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The major obJectlves of ‘this study were

(1)to deCexmlne the extenc to:
‘which- southwest Oregon populatlons of Douglas f1r [Pseudotsug men21e511'd
var mgn21esil (Mirb. ) Franco] dlffer in quantltatlve genetlc structure
{QGS) ; (2) ‘to determlne whether differences in QGS are assoclated wzthf
the environments from whlch populatlons orlglnate and (3) to examine the
implications of differences‘in QGs with regards to‘exPected responses'of
traits to selection. A two year seedling common gerden study was
conducted where elght populatlons (45 fam111es/popu1atlon) two from each
kof four major coniferous zones, were sampled.

Variation among populations in QGS was predomlnately’assoclated'
with differences in trait means and genetic correletlons‘among’tralts.
The largest differences occurred betueen‘the coastalyregion and‘the’highr‘
elevezion inland region. The ‘major differenceskin'QGwaere associetedv
uith differences in correlations between growth and’phenologykcraits in -

the second growing season.




Differences in QGS were positively associated w1th the extent. of
habitat divergence for those comparisons between trait means and genetlc‘
correlations. The paired populations within anyecological zone were more
~’similar; in general,'than populations from differentiecological zones:
Three major homogeneous associations,: as measurediby,cluster‘analysisrofl
“both trait means and phenotypic correlation matrices, were -found and are
geographically alignedktofthe coastal region, a lower‘elevation inland

region, and a higher elevation inland‘region~of southwest Oregon. Natural

selection within these general physiographic'regions would appear to be.

one explanation forcthe'observed patterns in thisvsfndy.
When selecting for increased height growth in these four maJor,
zones, differences among zones in both direct and correlated responses'

are'expected. Expected correlated responses in phenology traits when"'

selection is directed at height growth, while variable among zones, does e

not appear large enough to adversely affect adaptability'to;a 1arge,:

: degree.‘ Restriction’(O%”change)’of phenology and/or shoot:r00t ratios .

in a restricted selection 1ndex would severely limlt growth response in b

two of the four zones. Restricted selection 1nd1ces should be. used onlyc~"

when necessary; ﬂand 'theix effects' should,’be7(assessed'iprior~ to o

implementation in an applied breeding program ' Knowledge~ofeQGSlof‘l

populhtlons should be ascertained‘so that biological lmpacts of breeding

4 :
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and/or movement of reproductive materlals outs1de of their nat1ve~

- -

habitats can he assessed. - ~#
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QUANTITATIVE GENETIC STRUCTURE OF DOUGLAS FIR POPULATIONS
FROM SOUTHWEST OREGON :

GENERAL INTRODUCTION

, SouthWest Oregon.represents a reglon of great d1ver51ty in geology,jf;'f

climate, and vegetation assoclatlons.k_Portlons of the Slsklyou “and

- Cascade mountain ranges occur in this region,whEre they arerseparatedfby

a maJor valley. These mountain;ranges in‘conjunction'with their Qide:”'
elevation span (sea level to 2894 m) and varlable prox1m1ty to the

Pac1f1c Ocean (range from 0 to 170 km inland) create extreme cllmatic}V‘

" heterogeneity. A more marltlme cllmate (cooler molster) ex1sts on thelgk»acl*

coast while a more mediterranean;climate (hotter, dryer) exlsts‘lnland,l

These conditions create a great mosaic of plant associations and tree

species. Within the region, four major coniferous forest zones are .
identified: Tsuga heterophylla (Coast range mountains), . Tsuga

- heterophylla (low to mid elevations in Western'Cascade mountains) 'MiXed¥ o

Evergreen (Slsklyou.mountains) and Mixed- Conifer (high elevations in the_pr

Western Cascade -and Slsklyou mountains) (Franklln and Dyrness 1973)

‘Douglas-fir [Pseudot§uga ggzi esii var megziesii (Mirb ) Franco].lssan

1mportant species component in all four of theSe zones

Douglas-fir eXhibits a great deal of genetic variation for

,morphologlcal phys1olog1cal and isozyme tra1ts (Campbell 1987)

number of common garden studies have noted the correlatlon of genetlcff»‘

P E %

patterns of geographlc varlatlon w1th envrronment of seed source and thel

apparent adapt1ve s1gn1f1cance of these correfntlons (Stern and Rocheh*




”",: ’ 2 :
1974, Silen 1978).  The maJority of these studies however, haveinot'
examined’variation among populations in quantitative genetie%structure,,
(QGS); where QGskrefers,to~within population measures,of'amounts of
genetic variation, heritabilities of’individual’traits; ana relationships‘
(covariances and correlations}»anong traits. ’

Knowledge of QGS -and it’ s varlation among populations prov1de a

conceptual framework from which to quantify potential constraints in the o

amount and direction of" evolutionary change (Mitchel Olds and Bergelson"
'1990) In addition the relative,importance of natural selectionfmight~
be 1nferred from the degree of association of QGS with spec1f1c source‘
environments." If QGS differs ~among populations responses of bothf
directly selected and correlated traits in applied breedinglprograms~may
also differ, making it necessary to formulate separatek breeding
strategies,for eachtpopulationf |

Published reports on variation in QGS among populations,of forest,‘k
tree species are few, and of those available, the majority have 1acked ’
the statistical precision necessary for asse581ng the biological
significance and practical implications of variation in QGS."Two studiesi
specific to Douglas-fir in southwest Oregon:(Kaya 1987; Mangold’l988)
reported - differences ~among populations | in - genetic correlation
coefficients,'suggesting significant geographic wariation‘in‘QGS may
exist in the region. This ”study:‘follows up on.’this suggestion,
investigating the extent to which Douglasffir‘populations from,the four -
major coniferous zones in southwest Oregon‘differkin QGS.

