trade-ofis occur between

wood density and volume growth (Table 28) kering the

‘economic weightings on volume and wood density changed the

expected gain of the traits at the expense of the other.

'This, of -course, was primarily due to the genetic

correlation of -0.36 (from the pooled.analysis over .all
zones; Taole 23) between the two‘traits and the relatively
low phenotyp1c standard devxatxons as compared to the grand
means associated with specific grav1ty (cv=7%) relatxve to
volume (Cv=31%). As reported for radiata pine by Dean et al.

(1983), selection for both volume and wood dehsity,wouid not

lead to substantial gains in both traits in lodgepole pine.

4

The best examplé of this can be seen in index equations 8

and 12 (Ta'le 28). When the genetic change in wood density
was restrltted using a restriction index approaco, volume
growth would increase 0.04 dm’® (0.5%) over ‘the plantation
average. If,volumevgrowth is restricted,. the response in
specific gravity is expected to & 0.0005 (1.3%) highervthan
the pldntatjbn.average. With equal weighting on all five

traits in the index (equation 1; Table 28), the expected

response in volume is 0.5%; in branch angle, 10.1%; in

- - e - = - = -

‘(cont'd) Appendix F.
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branch diameter, -4.3%; in stem score pobints, 11.6X; and for

- -

' apecific gravity, essentiaily no change t-.003X); Because of -

the equal weighting each trait received in equation 1 (Table‘
28), the heritabilities and phenotypic standard deviationsy
for each trait influence the b coefficients (index weights)
and the expected responses. The expected response in brench

angle is large because of the hxgh herxtabxlxty and large

. phenotypxc.standard deviation. Interestxngly, branch

diameter was always reduced except when branch angle was

restricted. Branch angle alvays increased (which is a

.desirable change)‘ however, stem score.-elso tended to. @

xncrease by approximately 0.5 po1nts, eXCept when stem score

- and specxfxc grav1ty were restricted (Table 28).

1f ‘branch angle, ,h drameter_ and stem score are
removedvftﬁm?the index, the trade-off between specific
gravity_and J%lume becomes larger, because the

interrelationships among traits are reduced to two. The
r

magnitude of the reduction in spec;fxc gravity is

dsubstantxally higher (-4.7% from -0.003%) and the expected

gain in volume goes up considerably (17. d% from 0,5%). The
actual gain that would be pbtained bybsingle-trait selection
at an intensit} of 2.67 for volume in the plantation (using
the heritability estimate and phenotypic standard deviation
derjved from Tabie 15) would be 1.26 dm’ (14.9%). This
indicates’that even though wdod density has a aubstantially
higher her1tab111ty than volume, the small phenotyplc

standard dev1at1on assocxated with it causes 11tt1e (or in
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this case negative): emphasis to be placed on wood dénsity.
Therefor?{ this index, with equal wveighting to both specific
gravity and volume, Yieldé éains greater }o; volume than
thdse expected by simply selqctingion volume alone. This
theoretical improvement for volume, using an index approach
.over single-trait mass selection,'ar;seﬁ‘from the additional
information specific gravity provides to the index. Specific
gravify, fherefore, is useful as it had a'higher

heritability than volume.

3.3.3 Combined lndex“Selection .

The prev1ously d1scussed indices are all based on-mass
selectxon in the plantatxon u51ng index coeff1c1ents based
on herxtabxlxtzes and correlatxons based on individuals. The
inclusion of more genetxc information in the index (i.e.,
family and provenance) could increase the efficiency of the
index because more or less weight is placed on the iqdex-
coefficient depending on heritabilities and ?orrelations
‘among traits at the individual, family and provenaﬁce
- levels. | | .

Two -traits, voiume and wood density, were considered
for construction of combined indiceS»(vhich include
provenance, famlly and within-family information). These two
traits were consxdered ideal for treatment by index
selection as they exhibited 1) low phenotypic correlation,

and 2) cpuld be considered to have the highest economic

interest currently in tree improvement. Efficiency of an

—
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index is”measured‘by'a'percentage g;in for each trait as
compa;;d ﬁo the overall plﬁntatioﬁ“mean. Also, the
correlation between H and'I (R’m),;the\prédictor of ggnetic
change in H vhen selection is practiced qnil (Nordskog

1978), can be used to ¢§mp§re the index equations. Economic )
weights will be of two tyﬁes; the f}rst‘a weightingi
p;oportipnai to the inverse of thé phenotypic standard
"deviations  of the traft, simiiar'to that explained by Wilcox:
et al. (1975), and the second, an equai weighting of traits
‘to examine the changes.;hat occur to the expected gain
assuming absolute equality iﬁ the value of both traits in
the index.

As pointed out in tbe‘p}evious section, simultaneous
improvement for volume and specific gravity would not occur
using both traits in. an index based on mass seleciion‘
(equations 1 and-Z; Table 29). Uéiné a combined index, where
half—sib family infofmatian is inciUded, no significant
changes occur in the expectéd\;esponses of volume and
.specitic gravity (equations 3 and 4; Table 29). However’, if
provenance information ié included to make the index a
combined index at three levels,_fespohses are expected to be
approximately 40% larger foi volume than combingd selection
fith individuals and half-sib familf information (equations
5 and 6; Table 29). This is due primarily to the large b
Yalues associated with the provenance mean relatiQe to the