ER
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‘The remainder of this thesis is composed 6f,two Chaptérs aﬁdiaf
Génerél{jConclusions, Chépter 1 investigétes thei é2tent~,t6"thch‘
populatiohs of Douglas-fif in southwest Ofegoﬁ differ iiﬁf;QGS,‘ énd

determines whether differences in QGS are associated with environment of

origin. Two populations were sampléd frOm.eachfbfktherouf major”

coniferous zones and differences between populations within zones as well
as among zones were tested.

In Chapter 2, implications ofkdifferénces in. QGS for“breéding

_strategies are investigated for the four major zones. Direct responses

in first- and second-year height, as well as correlated responses in

other = (adaptive) traits, were compared. In addition, restricted

selection indices were used to explore the extent to which expected

response in seedling height (primary trait) is limited, when chrelated‘V
adaptive traits (secondary traits) are limited to no change.

--In General Conclusions, the majbf findings of the tWo Chapters are

_summarized. In addition, some thoughts and recommendations are presented

on how future work of this nature can be improved.

e
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- CHAPTER ONE
DIFFERENGES AMONG POPULATIONS OF DOUGLAS-FIR FROM DIVERSE
HABITATS IN QUANTITATIVE GENETIC STRUCTURE

 ABSTRACT

Eight  populatioﬁ§‘ 6f;,Douglas-fir [Eséudotéuga *menzie§ii HVar~
- menziesii (Mirb.) Franco],:two fromkeach of fouf“ecologically distinct =
‘zones in southwest Oregon,‘were eﬁamined for différenées iﬁ‘quantitative 
genetic structure (QGS)? differenées in trait méané, genetic variéhces,f
heritabilitieé, éhd phenotypic and kgeﬁetic»ycérrelafiohs."Forty;fivef
families from each popuiation‘were grownfin:a’commOn gafden~Study for tw6
growing seasons with’a tétal of‘22'seedling traits measured,  Witﬁiﬁ 
populations, genetic énd.,phenotypic‘f(faﬁily~ ﬁean);‘correlétions wére Ty
strongly associated sdithat‘only phéhotypic cgrrelatiohs wére ﬁtiliéed
in popuiation compariéonsf, | .

The eight Pqulatiéns varied substantially in'estimapeé of~b0thk
trait mééns and pHenbtypic,cg;relatibné,vbnt hdt~for'geneti¢,varianées
or heritabilities of traifs;’ The greatest differénces in correlations‘
were‘for,trait-pairs wheré‘growth phenology was correlated With;absolute
growth. In generai,'the degrEéiéf differentiation in both trait méansf
and phenbtypic correlationQFWere positively)rélated to'the extent of
habitat divergence'ofipopulation origins, aﬁd geographical patterﬁ;%of‘
Véxiatioﬁ)appearedft0~reflect adaptation of‘populations to their source:
environméhts. Diffefénces among poleations in:QGS‘have‘ramificatibns

with regards to expected responses from selection in applied breeding

.
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programs.‘ Thus,'it’is dESir§b1¢¢tq,evalugte’QGS separately for each.

5 S
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‘breeding population, and especially so if populations come from widely

different environments.




Patterns of genetlc varlatlon assoclated Wlth populatlon or1g1n\,

have been documented for coastal Dbuglas f1r [Pseudotsqg“ menziesii var

menziesii (Mirb.) Franco] in a variety of reglonskthrodghdut its’ range.
’(Silen 1978). In soutnwest Oregon, Douglas-fir groms in,almqsaic of
environments where strong moisture and temperature gradients estending’
eastward from the Paciflc coast lnland; and mountainqus,topography,
createkanlarge variety ef’communities and plant assoeiations (Franklinf
~and Dyrness’l973). A number of common garden*studies havekaeenremployed
td evaluate geographical patterns’of genetic Variatlon'infthis’region~for
a variety of seedling traits (e g., Ferrell and Woodward‘l966£‘Hermann
and Lavender 1968 Sorensen 1983, Campbell 1986, Whlte 1987 Loopstra and
Adams 1989, Kaya et. al. 1989). ‘For many of the tralts 1nvest1gated
genetic patterns of “variation appear to be hlghly~(cerrelated. with
environmental variables as reflected by latitude, lpngitude,delevation,
and topographic features. ‘These eorrelationsk suggest ithat naturall
selection has played a prominent role in shapinggthe observed’patterng‘a_
(Endler 1986). |
Sampling in common garden studies usually employs a large number
of populatlons’each represented by relatively few 1nd1v1duals (ranglng\
from 2 to 25 families in most’studles), which are measured for- relativelylg
few traits. This sampling ’scheme is sufficient'gtok’meet thek’major,
objective of these studies; which is!to delinea£e~patterns’erknarration,

of individual traits over a large geographic area. lLimited‘sampling of -




both traits and 1nd1v1duals within populations ~however, makes it

W j;’

+difficult or impossible to compare the gene;ic composixion of populations i

as reflected in their ﬁuaﬁtztative genetié‘%tructure (QGS) : QGS 1sk“

S

% .y:

described by quantitatiVe genetnc paramete;s suqh as mgaﬁs genetic'

variances, heritabilitles of individual traits, and relationships among

traits k(i.e., covariances ahd- correlatiens)’. 1e%ﬂé§ degree ‘to which
populations differ in QGS, and the associationm of QGS with gebgraphic,~
origin, are of great'evolutionary and practicalksignifieanee;, To what
extent, for example, have’populations evolvedxeo-adaeted,gene’complexes,,~
and are QGS's associated ﬁith'apecific’soufce'ehviroﬁmeﬁts? | |
Differences among popuiations in QGS could have a numberi»of-te
implications fer tree breeding,fklt is iﬁpoftantktelknpw to whatkexceﬁt ‘

quantitative genetic parameters derived for one population are applicable

to others. If large differences in QGS'exiSt, genetic parameters may

have to be estimated separately for different breedlng populations‘andie
selectien _strategies tailored for ‘each case; Differences in QGSi
resulting from adaptation to Specific envireamental factors needktq beiei
recognized and planﬁed:for in‘breeding ﬁrogfams; ginee éorrelatieﬁs’
between growth/wood pfOperties (e.g.,~stem voldme‘ ﬁfaﬁch_size; WOQd;f
density) and other adaétive tfaits (e.g; timing of budburst and budset
cold hardiness) maykdiffer among popﬁlaeions. The adaptive slgnificance
of QGS also'haskimpoffaﬁfkramificatiohsywﬁenechOOSing aeed'aou;cesszr:
irefOrestation., Seed transfer guideliﬁes for depiéyméatief refofestagiah

stock are based on the premise of genetic*adaptatiohHWithih‘the~tranSfer

limits (Campbell 1986);, 1f adaptation has resulted in co-adapted trait
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complexes that are ‘assoclated with specific source environments; then‘
transfer between habitats that differ appreciably will 1éad t; maladapted’
plantations. k | B ; '

Variation in QGS among. popﬁiéﬁidﬁ;“wathin'épegiég has been reported‘

‘for such diverse organléms as frogs (Berven‘l987), mlgratory 1nsects
(Dlngle et. al. 1988), and perennlal g{aSS‘ivsﬁlander 1985) In these
cases, variation in QGS was theg;}zed to hagg ;egglged,;at least in part,
from differing selection presgﬁfe§~iﬁ‘there;;iféﬂhénﬁé of origin. kFew
published reports on the phenotyplc and genetlc ‘structure of populatlons '
and their association w1th habltat of or1g1n are avallable for forest
tree species. Limited observations in Douglas-flr, howéver, suggest that;y‘

' QGS may vary substantially among populations in this species. kGénétic

structure of 26 populations from the ,Westerh”fCaSCade ‘mountains. of

Washington were assessed in a series of provénance trials established in

France (Birot and Christophéyl983). Althoﬁgh,the number'of;familiééb

assessed per population was small (x5 15), estlmated genetlé correlatlons:

between traits andk hérltablllt;esf of 1ndiV1dual traits dlfferedp'
significaﬁtly'among pqpuiations.;‘Two Douglas—firvstudiéSfin:southwegt

Oregon also reported variation in QGS. Kaya (1987), émp1oying’a saxﬁplirigi
intensity of forty familieé pef  population,‘,noted,‘that .geneti¢ ~
correlations for three pairs of seedling traits differedVBepWeenvcoastal
and inland populations. Mangold,(1988)'found‘thatrgenetié‘cpffelatibns
for various trait-pairs différed émong three populéfiéns_(ﬁhifty‘famili?s’
sampled pér population) along an elevationai,tréﬁsectg £Qt;large étandard,

errors were associated with the estimates. All*of'thelabovefstudies in




Douglas-fir were limited in numbers of families, traits assessed, or
populations sampled. 'Indéed, none of these studies were designed

specifically to ascertain the magnitude and degree to Which,QGS varies

e

i

among populations. k Lk

i T

In the study described in_;hﬁé%chaﬁcgif:a sﬁedling'common garden

experiment was utlllzed to? I) further 1nvast1gate the extent to whlch”

O s ‘ ;
B e Sk,

southwest Oregon populatlons‘ef/D'uglas f1r dlffer 1n QGS and 2) to

ol T o

determine whether dlfferences in QGS are associated w1th the envlronmentsx

from which populations origina;éj {PopulatiQQS‘were %ampled from areas
which contrasted strongly,in temperature and moisture regimes and plant:

associations.
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'MATERTALS AND ‘METHODS

- Study Populations

Eight populations, two from each‘of four ecologically distinct zones

in southwest Oregon, were chosen forfsampling (Figureul.l), The‘zones
represent the four maJor con1ferous forest types in this reglon (Franklln

and Dyrness 1973): Tsuga heteropthla (Coast range mountains; C 1 C- 2) ﬁv

Tsuga hetorophylla (low to mid elevations in Western_Cascade mountalns;"

WC-1, WC-2), Mixed-Evergreen (Siskiyou'mountains; Sal, SfZ); and.Mixédfkkl'

Conifer‘(high elevatlons in the Western”CaSCade‘and Siskiyou mountains; -
MC-1, MC—Z); The two populations in. each ecologlcal zone have very
51m11ar plant associations even though they are separated by up ton

one-half degree 1n,1at1tude, and d1ffer~1n,elevat;on,,onfaverage,bepupf~“

to 305 m.  The zones differ;‘with‘ respect ‘to location ‘(latitude;"'

longltude elevation) and env1ronmental eharacterlstics (Table 1. l)f i

Latitude, 1ongitude, and - elevatlon avevbcen thﬁ variables most hlghly“f;?:

X G

correlated with genet1c vﬁﬁgat&on patterns ln prev1ous Work and have

,,,,,

been utlllzed in models To; seed transfer guidéllnes Cgﬁams and Campbellf“:'{;

55; i‘*h f’ "3 ;

1981 Campbell 1986). Although the two §uga hetgroghylla zones from'

which the Coastal (C- l C 2) aﬁd W Cascade$'WCfl 5HC 2) populationsldlp*,:f;‘r

were sampled are 51m11ar w1th respect to maJor tree spec1es and plantt

assoc1at1ons, they differ in' a number of “other’ respects The Coastalf;ji
mountain ‘rangek has- hlgher prec1p1tatlon,k'foolerf‘average summer
’temperatures longer frost free grow1ng seasons and hlgher product1v1ty

(biomass/hectare) than the W. Cascade mountaln range (Franklln andh
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Dyrness '1973)..  The twéiSiskiyou (SIQI, SI-2) and thihigh élevatibbi~f
Mixed-Cohifer (MC-1, ﬂC-Z) ’pbpuiatibns varei foundi'in more’~xefic'
‘environmeﬁts where higher summer~temperatures,;high evapétranspiration
rates, and droughty ;oils_abound. These environmental conditions promote
a more diverse mixture of conifer species than fouha iﬁrthe more mesic

Coastal and W. Cascade populations (Table 1.1).