family mean and individual b values (Table 29).
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I1f the 1390 individuals within the plantation are :
considered to be the population bndergoing selection, ucing'
equations 5 and 6 (Table.29), it is apparent that at a
proportion of selection of 1/100 all individuals selected
would come from the best pcoveneace (Table 30 and 31).
Comparing this to the individuals that would be selected if
using_eguatiop 4 (i.e., provenance information excluded),
the select population would also have a large number of
individuals from provenance #72. However, when more weight
is placed on specific gravity (i.e., equation 3;‘Tab1e 32),
the number of individuals from provenance #72 is greatly
reduced (Table 33). As mentioned earlier, the corresponding
gains in volume are substantially reduced withoutAprovenance
information being included. Tﬁe correlat{on between H and 1
also is increased witﬁ the addition of provenance
information (Table 29). This indicates an increase in the
variance of H (economic merit) is more predictable from the
" index wi'th provenance information included. Individual
selection for volume production gives an exéected gain®f
14.9%, while combined-index selectign of volume and specific
gravify is expected tc give a 48.5% increase in volume and a
1% increase in specific gravity-using equation 5 (Table 29).‘
The‘large wveighting given to specific gravity relative to
volume in equation 5 overrides the strong weighting given to.
p;cvenance means for volume. Although a compromise between
‘?vqume.and specific gravity is being made at the expense of

volume, as compared to the'gains that could be obtained
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bend

using equation 6, the reduetion in volume gain may be
acceptable from the point of view of maintaining or slightly
increasing specific gravity. '’ |

Because of the nonrnegafive genetic cqrrelationlbetween
height and specif}c gravity (.034), expecteé gains from
individual and combined individual-family inQex selection
for height and specific gravity were positive in ali ceses \
(equations 7 to 10; Table 29). However, vhen provenance .
information is also incruded, expected gain in specitie
gravity vas reduced vhen height and specxfxc gravxty vere
weighted equally (equation 12; Table 29). When specxfxc
gravity was weighted by the inverse of its standard
deviation, however, expected gain became posxtxve (equat1on
11; Table 29), This situation undoubtedly arises from the
large inveree redationship at the provenance level between
height growth (which is strongly related to volume growth)
and specific gravity. Examining the b values for eguation
11, it is clear that family means and individuals are
veighted heavily for specific gravity, since this iquh.re
the genetic correlation between height and specific gravitf
is 1n£1uent1a1 (Table 29). The provenea'.’effect, vhen
included in the height/specific gravity index, puts a large
amount of eqphe!ss on the‘provenance mean; therefore, a
large reduction in specific gravity is expected (equaiion
12; Table 29). -

It is Qifficult to say which of the indices are best

for a particular objective (i.e., those based on individuals
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or family means ané individuals or provenance means, family
means and individuals), "li'mplyvbccauu corrol‘ons betveen
H and 1 covered such a dbroad range. Typically; co;rolationl
vere higher when all tﬁree levels of information vere
included. Equatxons 1 through 12 appear tQ be relatively
relxable,<part1cular1y equatlons 5, 6, 11 and 12. Depending
upon the ob)ectxves of the breeder, it may bo best to use
fequation 6 if he xs sololy lnterostod in obtaining qaxnl An

volume in the Red Rock populatxon, or equation 5, if he is

ted in makihg gaihs in volume while slightly

ng spec1f1c gravity. What will happen, however, i®

st ‘all of the individuals selected by the index‘

will be from the same provenance, because of the heavy
weiéhtings given to provenance means from both equations 5‘ ]
and 6 (Table 2§). Some arbitrary restrictions likely will ‘,
have to be placed on individuals selected from the same .
provenance or family to reduce'inbr;oling; therefore,

expected éains calculated from index selection are likely to

)
be reduced.

These indices basically indicate the strong effect that
provenance«informagion can have on indices and subsequeﬁg
selection based on them. Because population genétic
parameters are likely to be quite ditferent, selection
procedures might best be approached by independent culling
of populations based on their means for the traits of
interest. Index selection could then be practiced within

{ .
these sub-populatiens. The high R’ obtained between H and I
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is probably an artit&ct of the “pooled*'genetic relationship
values used among Provendncesz(i'ef, : «the variance or |
.covériance\isgy ) from the analysis of varxance)

The inclusion of half-sib fam11y 1nformat1on is usually
expected to 1néfease the pred1ctab111ty of H selectxng on I-
in index selection (e.g., Bridgwater et al. 1982,'Ta1bert,
1984); however,'half-sib'tamily information for the indices |
constructed hefe did not intrease the !;m correlétions to a
- large ekfiﬁt. Family selection is exbétted to be more
ef?icient over individualrsélection when traits have low
heritabilities (Falconer 1981), which was not theﬂéase‘he}e
(Fig. Sa-h). Again,,this may be due to the relatively low

phenotypic standard deviation among.family means found.in

this study. ’ ' ' TN
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"to come from those families in the middle of the rank p

’4. piscussion and Conclusions

‘1.1 ﬁéasurements of Traits

. Although a substantial amount of time is required to

thoroughly test stability of sources for growth and

. performance (e.g., Wakeley and Bercaw 1965), it is like1¥> o

mdst_programs will be making a large number of initial
seléétiéns at early ages. Lambeth et al. (1983) found that
selection of loblolly pine families at age fivé for volume
was acceptable for predicting 20-year volume. It may be
reasonable to expect some changes in family rankings as
trees;mature, but such changes in family ranking are likely
‘ .
distribution. Perhaps then, other quality traits may also be

relatively stable at ages earlier than half the expected

. rotation age. From the 18 characters examined in this study,

v

inferences can be made about characters that can be assessed
at age 10 for multiple-trait improvement. ‘
The first relationships that becamé apparent. were among
branch angle, branch diameter and branch length. No
significant effects were noted for any of the three traits
at the ZONE level; however, PROV/Z effects were significant
for both branch diameter and branch length. All three branch
traits had significant FAM/P/Z effects; therefogé, branchi(
size (Branch diameter and praggh;}enqghi can Qe'ganipulétefikh

by selection at the provenance and individual level, and

i

branch anglé could be changed by selectiom at thz individual *

137
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level. Genetic correlations indicated that selection for

‘smaller branch diameters shonld_result in .shorter branches.