Materials
Within each of’the'deéignated populations,,wind~pollinated seedsi‘

‘had been collected in‘prévioﬁs years from.individﬁal'parént tfees:for
U.S. Forest Servicé tree improvement, programs. Little ’selgctidnk
intensity was applied in qhbosiﬁg the‘parent~trees; sﬁchlthat with thé:
exceptioﬁ‘of exhibiting prbpenéity for cone’prodﬁétion during the yegri‘
ofyéeed colléétion;,théftieéékweréﬂessentiaily randOm:sampleS of the
poﬁulétioh. Parehﬁ treés représenﬁing eachipoﬁulation came - from a-
relativeiy limited geographickafeé (39 to 207 km? ) and elevational rangé
(305 to 336 ﬁ).

‘Within‘each populafiqﬁ, seedé,{familiés)‘fiom:AS ?afenﬁ'trees were"
sampled fromyseedlots thatiﬁere;aﬁéilaﬁig‘iﬁfqurage;;ihe Seedlbts were

. o R, . ,‘:’»,.:, W LT !:r,;, ;, B ~«,:~,«"?§ Vo ; e
collected in 1978, 1980,kaﬁd 1982. Seedlots were chosen at‘randqm except -

N
*

that they were restricted to the same :collection  year within an
individual pbpulation and - wer'e from“péfentitféés sépar%eedufrom each
other by at least 160 m to insure a high p{obability,of{non*relatedneSSa

R A
B AN S

between families.




Experimental Methods
After soaking in Circulating water for 48 hours and stratifying for'fv

55 days at 2° c, seeds were hand sown (April 16-17, 1985) at the J"

Herbert Stone Nurseryclocated,in'southwest Oregon‘(latitude ‘~42f29'fffl': b

north, longitude - 122 SS'VWest elevation . 390,m'(Figure l.l),'Thisf,

nursery produces bareroot seedlings for U S Forest SerVice planting‘,”

programs in the regiOn. The experimental deSign in ‘the nursery was afp* g

‘randomized complete block with four replications “_A five-seedling IOW"ft‘

Plotf for - each':"f *the Ll35d lffamiliesyvu(S ; ?opulations' X 45
‘families/population) was allocated atkrandom Within each replication -
There"wasl a total~ of 7200 test seedlings ( 360 families X Sg
Seedlings/plot X4 replications) A single’tree border row around the:;iﬁ
outs1de edge of the experimental plots was utilized to alleViate edgehkf
beffects.‘ o |
Five seeds wéfe'sown_pét planting'spot'todensure germination and‘i
survivaliof onektree“per spot. In the majority of‘cases; four orffive ‘
seedskgerminated within twenty days Each planting spot was thinned
randomly to one seedling by June 26 l985 Final spacing of seedlings”
- was lO X 10 cm. | |
Seedlings were grown for’éao}seasoﬁsyusing thééstandardvcultural
regime for Douglas- fir in thls hmrsexy,ﬁexcept ho root pruning mas:

’permitted. Seedlings wefe%drﬁigated at varjious time intervals throughf;{

# TR f\ . i ',A,uw,,

August of each season. This insufed survrval and growth ch§racterlstic5n
o ot e

typical of 2-0 seedlings produced operationally by ‘the nursery.i"

Irrigation was reduced substa;ntiallym i“sepj;e;gber; bf ‘each season to
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“promote hardening off. Seedling mortality after the first and second

seasons was 0. 9 and 1.2 percent respectively ; All family plots had a

minimum of three surviving seedlings after two grow1ng seasons,

Measured and Derived*Traits

’Eighteen’traits were measured’cver,the two growing seasons, and
four additional traits were derived from‘the,measnrements (Table I.2).
These traits represent measures cf biomass hiomasskallocaticn, growth’

phenology, and susceptibility to fall frost. In addition, they represent

a sample of traits that are perceived as being adaptive singly or in

combination w1th other traits at the seedling stage.

Within family variation was also considered for analysis. Standard’
deviations among individuals within family plcts Were calculated for each
pcpulation and trait (excluding ELl,kFLZ, and FRl). Analysesaof variance
(ANOVAs) indicated that variation . amdng, families’,in withinefamily
standard deviations were not Significant‘(é > .05) in most instances‘(inil
89 % of the 152 separate ANOVAs) Therefore,k within-plot standard

dev1ations are not considered further as separate traits

Statistical Analyses

Population means, ~genetic variances, - and ‘individual ;tree;
heritabilities for each trait,(ahd geneticﬁand phenotypic cOrrelationsM-
between pairs of traits Were*estimatedhand comsar%diamcng‘Pbpulations.

ff % e . .
Two different types of ANOVAs were utilized in these series of

Aed~on plot:

comparisons and statistical procediges, Initially, data {bas




16
- means) from all eight populations uere_analyzedktcgetherufotkthekpurposef
of testing’differenCes amonganopulation meansl(Tabie_IEB,’A)t'An‘F~test
was performed to"test ‘for‘ significanced:of:~pcpu1ation';diffetences
(objective 1). For thiskand subsequent tests:“of diffetences,between
populaticns in QGS¥ differences at Pu< .05 are ccnsidered significant;'
unless noted otherwise. |
Population means were subjected to twofadditional ptOcedufes;in‘
order to assess whethef'tney’ate’associatedfwith the en%ircnment of theirf
origin (objective 2). The first nrocedure subdivided'the’seyen’deérees—‘
of -freedom for populations into seven orthogonal single degree—ofefreedom G
contrasts (Figure 1.2). The seven’conttasts cdnpare mean‘population'
differences at‘thteeehieratchical Ieyels:?populationscwithin~zones (CT
#1 through CT #4), populations between zones (CT~#S and-CT #6) and'
populations betweencbroad environmental associations (CI #75;k If,trai#,;
means are associated with,environnent{ethere'shouidxbe a,greater,numbet

of significant differences at the higher hierarchicaldlevels}fjln Chg'u;

second procedure, a cluster‘analySis based on a dissimilaritykmatrixnifc -

between the eight populatlons was conducted. uslng the Proc Clusterx

Ll

procedure in SAS (SAS Institute 1988),~ There exist 28 [(8 X 7)/21

possible pairwise ccmbinatidns of’pOpulatlons,for whlch means may~pe;%'7

compared. These differences~ between means 'were.frepresented in a’
d1ss1m11ar1ty matrix which. ‘was used as 1nput for the cluster analysls
The d1ss1m11ar1ty measure between any two populatlons was calculated as

the scaled Euclldean distance (Krzanowskl 1988 25)w ;q}

g

Z (x“ - Xy )z/wi]%, Whef?;?j and e are the est1mated means for the47~
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ith pair of traits in the Jth and’kth populations, respectively, W, is’;
the pooled within- group variance for the ith trait, and n = 19 (number
of traits included in analysis; FL1, FL2, and FRL were excluded) fThe
v'cluster analysis should appromimate Figurefl.Z if the—population means :
are associated in large,measure’with'environments.

Populations‘were also compared for differences‘in genetic variance,
individual tree heritabilities of traits, and genetic snd phenOtypi'c‘
correlations between pairs. of traits. In order to eStimatefthese genetic
and phenotypic parameters ANOVA and analysis of covariance (Proc Manova,t
‘SAS Institute 1985) were conducted for all tralts and all pairs of
traits, respectively, in each of the eight populations separately (Table
I.3, B). . Analyses Were’based on'individual treekdatadfor estimating =
components 'of '~ variance needed ’kto calculate indiVidual. :tree
heritabilities, Whereas analyses were based oniplot meanss(no’withinfplot
components estimated) for the purpose of ‘estimating the remaining
parameters. Statistical testS'were,conducted’for each of the 28 pairwise'
combinations of populations. Significant differences‘between populations
kimply differing QGS (objective 1), whereas if QGSpis associated’with'
environment  of population origin (objective 2), it is expected that:
differences will be greater between populations from the more diStaﬁt‘

hierarchical levels (Figure 1.2).°
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Estimation of Genetic and Phenotypic Perameters
Varrance and covarlance components were estimated by equating the
observed mean squares and cross products to expected Values (Table 1.3,
~B). Genetic varience‘(defined here as the family component of variance)'
was tested for slgnlflcance in each of the'univariate ANOVAs leferences
between genetic variance estimates for all 28 pairwise comblnatlons of
populations were tested kby the F;ratio (tw0-tailed, test) of the
respective family mean squares. The ratio of the twofreSpeCtive\family
mean squares’can'be'used‘to‘compere family components‘ofyﬁériance as long
as the’ data are balanced and error kmean‘ squeresk sre homogeneoos

(Mitchell-0lds and Rutledge 1986)

Individual her1tab111ty (h2 ) was estimated for each trait in each

of the elght populatlons yhﬂ; =3 (azf)/[a2 + azf i-a* ] Where azf, azfr,:
and 02“ are the components of variance for famlly plot, and w1th1n plot
re3pect1ve1y (Table I 3, B) ‘The value of 3 (azf) used in?the numerator’
to estimate the additive genetlc varlance, reflects the llkelihood thatp
offsprlng from an open polllnated parent are releted to angreater oegree’,p
 than half-sibs (Campbell 1986).e Slgnlficant drfferences in herltablllty}
estimates betWeen all 28 palrw15e COmbinations of popuiatlonskwere tested
with the procedure outllned by Kleln (1974) In th1s procedure,l
',1ntrac1ass correlation coefficlents ((a2f)/(a2 +:o?ff :” )) associated‘
with thepheritability estimate are transformed‘to'e?scores,‘and the teSt,
statistic is calculated’as;the ratio’oftthetdifferencecof z-scores'to the

standard error of the difference,f'
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Genetic correlations,betWeen traits were estimated as:
Toxoy) = % fx,y) /{ a2 f(xﬂ {a f(y)] }% | where @ fox .Yk) isythe ’family comp‘o'nent,
of covariance between two traits x and y,'and 02 f()’()yand UZ&yy are thel
family components of variance for the respective traits (Falconer l981)‘:
Standard errors of genetic correlations Were'calculatedkaccording to.
Becker (1984). |
Phenotypic;correlatiOns'between traits were estimated}as.Pearsonk
product-moment'correlations among‘family means (NaﬁkOOng”et;ﬂal‘ 1988):
iy MCP f(x;y) / ([MS 4,y [MS ‘f(y)];‘/! :"“where MCPf(x v is the family: '
;zmean cross product between two'traits and MS £60 and MS ﬂy) are the
’family mean squares for the’respective traits Standard errors ofd

\ phenotypic corre1ations were calculated accordlng to Mode and Robinson,;‘

(1.959) .

l‘esting Populations"'f:Or Differences in Correlation Structure

It was of interes’t to compare populations in terms of genetic
correlation coefficients.,jpfor’ specific ‘pairs of trait}sy,k as ',well : as for
"genet'ic correlation: structures (i.e.g,‘k"' matrice’s of ge’ne}tic correlation
. coefficients,for the same set'of multiple_ traits_). : La’rge sampling errors
“and ariknown sampling distribution‘for ‘get},‘ehtic correlation restimates
(Gros’smkan 1970), however, ,do. not'\pe‘rmit ~kth’e application of readily -
available statis-tical procedures such as thas“e'f that' can be applied to,k
‘comparing product moment correlations (Snedecor and Cochran l967) The
phenotypic correlations calculated 1n this study’(i e, correlations of '

family means) are product-moment correlations ; ,and thus are; more 'amenable
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to statistiecal comparisons Genetic; and phenotypic correlations are -
often similar in sign and magnitudev(Searle 1961, iCheverud 1988), :d
should approach the same value as family size increases (Via 198&5

Indeed, genetic and phenotypic correlation coefficients were found to be
highly correlated in this study Wlth correlations ranging from O. 89 to"
0.96 (mean = 0.93) over the eight populations (Table A. 1, Appendix A)