This isvdesirable since knot sizes would be reduced and
trees would reduce allocat1on of biomass to branch wood.

However, the genetxc relat1onsh1ps among branch angle,

~ dipmeter and length are such that if larger branch angles

are selected, 1mprovement should occur in all three traits.
;hy51ca1 measurement of branch angle gave excellent
fan1ly d15cr1m1nat1on-(ba9ed on four,branches per tree) and
mey be worth considering{ however, bhysica} measurement in
lafge tests would be costly. Assessment of'foufnmajor
brancheé} from two whorls on each tree using a 1-5 or 1?10
point scor}ng system may provide good discrimination among

lodgepole pine families for branch angle. This contrasts

sharply with the lack of family discrimination for branth

angle .in Caribbean pin:, us1ng a subjectlve “scale (Led1g and
Whitmore 1981)..The lack of dxfferences among families of
aribgean pine, however, could be due to 1) the presence of!‘
small genetxc dxfferences, 2) the 1nsens1t1v1ty of the
sub)ect;ve scale, or 3) the fact that only 16 fam111es were
agseswed in their study.

Crownland stem form measures are subject to large
.personal bias; tnerefore, it is imperative that rigorous
scoring’standards are/egtabiished and maintained across
replicatione. The scoriné system used in this study aid

LN
follow gu1de11ne;g;@r scoring individual trees for the

traits making up crown score (see page 29) ‘but "significant

> . ‘ ) . .
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‘replication differences still became evident. Stem score,
using the 1-10 point.sySteﬁ, va§ not biased, as replication
differences were not significant. |

| No significant effécts were present for crown score at

the ZONE or PROV/Z level. Stem score, however, had
"“kylnant differences at the PROV/1 level (P<0.01), which
i i ) o .

1 aiéaxgd stem straightness has a significant stand

component. Both of these traits had significant FAM/P/Z

effects; therefore, selection for crown form should require

screeningNinylat the individual level, whereas stem
straightness requires screening at both the provenance and
iﬁdividﬁal level. Family selection, typicaf‘*had higher.
heritabilities, but tended to have correspohding low
phenotypic standard deviations among-family means making
expected gain rglatively low, Genetic correlations between
crown form and branch angle were aimost minus one (-0.97).
In this study, heavy weighting was given to branch angle'in
‘the synthetic trait of crown fbrm, so a strong relationship
. should be expected. A reliable trait to measure on lodgepole
pine at age 10 may be a branch quality trait similar to that
used by Dean et al. (1983). Because of the correlation
patterns exhibited among the branch traits, selectidn based
on branch quality (i.e., branch angle and branch diameter
assessed on a few major‘branches) should bring about a_y
desirable change in most of the other characters gffecting
‘crown form; Rehfeldt's (31985b) concern about.branch length

. )
increasing through selection for growth-is valid, but

P
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selection for branch angle along with qrowth may mininize 
the overall 1ncrea$e 1n the width of the crown.

Selection for high wood density wxll also decrease wood
moisture content at both the family and zone levels, vhich
could be'considered a desirabie change. This should be
beneficial from the yiew that transportation of iogs to the
mill will be more cost effectiQe sihce less vater wil; be
hauled reiatiVe to the amount of wood. Collection and
meésbrement of wood samples ffom tes: trees is expepsive,
and depending on the goals of the program, probably not
worthwhile. This ézes not mean thet a measurement of vood

Spegﬁfic gravity is unimportant, but other devices which. can

ine a reasonably indirect measure of specific gravity could
L .

be more cost effective.

4

‘ The study of the correlations of specific grav1ty with
'.u

pin penetratxon using the Pllodyn1§e .g., Micko et al. 1982,.

‘Sprague et al. 1983) indicated ‘that the instrument coulﬁ

\
AN

give Eignificant rankings for an indirect measure of \
specific gravity at tﬁe provenance ievel (Spearman rank \
correlation [r-—0.65]:'§<0.05). The genetjc*correlation'
between pin penetration of the Pilodyn and wood density vas
-0.95(1.223, indicating that the deviee would be quite -
effective for obtaining a reliable correlated’response in
specific graviey by selecting on pin’penetratien. Sprague.et
-al. (1983) using the Pilodyn reported similar results in

loblolly pine.
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1

qukclhickness had a high positive geneiic correlation
with diameter growth and a low negative genetic correlation
with height growth. Although bark thickness is easily
measured on 10-year-old lodgepole pine, and may have its.own’
econ?mic and biological implications, it is probably a trait
that‘can be ighored in a large scale prgéeny test. The
correlations indicate that “selection for height should
: redﬁég‘bark thickness. |

As mentioned.in the results, compression wood content
‘has a high genetic correlation with speciffc gravity;
therefore, orice selécted families have been assessed for
wood density,.some wood sampling is required to ensure that
compression wood.content.is not the trait being selected.