Thus, all comparisons of correlations and‘~Significancej tests were

conducted using phenotypic correlations. ‘Therresultshshouldpcloselyd_

approximate those for the genetic correlation structure, although’therefﬁj

exists an unknown bias.
To test the hypotheSis that populations differ in correlationio;k

structure “two types of statistical tests were conducted‘for each of the

28 pairwise combinations of populations. First, the entire phenotypic

correlation matrices of the twofpopulationsywere compared-by employing!-“

the homogeneity test of Jennrich (1970). This test statistic is similar .

to those employed for testing the equality Of‘tWO coVariance:matrices and:
follows a chi-square distributiOn. Aifortran program (EQuorm) proyidedi 1
by the University of Alberta (Harley 1986) was’ utilized for - the -
calculations. Second, a paired element t- test (Snedecor and" Cochrank
1967:186) was used' toi compare individual phenotypic ~correlation5
coeffic1ents betmeen corresponding cells of thekcorrelation matrix Thisz
test compliments the homogeneity test by shedding light on; spec1f1c‘
correlation coeffiCients which differ between populations " The number
of significant differenceskin correlation coeffiCients out of the total

number tested in ‘each pair,of,populations and the speCific traits]~'
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involved in significant difféfenCes, ﬁeré of interest.
To.determine whether the degfee of similaritykamongkcorreiation‘
structures reflects similarity of environmeﬁts of ﬁopulationkorigins
(objectivek 2), two different similarity/dissimilarity 'indicés were.

computed for each of the 28 palrWlsa comblnatlons of populatlons Cluster

analyses based on the indices were theﬂ conducteg using the Proc Cluster

procedure in SAS (SAS. Insﬁltuté*l988) The dLsslmllarlty index (Dr ) was

calculated as the Euclldean distahce (Krzanowskl 1988 25

* ‘* i Fug ‘."‘i 2

and rp; are the estlmated phenotyplc

T

[ Z (Tpji = Tpyi )2 1%, where rPY
correlation coefficients for nhe ith palr ofkl}alts 1n the. jth and kth ,
populations, respectiVely, and n = 171 (number Qf’correlatlons) Thls
statistic provides a quantitative measure of the magnitude‘of difference
between the population'correlation Structurés (i.e:, the’larger thélf
value, the greater diSpéfity between matrices). The second index is the
product-moment correlation‘that is calcﬁlated from thekpaired elgmehts
in the correlation matrices and is designated theVsimilarity indexk(Srm).'

All phenotypic correlations were " transfofmedk to z~scoresk,prior toyv’
computation of Sr, . Srm‘is a measﬁre of the associatién of elemehts
between two matrices. ‘Since the cluster kaﬁ#lysis utilizes a
dissimilarity or distance- ﬁatrix ‘as input, ’the‘ S, values wefe
transformed to 1 - Sr. The cluster analyses should approximate Flgure‘

1.2 if the correlatlon structures are associated 1n-large measure w1th,

environments.
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RESULTS

Trait Means
Means of all traits differed significantly among pOpulations, andg‘

patterns’of geographic variation, especially for first~year traits often:

reflected patterns of'variation among enV1ronments of origin (Table I A)

For example, populations from the milder coastal enV1ronments had the

I3 .‘.‘ &

greatest height growth (HTl) in the first year while those from thed
harsher Mixed- Conifer enV1ronments ‘had - the least Coagtal{seedlings?
however, had later bﬁdset“‘(FBSl) -than *Miﬁéﬁ-conlferi';é;dlings “and
suffered much greater damage from early fall frosts (FRl) which occurredk
between October 8-10 in the first year (AO% (C l) and 65% (C-2) damage
in Coastal seedlings , Vs, 4% infMixediConifer (MC-l,’MC-Z) seedlings);
The large~difference in frost damage betweennthe,two Coastal popdlations
“may be explained by their difference in eleVation of origin fPopulation
C-2, which had more frost damage ‘than C-1, comes from a lower elevation
" (Table I.1), and had seedlings which set bud one half week later, on i
average, than those from C-1 (FBS1, Table~ 1;4).’ - The W. Cascade
populations also differedyin'frOSt damage percent (WCFl (19%) vs. WC‘Z,
(12%)), again, with the lowest elevation,population~(WC4l)khaving the
greatest damage and latest average budset. Percentageffrost damage ofk
families was moderately to highly correlated to mean hudget date for the
six populations that incurred the greatest amount Of'frost damage (mean
r, = .66, range = .58 to .73).

In the second year, budburst (BB2) occurred earliest for the -
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Coastal and latestffor the Mixed-COnifer‘populations whereas final

budset dates (FBS2) closely followed the same general chronology ev1dent: e

in the first year (Table I 4) . Grow1ng season 1ength (GSLZ) was closely
~associated in a p051t1ve fashlon w1th FBSZ Whlle frequency of secondgk
flushing’was 1ow ‘in all populatlons in the f1rst year (FLl < 8%)
moderate amounts of second flushlng (FLZ > 10%) were observed in flve of
the six inland populations in the second year (Table I.h).s‘ L2;averaged
only 3 6% in the Coastal populatlons | |

Growth differences among populatlons in. the setond year appeared

WS

to be largely 1nfluenced by the degree of frost damage they incurred the'

precedlng fall, Desplte hav1ng the lpngest growrnglseasdh 1ength (GSLZ)
g s ‘{' e

and contrary ‘to expectations based on flrst year growth rates, the

Coastal populations had the Smallesf tfees A€‘tﬁa emd of the secondl

,grow1ng~season (HT2) Frost substantially 1nf1uenced second year growth
1ncrement (HTZ HTl),’especlally 1n the Coastal populations where growth '
1ncrement accounted for only 36% (C 2) and AZ% (C l) of total second year
he1ght as opposed to 48% to 54% in’ the remalnlng populatlons ‘Inl
addition, relat1ve growth;‘rates (RGR2) were lowest in the Coastal
populations The Mixed- Conifer populatlons however,‘whlch had the
lowest helght growth the flrst year but very llttle < h%) frost damage,’k
were taller than Coastal seedllngs at the end of the second grow1ng‘
season and had the hlghest RGR2 of~all,populatlons. : | “e

Shoot:root ratio'(SRRZ)‘was highest for Coastal populationsj but

lowest for Mixed-Conifer populations (Table I.h).~’In general, SRR2 was

lowest in populations,coming from source environments with the hottest, -
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driest summers.
A large number of traits showed Significant differences for those,f,‘
contrasts which exemplify large differences in source habitat (CT #5
#7, Table I.S);» that,'is, where‘cdifferent ecological zonesf:or‘“
environmental associations (Figure If2) are compared.f xForlcontraStsb~7v

between populations w1thin the same ecologlcal zone, the number of traits‘i“

which differed Significantly between the two Slskiyou (CT #3) and the twoy;fc~"k

Mixed Conifer (CT #4) populations were few,' but werefimore numerous
between the ‘two Coastal (CT #l) and two W. Cascade (CT #2) populations E
To further explore whether differences in population means arec‘

n
7

associated w1th enVironments of oragin :‘dlSSlMIlgrlty measure was

calculated for each pair ‘of populations The diSSimilarity measuresi f’

"‘iv ,{ .y i

represent the scaled Euclidean ﬁistancp between the rzfgqptive paired

populations (Table I1.6), and were used as input for the cluster~analysls.

The cluster analysis produced gfdupsg‘whereliﬁ three'oﬁt~of“four caSes,

the - two paired populations w1th1n an ecological zone were. most 51mllar’ B

to each other (Figure 1.3). There appear to be three maJor groups or
associations: (A) Coastal populations. (C-1, C~2), (B) inland, lower
’elevation populations which include .the W. Cascade and Siskiyou
populations (WC-1, WC;2, s-1, §-2), and (C)kMixed;COnifer populations(MC—

1, MC-2), with the Coastal populations most distinct from the rest.

Genetic Variability
Significant genetic (family) variability was detected w1thin the -

majority of the populations for- 19 of the 22 traits (Table I. 7)
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Variation among families for percentage of Second,flushing (both FL1 and: o

FL2) was significant for only two populations*(S-l,kS;Z), while faniiyf

variation for percentage of frost damage (FRl) was'significant'forionlyi

three populations’(C-iihC-Z, 5-2), thds,ctheseitraits were“eXCludedffreﬁpr,'
further comparisons. | | 5

Within population family components of variance (02 ). were compared ‘

(F-ratio of respective family mean = 'squares) for all 28 pairwisek:‘
vcombinations’of popu1ations for each of’the 19 traits (for aktotal of 532
,comparisOns). Significant differences between‘ family'~components hof
’variance were found in117%kand 9% of the 532 tests at the .95 andk 99
' probability levels, respectively_ The C 2 population had the largest
number of significant differenées and accdunted forzapprox1mately 25%
of all significant differences detected: ‘The maJority (63% of total) of*

significant differences betWeen the C«2 populatlon Qnda remalnlng

£ 5‘“

populations were associated with final first“?ear and second ‘year budsetk
dates (FBS1, FBS2) grow1ng season 1ength (GSL2), secand year bud height
(BHT2), .and shoot root ratio (SRR2) When the c-2 population was
excluded, the percentage of significant differences was equal to 11% and
4% of the 399'tests (19 traits x 21 pairwise combinations’of popuiations)p
at the .95 and .99 probability levels, respectively. in,this,subsetfof o
. ‘comparisons, a large percentage (44% ofktotal) of significant differences
were associated with initial and finalkfirst year budset dates (IBSi,:
FBS1), first year bud height (BHTL), and SRR2. 'in'both,series of |
comparisons, significant differences‘occurred morekoften for phenoldgyi

traits (budset dates or growing’season length) and SRRZ;‘ In general,
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variances among families within the C-2 population°were greater than

other populations for second year phenology traits and SRRZ in'thOSé,"*

cases where 51gn1frcant~d1fferences were detected. Thls is probably due
in large part, to the influence of frost, where variation among familles’o
in frost damage was hlgn in thenC;Z populatlon. fIn'contrast to thls
trend, no population or”zone had'~consistently'higher or lower family
components of Variance/'when ’significant 'differences:rwere deteeted

(excluding comparisons with the C-2 population).

Heritabilities

Although the magnitudes of heritability estimates foruindividual
traits often differed widely among 'populations  (Table 1.8), in"no
pairwise combination‘of popdlations were significant,differences between
estimates detected. A samplefsEZe,of;atbieast ZQfoamilies wodld‘be
needed in order to dlscern slgnlflcant dlffgrences (P < .05) between
heritabilities where the*dlfference in two éstimates approximates the
largest difference observed’ingtn;aletudw“ka;proalnateiy 6.&). The
majority of individual treekheritabilrtiee;“wnen;aweﬁéged over,theoeignt
populations, 'ranged between 0.207 and 0.30. : Traits with aVerage
" heritability estimates greater than of3ofweré HYHT (.64), FBSL (.34), HT1
(.39), and DIl‘(.33). Four traits had values’iessothan 042; on-average.-
Three of these were;asaociated with‘second7year phenology‘(BBZ (,11);
FBS2 (.18), GSL2 -17)), and the fourth was'stz (.16). Heritabiiity;

estlmates were not appreciably dlfferent for equlvalent first and second

year traits. The average her1tab111ty for FBS2 ( 18), hOWever was only
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about half that for FBSL (.34). Heritability estimates for HT2 in the
W. Cascade populations (.08, .13) were consiqerably'IQWer than those for

HTL (.50, .47).