There was a moderate negative genetic correlation
between the width of the ninth growth'ring and tracheid
1ength_(-0.391.27). It sﬁould be expected that tracheid
length will decrease slightly as selecfion occurs for
diameter. However, selection for height growth should‘
increase‘trasheid length (r9=0.551.27). This seems.to be a
contradictory relationship, but may follow the co;:elation
patterns shown for bark thickness with height and diameter.ﬂ
Once fibres have average lengths of at least of 2.,5mm, burst
and tear strengths appear to Be adequate (Kellogg, persi
com.). This length is normally attained by ages 20-30 in
' lodgeéole pine (Taylor et al. 1983). Selection for height is
likely to reduce the time required before fibres at least

2.5mm in length are formed, according to the genetic



) " 142

correlations found here. o
1f dry-vweight product1on is the goa& of a program the
correlatxons indicate that volume should be an excellent
means of 1ndxrect selection for dry weight. Brxdgwater et
al. (1983) estimated stem dry weight by destructive
samplino, and concluded that volume was also the major
factor contrxbutxng to stem dry we1ght. .
The two disease traits examined in thxs study are not ’
true metric traits and do not lend themselwes to standard
analysis. The scoring system gives good discrimination among
trees';' however, variance 41mates woula' be unreliable from
this data set. If rust infection levels are relatively low,
.a large number: of trees are scored "1", skewing the data
set. Her1tab1l1ty estimates derived by three alternative
procedures for dealing with levels of resistance indicated .
moderate levels of resistance for stalactiform blister rust
and western gall rust, but it is difficult to attach any
economic meaning'to incremenral‘gains in genetic resistence
without commercial checks being included in the test.
Practicayly, a presence/absence (threshold character)
scoring aobroach v1th significance testing determining if
family dif ferences are present, might be effective for
selectior. What is required in rust-resistance testlng is a
method t¢ ensure each individual has been exposed to the .
causal ag;nt to the same degreer therefore, artificiai |

inoculation techniques followed by field testing would be

the only way that the entire population is shifted in



~

143

relation to a threshold value. This trait is probably best

treated as a trait for independent culling at the provenance

"and individual level.

4.2 Geographic Patterns "
Substantial variation was found in most of the traits
examined in fhis stud?ﬁofvlodgepole pine in British
Columbia. Variatiqh patterns in wood density and growth
traits havelbeen'reported in a'number\of other studies
(e.g., Rees and Brown 1954, Saucier and Taras 1966);
however, little information has been reported -on variation
of some of the other quality traits at the zone ang.
provenance levels. Several aspects of the gen;tic stfﬁéturéﬁ'
of lodgepolqvpine"can by éluciéated from the results of this
ssgéiillh a range-wide provenance study of black spruce
ibicea mariana Mill.), Morgenstern (1969) used two criteria
to classify the varigtion pattern for fhirteen characters.
1f the populations (zones in this present study) component

-

of variance was larger than the subpopulation (provenance

within zone) and the family (families within provenance

‘within zone) component, the variation was considered clinal.

I1f the subpopulation component of variance vas larger than
the population and family component, the variation was
considered ecotypic in ‘ture. On the basis of the criteria
suggested by Morgenstern, it could be concluded that clinal
patterns are present for wood moisture content (Fig. 3),

specific gravity (Fig. 3) height, diameter, volume,
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dry-veight and inqidenbe of western gall rust infection
(i.g},‘uagiance attributable to ZONES Qas higher than that‘
for PROV/Z and FAM/P/Z; Fig. 4; Tables 13, 14 and 20,
respectively) in this study. However, the effect of ZONES
was not statisticaily significant for moisture content;
ﬁrerefore,\this trait should not be considered as having a
signiticdnt clinal-pattern of variation. The clinal patterns
of variation noted for these traits‘are, therefore, probably
influenced by continuous ecological factors such as regional
patterns of p?ecipitation, temperature, daylength, etc.
Geographic variation in wood specific-gravi;y of\;lash
pine (Pinus elliotii Engelm.) wag significantly related to .
the_occurfence of eérly and late rainfall (Goddard and '
Strickland 1962). Ledig et al. (1975) reported that in pitch
pine (Pinus rigida Mill.) specific gravity and tracheid.
>1ength'variation was related to climatic variables. They
hypotheéizéd that these two traits varied as ecoclines
across the sampled range of pitch pine. Of the traits that
exhibited clinal variafion, only specigic grabity had
non-significant PROV/Z effects, which i; similar to the
report of Ledig et al. (1975). Therefore, gradual
environmental factors probably have influenced specificu
g:avi;y more than five other traits that exhibited clinal
variation. Perhaps a modification of Morgenstern's (1969)
criteria is in order, by adding that ecoclinal patterns of

variation to the two previously described categories. This

would be the case for height, diameter, volume, dry-weight
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" and western gall rust resistance (i.e., signiticant PROV/?
differences were found for these traits). »

Ecotypic patterns of variation were noted for all
others, except branch angle and tracheid length (i.e.,
PROV/Z variances were higher than the variances associated
with ZONES and FAM/P/Z effects). However, no significant

+ - differences were observed among provenances for crown score;.
éo this trait should not be considered as having a
significant ecotypic pattern of variation. Stem‘score showed
significant provenance diffefences, whicﬁ-méy indicate some
'stands may be inherently prone to producing ;igher than
average stem crooks. This suggests that more discrete
factors such as local climate, soil, aspect and elevation
are more important in determining differences among
provenances for these traits. Branch aggle and tracheid
lengthrhave no geograph}c patterns associated with them, and
abpear to be primarily determined by the genetic
constitution of the individual.

4.3 Genetic Variation

When all populations were pooled for estimation of
additive genetic variance and covariance, which would give
an "average effect" for lodgepole pine, heritabilities and
genetic correlations generally concur with findings in other
pine species. The wood traits (specific gravity, moisture
content, compression wood and tracheid length) all had

heritabilities lower or equal to those reported by Matziris
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and Zobel (1973) and Shelbourne et al. (1969) in loblolly
pine. The béritability reported heée for height growth
corresponded closely to that reported by Rehfeldt (1985hb)
fo} lodgepole pfne at age six.

The only trait that exhibited an unexpectedly high
heritability ;as branch angle (0.42). Very few papers have
dealt with this trait alone. Cahman (1981) found a
heritability of 0.72 iﬁ.clonal material of "dgepole pine,
and Velling and Tigerspéai (1984) reported a heritability of
0.22 using full-sib material of Scots pine. Merrill and Mohn
(1985) reported a heritability of 0.44 from a half-sib
material of white spruce— (Picea glauca [Moench] Voss), which
corresponds closely to the value reported here.

 More important than a discussion of general trends
across the populations examined in this study is the
determination of whether the estimates of heritabil@ties and
correlations were consistent aﬁtoss the five zones. The
extensive and large distribution of lodgepole pine has led
to population differentiation at the single-locus (Yeh and
Layton 1979) ;nd multi-locus level (Yeh et al. 1985).
~Evolutionary factors, such as 1) random genetic drift, 2)
divergent selection'of macrog?ographical adaptation, 3)
balancing selection for microgeographical adaptation, and 4)
historically recent events such as migration, have had a
éignificant role in the generation and maintenance of the
genetic structure of natural populations of lodgepole pine

.~

{Yeh et al. 1985). Three different refugia appear to have
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Q)
been the major sources for reinvasion of lodgepole pine in

British Columbia tdllowing thc"lqgt glaciation (Whgeler and
Critchfield 1985, Wheeler and Guries 82). A gefleral
expectation, therefore, is that the expression of
variability in the amount of additive“snetﬁﬁ votiances
(i.e., heritabilities) and covariances (i.e.tfcorrelations)
may be due ﬁo underlying genetic processes such as selection
and migration for characters with or without some adaptive
value. Most of the traits related t6 growth in zone #V and
#5.had non-significant family effects with a corresponding
low heritability (Table 22a and 22b). Populations from zones
#2, #3 and #4 had significarn’ family effects and

correspondingly high heritabilities for the growth traits

(Table '22a); however, this changed for zo hen the

analysis of variance model was altered to inc  provenance
effects., Although the implication that some evolutionary

" forces may have caused the relative decreases in both
adaitive_and phenotypic variances in zone #1 (relative to
zone #2 for'volume)ris speculative, differences in genetic
structures do become apparent from these statistical
analyses. Whether these structures are a manifestation of
sampling errors within a zone or true genetic structures
within a zone (i.e., significant or non-significant
provenance differences), it does imply that populations need
to be considered separately. Non-significant family effects

in a zone suggest either 1) not enough provenances were

included to fairly represent a zone, or 2) provenance and
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family differences are not inherent in the pbpulqtion.
Interestingly, zone #5 na;srial (which tended to‘skhibit the
lowest hcritabilitios and hon-signiticant Egmily
differences) was the population closest to the test site.
Height differences, however, were significant (P<.05),
indicatingjihat the locally adapted populatioh had either
provenance ditferences and/or family difference? within
provenances.

Although wood specific gravity had the highest
heritability in the combined analysis (0.42), values ranged
from 0.26-0.38 in thg‘zone—by-ione comparison, with
significant family differences onlj present for zone #4.
Although heritability estimates were moderate, significant
family differences prohably were lacking because of the

relatively low coefficient of wa:xatzdh for specxflc gravity

.(7%) and the small number of taﬁiixeﬁ#ﬂ&thxn ch zo:E’ £

more families within a zbng had bﬂen mna *the
differences may have been pigni ieﬁnt.:iﬁ%g.xt 1n‘ﬂ,f;
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since selectjon tor hiqhef branch angles should reduce
overall>bfinch size. In the combined.analysés, correlations
'ot;branch angle and branch digmeter with height, stem
diametér and stem volume all yére close to zero. The
correlations of branch length with the threevg:owth traits
were all positive, -but éuite low. ~

Genetic correlations calculated for the five '
' populgtions indica;ed that specific gravity and the grovth'
tfaigp eipréssed moderate negative geﬁetic correlations in
zones #2, #3 and #4; however, zones #1 and #5 hadf
contrasting correlatioﬁs between growth and specific
gravity. Zone #! had a correlation less than -1.0; and in

' il .*“
zone #5, the correlations were 0.04 and -0, 28 for the :. }

-

specific gravity/volume relationship (depending on ;E%cﬁ
analysis of variance model used; Table 27a or Z?b).*
could havera %grge impact on sélectioﬂnfor volume, since the
correlations' can affect specific gravity in two ways:
depending on the genetic Btructure 6£'two seemingly‘
different populations. Other correlations, particularly
either between heighi'and,Sranch diemete; or betieen height
and stem diameter for zone fs are significantly different
relative to the other four zones. Selection for height in
zone #2 shqgld not bring about a larée &hange in branch
diaﬁeter, :hefeas selection fof‘height in zone #5 material
should bring about an almost perfect rncrease in branch

: !
diameter (Table 22). Across all zones, selection for height

should not affect branch angle (which vas also indicated

? -
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from the combined analysis). However,‘the prevTOusly!

descriﬂ%d scenario for decreasxng branch d1ameter by

selection of branch angle would not - be present for all f1ve

zones. Genetic. correlatxons ranged. from 0.09 to -0 95

(without grovenance eftects in the model). and from ~0 01 to“

>

-1.4 (y1th provenance effecty in the model)(Tables 27a aﬂd

27b). What it pasticularly 1nterest1ng 1n relat1on to
PR

changes in the analysis o}'var1ance model is the large

change in the correlat1on in zone #2 W1thOUt provenance"

C .

effects the correlat1on between branchdangle and branch
didmeter was 0 65 and with provenance effects accounted

‘for, the correlat1on became large and negatlve ( -0. 75) Th1s

»

‘agaxn 1nd1cates the 1arge 1nf1uence provenance effects may

have on genetlc parameter esttmat1on., . ‘_s‘
Practically, some poollng of 1nd1v1dua1 trees w1ll have
to occur to delimit a breeding populat1on, and th1s w111

-~

mpre than likely be based on rather arbitrary datat One
shouldqexpect that breed1ng zones will 1nc1ude provenancesfﬁ
(or stands) w;;h different gene frequenc1es andﬁthat errors\

ocxated thh genetlc parameters w111 be substadﬁ1a1 |
simply because we hre dealxng with wild populatxons. The
level to which.a breeder should explore dlfferences 1n

genet1p structure is d1ff1cu1t to say, since among— ‘and

w1th1n-provenance variability may or may ‘not be substantlal

fkfor all the traits of interest. Groupxng wild stand

selectjbns accord1nq to 51m11ar envxronmental cr1ter1a for'a

base populatlon may be an approach that would mxnxmlze the

L
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pooling populations iyeréé genetic struqtures. In this

case, we would ho that similar evolutionary forces

(igev, selection, t and migration) have acted acqording
to some envxronmentél structures.

It is poss1b1e, therefore, that herltabllxty and
correlation estimates are unlikely to 'be close to the true
eipression of additive genetic variance and covarianée‘iﬁ
~the population. The problem appears to be that seleétions

will be made in a breeding program after initial testing,
and these selections will undergo recombination by some
mating design to generate a new populat1on for recurrent
select1on. This new populatlon will likely exhibit lxnkage
vd1sequ111br1um, because individuals in the mating design. are.
likely" to have come from populations of d1£fer1ng gerne
frequenc1es. ‘Hanson (1959) concluded that four generatlons
f of rapdqm intermating were needed to bring a population back
to equilibrium. It is likely, therefore, that forest tree
‘ﬁopulations willvalways be in some disequilibrium, since
selection will occur each time a new generat1on is produced
and random matlng is unlikely to occur. Thgf;?ore, estxmates‘
of genetic components of varlaqce will 11ﬁe1y\;lways be
affected by linkage disequilibrium, but the change in the
mean of “the offspring by selection of parents will be
permanent singe it%ﬁs due to a change in gene frequencies,

I1f there are episféfic interactions between loci then part’
of'the‘changb i; the mean may be dye to linkage

disequilibrium (Bulmer 1980).

S
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4 4 Accuracy of lnﬂimatos ‘

| 1f a standard error of an estimate is lower than the
estimate‘:tself it could be indicative of a reasonably
estzmatzd p&rqgé;er. A1l heritabilities calculated on an

individual basis had standard errors substantially’ lower

than'the estimates thémselves (Table 3). Standard errors for

her1tab111ty estimates were much larger for family,

provenance and zone values, but most were still below the :

a

estimates themselves.w
standard errors reported here from the combined -

analysis were in the order of 20-47%-0of the errors reported
) 4

for heritability estimates in radiata piﬁe by Dean et al.

(1983). Genetic correlations typically are more poorly

estimated than heritabilities (Falconer 1981), but standard

errors of the estimates reported here for lodgepole pine

vere usually lower than the values reported by Dean et al.

 {
(1983), which g!’ heve been due to the larger data set in

A

this study
In the estimation of genetic parameters within zones,
standard errors of heritabilities and genetic correlations

varied from 25-100% of the estimates. This could be expected

. as the number of families was substantially smaller in the ~
, :

within-zone analys1s.

The bias that may have been 1ncluded in the estxmates
of additive genetic variance and covariance may be due to

some full-sib structure in the test material. As previously

discussed, .the nature of the Serotinous cones .in lodgepole

s .
.



pine may reduce this bias; however; rela&edness amon§ treeQ
in the stand may be‘substahtial, simply because fire has
‘been a ﬁajor factor in stand form?tion'of lodgepole pine.
Nearby individuai trees may have substantial palfisib.
structure, s¥nce the mother tree may the released a large
amount of seed in a localizeé area.immediately aftér a:burn.
However, thﬁs may have been minimized by éelecting trees at
least 50m apart (11lingworth, pers. com.). -

As more open-pollinated progeny from single’ treé
collections are used in a half-sib famxly resg, the chances
are greatervthét they all did not have different pollen,
parents, which would pe necessary’ for the true half- sxb
structure to ex1st. In thlS study, a maxlmum of 18 7
open- polllnated 1nd1v1duals were used to ‘assess a family for
a particular trait. Therefore, it is likely that ;h1s bias
is Quite minimal;_simgly because of the relatively low
number of open-pollinated progeny OSedvto’a;t&in é Tamily
~ mean. Epperson and Allard (1984) reported high- outcrosszng
rates, with little spatxal,varxatxon, rn lodgepole plne.
Therefore, one would not expect'a }argg\bia521n the estxmatg‘
of‘heritabilitiQS'among zones beca:sg ofnrhe high>l

outcrossing Tatgs.

‘ﬁﬁ'» a o : | .i t 3 : ,
3 4 ; ‘ ) o . ‘ #,'
4.5 Selectxon Methods

i

It is appareﬁt that tandem selection in the real sense
is not appropr1dte in tree breedxng, szmply because only oneﬁ

.

trait can be selected for each generat1on§

~
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Independent culling levels -however, may be appropriate

.for resistance to stalactxform blister rust and western gall
rust. No clear patterns ot genetxc correlataons were noted
with the two rust- resxstance tralts, uxth the exception of
dxameter growth Vlth western gall rust - (0 60+.39). This may
xndxcate that fast growan trees may be more susceptxble to
gall 1nfectxons. 1nd1cat1ng they may be the most effective
tralts to select before selectson occurs for growth and

' qualrty. It was found that .selection at the provenance level
- would be the most effective, followed by individual |
selection, for the two rust resistance traits (Fig. 5a). S
Whar~has to be assumed in these gain estxmates 1s that
ndxvxduals had egual exposure to the cahsal agents and that
apparently resxstant trees were not in fact escapes. Next,
those provenances that have performed best in terms of
growth should be consxdered The besg provenances for volume
‘ prodUCtxon vere not local sources which 1nd1cates that
selection for grovth should occur for mater1a1 that %can
‘fully utilize the biomass potential of ‘the site. Th1s
suggests that moving}lodgepolevpdne one to tvo degrees north
to cap{talize on‘photoperiod.response would\be appropriate,
assuming that they have been sufficiently tested in the new
env1ronment. . - ,;

Once these populat1ons have, been 1dent1f1ed as

relatively ‘disease re51stant and capable of maximizing the

bxomass-potentxal of the_local environment, the use of

selection'indices may be an appropriate‘procedure. Hallaues

\
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and Miranda (1981) concluded from otﬁer studies ;hat the “*" &
superiority of index selectxon vas at a max1mum when traxt; -

‘e \J
AL
vere consxdered to be equal in importance. E£f1c1ency is 3& :v

: more dependent on genetxc correlat1ons than phenotypxc
correlat1ons, and small changes in ‘economic weights do not
apprec1ab1y 1nfluence e£f1c1ency (Smlth "1983). In terms of
efficiencies of indices over sxmple select1on, 1t was shown
that an indeu including specific gravity anq volume'(wita‘
equal weiohting) would field Higher expected gains than.
select1on for volume alone., This may be an apptoach that.
could be used by a breeder 1nterested in increasing volume,

but the 1nd1ces would requxre proper genetlc estimates for

!

the construction of the index. It has been demonstrated that
these éenetic estimates depend on the population and may

- lead tovpoor inaéx constrUCtion if populaciéns'djffer
'drastically in gene frequencies affecting the traits in the
1ndex. It seems an appropriate strategy in tree breedxng to
locate populatxons exh1b1t1ng desxrable correlatxons, and to
practice index selectxon thhln these populat1ons. For
example, if volume 1s the goal of the program, 1ndex
selectxon could be practlced on the populatxon that would
g1ve the best volume respo?;e using an 1ndex. 1f an overall
:goal of 1ncrea51ng volume ‘while malntﬂmg specxfxc gravxty
at the current level was the approach a restrxcted index
for zone #2 would be approprxate, or one could practlce

index sel!'tion fron, pad =t1ons thh a zero correlatxon

54

between volumg nd 5




There are numerous options in regard to the many

: approachea that can be taken once good intormatibn is
available on population structures and economxe ob]ectxves.
It seems appropriate then, to construct indices w1th equal
weightings on the traits, and concentrate on. changxng
expected responses by. dealing with populatxons that have the
desired correlatlon patterns, instead of simply chang1ng tpe
economic values assoc1ated with each trait. Index selectlon
is expected to be a better approach. when correlations are
low and heritabilities are similar (Smith 1983). Therefore,
‘traits such as growth, specific grarity, branch angle‘and
perhaps stem straightness could be selected by index
selection. This approach could be considered an extension of
the multiple-index selection atrategy (Namkocng.1976), b§
breaking down populationé according to tneir genetic,
structures rather than by aggregate breeding values derived
from genetic estimates .in different popniationi.géf course
.practical considlrations along with clear econcmic /
objectives and goais are still required for both
muftiple—populatiqn approachesﬁ however, capitalizing.on the

genetic structures which are present in wild populations,

may lead to more.accurate,multiple-pppulationlnreedinbt \
. This thie strategy would be the intuitive-plus-index
."piecti'on deseribed byWSimmon‘ds (1979). As descrabed
‘ barlxer, hxgh specific gravity may be'»iﬁg%_§a1ﬁpre551om
‘boﬂ conterzh ‘and the select1on uou17i; B o ¢ Some ‘
a§b1trary de@;siong 3? the breedﬂg _g‘,”.:“;v;’ye;tc be‘nade

oy
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to exclude ce;tain individuals with high aggregate breeding
values becaﬁsé of a poor score fog a trait not included in
the index . or becausedof relatedness; therefore, the e;pe&ted
gains may not be realizgd in the next generation,
Practlcally then, index selection should be considered a
~ theg{etxcal tool that can identify trends from selection, as
wéif as indicate potential candidates for selection based on

multiple-trait selection.

4.6 Recommendatioﬁs

This study 1hﬂxcate5 a number oflxmportant features
that should be conSxdered in the breeding of lodgepole pine.
whgn dealing with m;terlal from natural populations, .it is
iﬁportant to conSider thevzone; prernante (or stand) and
individual tree effects. For lodgepole p1ne, open- pollxnﬂ‘fd
seed provides a valuable sample of genes from a provenance.
A number of trees sampled from a stand will increase the
' re11ab111ty of a stand mean as well as indicate the better
stands. The §tand-to-stand variation can then be examined to
determing if individuaiitreé selection or provenance
' selection (vifﬁ best trees wi}hin a provenance) is °
appropriate for a particplar trait.

Breeding within zone# should be the starting point for
improvement éince it wbuld”give valuable information on
stand differences and genqiic parameters for local

populations. Once these are understood, movement of the

material to test the ability of genotypes to realize the

’
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bxomass potentxal of the environments and to monitor genetxc
parameters may be approprxate. Ideally, these should be
initiated at the same time; however, this is usually an
undertaking of large proportions.

The heritabilities reported here cannot be directly
used in gain calculétions for wild-tree selections; they may
be applicabli in so-called "farm-field" Siantations;
Rankings of heritabilities in‘'natural stands probagay are
similar to those in test plantations, but the environmental
effects in natural stands are likely to be substaﬁtially
higher. Therefore, heritabilities in the wild are expected
to be substantially lower than those reported in designed
‘plantation experiments. Assuming the relative ranking of the
heritabilitieé among -traits stays’the same, it may be
appropriat: to select for branch angle and specific gravity
on the phenotypic observation of individual trees. Selection
for rust resistance can occur at all levels, particularlyvat
" the provenance level. Ideally, natural stands that have been.
noted as heavily infected would providéﬂbﬂi &pst material
for selection, since both pathogen and tr;e probably have
been exposed to each other for some time. Growth tréits are
most efficiently selected at the provenance or stand level,
However, a new program. shou@ﬁ#1nclude both local and
non-local sources, simply ‘4€ guard against long term
1nstab111ty of non- locaé ;%urces. 1f, however, non-local
populations éxpress better long-term growth potential, as
they appear to do in tke Red Rock plantation, then

x>
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multiple%ﬁtait selection should be practiced in this'
material. Poten}ial genetié/gains are simply too h?gh to be
ignored by this relagivelf simple approach. |

With thislapproach, the proper genetic parameters will
be available :and sublines constructed with the desired goals
(e.q., forihigh specific gravity and growth or strictly for
grovth).«This;'ot course, can occur from both local and
non-local material, depending upon which populat}ons exhibit
the desired grdwth potentials and ggnetié relétionships.
Once these breeding popUlStions.ére established,,
multiﬁle-trait selection, whether it be by indices or
‘culling leveis, will basically involve partitioning gfow{h
into the desirable components of trees,‘as it is unlikely
that se}ection witﬁin a population for growth potential will

yield substantial gains.

4.7 Future Research

The Red Rock provenance-familf pléntation offers an
interesting opportunity to eiamine genetic parameters and
their expression within zones. The sub-sampling of
provenances within zones in this study was based on sampling
constraints to some extent; therefore, a large number of
families from a large nQ%per of provenances could not’ be
sampled to obtain extremely réliable estimates of additive
genetic covariances. The estimates obtained for additive
genetic variance gave a reliable indication of different

heritabilities for different traits ip different geographic
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areas. More int{ﬁﬁive restructuring of zones and:provenanges
wvithin zones using all available material in the plantation
should yield reliable information about hod‘;he'various
populations exhibit genetic parameters in the Prince George
region of British Columbia. Particﬁiar emphasis should
perhaps be placed on materials from zones #1 and #2. Whether
the observed results are represeqfative of the area is
uncertain.

Ah additional undertaking that may prove Jaluab}e in |
the lohg'run-voulé be to make inter-provenance or inter-zone
crosses.’ Because gene frequencies are expected to be
different among populations, the composite pspulation would
probably be in linkage disequilibrium (Harvey and Townsend
19853. However, if the composite population we}e allowed to
inte}fmate randomly, linkage should be reduced each
generation by the recoﬁbination factor, and new unique gene
complexes ﬁa& become available for selection. Genetic
correlations may.also be broken and new recombinants may
exist for positive genetic correlations between specific
grgvity and volume. Controlled matings‘within provenances
would yield information on dominance genetic vaqiance, which
would be helpful in examining the genetic structures within
populations further. The design Il mating scheme (Comstock
and Robinson 1948) would be effective for estimating
dominance genetic variance; to ensure that a number of
parents were in the test, crosses could be set up as small *

four- to- eight tree factorials (i.e., disconnected
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factorial design). With this material planted on reciprocal
test sites, an-observﬁlion could be made on the means,
phenotypic variance, and additive and dominancé genetig
variance for each of the populations. The ﬁreSence of
differences in dominance t§ additive genetic variance agd
phenotypic variance may provide more precise data on which
to make comments on possible evolutionary forces causing

population differences in quantitative inheritance.

-
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Table C2 - Standard errqr calculations for herigability
estimates for stalactiform blister rust and
western gall rust using the Dempster and,
Lerner (19$0) approach (from page 220).

v

stalactiform Blister Rust

0+ (n-1ed -ty /2
£

0, =
Y A (8v2) 1
_ 0+ (14.15)0:132]"(1-0.132)5
" V/15.45(14.45) (3422-2) |
O, = 0.0041 ;
S.e. (h%)= —31 = %%%4‘1“ 0.016
western Gall Ruét
oo n-1tT (1-0) V2
v S nn-1) (8-2)
] Q + (14.45)0.119) (1-0.119) V2
i vV15.45(14.15) (3422-2)
d, = 0.0039
S.e. (h2)= :t = :2239 = 0.015

*
t = rh2 = 0.25(0.529), where r=0.25

L B

t = rh2 = 0.25(0.477)
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_ Table D2 - Outlinegi genetic variance-covariance matrix (C)
for vo;'?'k (VOL) and specific gravity (8G) for -
derivation of a combined index including provenance,
half-sib family and individual information.

Ehe‘fcsreed 1nq41ue; _ VoL - s .
YP1Cyalue ‘ '

PROV mean ) 62 cov
for VOL N PROV {VOL) * PROV (VOL, SG)
| };cS): :;gin - . ) 62Hsr(vQL) . €OV cr (voL, SG)
e o | 'CGYA (vor, 56
i:?vszean COVPROV(SG,VOL) 62PROV(SG)
Zi: :Zan ‘ » - COVHSF(SC,VOL) . 82HSF(SG)
;gg—zéee , BV, (sc,voL) o 8 se
vhere:; AOZPRovg "genetic" covzariance of an individual with it:[:r:):ep-’

ance mean =0 P

A ZHSF = additive covariance of an individual with its half-sib
family mean = ozf

(J"‘A = additive covariance of an indivi@l with itself = 402f

CAOVPROV. "genetic" covariance of an individual with its proven-
ance mean = covp '

CAOVHSF = additive covariance of an individual with its half-sib
. family mean = COVf

'CAOVA « additive covariance of an individual with ikself =
4COVf

H = al(VOL) + az(SG)

I= bl(VOL )#hz(VOLHSF)+b3(VQ% )+h4(SG )+b5(SGH )

PROV SF

+
bG(SGIND)

IND PROV

o
e
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