Correlation Structure

Tﬁe chi-square (X2) tests for hoﬁogeneity of correlation-matfiqqs
indicated heterogeneity (P < .05) for 8 of the 28 pairwise combitiations
of populations (upper 'diagonél,’ Table i.9). “All  eight sighifiéaﬁ:v 
combinations involved comﬁariéons between popu1atidns from diffefent‘
zones. While no significant differen¢e§4W¢ré evident for compétiSonsy?
betweén populations‘from'the same z0ney this stétistic{prdvidesgng'
information on the  magnitudek of iﬁdividuéiy correlation differences
associated with the éignificaﬁceflevel.'

The perceﬁtage of phenotypic correiation cdefficienﬁs,significaﬁtly
&

different (out of 171 total) fogjgaéh,popqiation pair

gt

as determined by
t-tests, provides additional “informitich . on egrrelation structure

differences between popuiaé&ogs4(upper}diagﬁﬁ§l, Table 1.9). Four to

¥ St

eight percent . of the gcé;:glétid%Awgpe%éig;egts;fWér§ jsignificantly

different in the four comparisons of populations from the same zones.

@ g

¥

 For the remaining 24 compa%iébﬁs;fktﬁéfgﬁércengﬁgét ofﬁ significaﬁt“

differences ranged from 4 to 43 percent. ’The greatest differences amoﬁgk
iones, on average, were obSerVed’ betweén  Coastal pbpulations ~and
populations in thé femaining (inland)\zoﬁes;’~The’differences betweeﬁ"
Coastal and Mixed-Conifer ’populationskfﬁeré:’pafticglérly klarge and

consistent (29% - 43%). ‘Among the’iniandVZOnés, percentage differences
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were small between W. Cascade and both‘theHSiSkiyou (é%k-,9%)'aﬁd,Mixed{
Conifer (7%’- 13%) zoﬁes,kbut lérger'betweén‘thé,Siékiyou and‘Mixéd-
Conifer zones (14% - 29%). The~t-tést resultS were also Summarized for
the percentage of significént diffeteﬁceé in oortélatioh coefficients
involving‘first year trait; pairs (21,correlatiohé),ﬁsecond\year’tréit‘
pairs (66 correlations); and first-yeat-by-socohd-yeét traitrpaifoj(84 f
correlations), for each respeCtivékpairwisé combinétioh of popUlations
(lower diagonal; Table‘I 9). ~The maJorlty of 51gn1f1oant dlfferences
- were associated with second year tralt pairs followed by correlatlons
between first-yeat by second-year traits.

The t-tests appéar'to provide o'bettér resolution . of diffefences‘
in correlation structuro than the X?‘homogeneity,téstso‘ Results from the
two tests were only 'tooghly ;coﬁoarable. ‘Although‘ most pairwise
comparisons of populations,whioh héd more than 20% of,the trait péirs‘

with significéntly different correlation coefficients, also had

significant 'values for the X2 homogeneity' test, several population: -

A ﬂ*g

combinations with relatively thh percentages of 91gniﬁ1cantly dlfferent’

correlatlon coefficients dld not have 51gn1ficantly different correlatlon

matrices (e.g., C-1 vs{}MC-l,.Iaﬁlé~I.9){-;In additian,~twooPopu1atlon'

S
% iy

combinations with low percéotégé§bof 5féniff?§i€?oofféiat{oﬁ éifferences~
(i.e., €-1 vs. WC-2, and S- 2 vs. WC- 2) ~had.. 51gniflcantly dlfferent'
correlation matrices. In general both statlstical tests 1nd1cated a
higher degree of homogeneity botween populatlons from the same zono,
while showing a range' in relative degfee‘ of’ oimilarity' for thoéoij

comparisons between populations from different zonmes. By far, the
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largest divergence in'correlation structure’wassbetween pdpulaticnskfrcm
the Coastal and Mixed—Coniferfédnes,'

To furthef“e#plore, whether’ thelkdegree of ,sxmllarlty among
‘correlation structures reflects similarity'offenv1ronments cf population'
\ origln, two 51m11ar1ty/dlss1mllar1ty 1ndlces were calculated for each
pair"of’ populatlons. The diss1m11ar1ty 1ndex (Dr ) represents the"
Euclldean d1stance between respectlve populatlons (upper dlagonal Table
1.10). The slmllarltyllndex (Sr, ) measures the correlatlon between
respective‘ correlation coefficients and,,increases,‘in; Value ~with
increasing'similarity (1ower diagonal, TaEle 1.10).  The two neasures
showed similar patterns and mirror tncsetalready seen for the t-test
resultS‘(upper diagonal,‘TablekI.lO). e

Cluster analyses based on Dr, and Srﬁjproducedksimilar grcupings of
populations, so only the results'for Drm'are‘presentedi(Figure l.é). Ihe
major groups“or asSociations were slmllar”to thelcluster;;nalysis~bassd41"
on trait means (Figure I.3),’withfa,coastal group (C{l,td;Z)p lower
elevation inland group (WC-1, WC-2, 'S-1, S-2),pand nlgher eleVatibnp,

inland group (MC-1, MC-2). 'Thefciuster*analysis baked'on correlatien‘,

.\f«f

structures, however, exhlblted less dif%ance between‘groups relatlve to

the average distance among pbpulatlons ‘ang*he Mixed- Conifer, rather"‘

populations.
) ‘ r;:, ;A‘ o ',N'NE e ;Z'-‘w‘ e E P o = .; ’
Correlation coefficients between some pgirs of rraits were similar
in magnitude across all populations (Appendix B). For example, moderate

correlations (range from .37 to .64) existed between initial (IBSl,'IBSZ)

st Ofithe,f»~:
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and final budset dates (FBSl FBSZ) in the two respectlve years and DIZ,

HT2, SWTZ and RWT2 were all strongly,correlated with TWT2 (range from

.73‘to .99). Further inspection of individual,correlation coefficients*' .

'also revealed where major dlfferences among populatlons occurred : Tof§
1llustrate these dlfferences a subset of seed11ng trait- palrs (9 of the

19 traits) are h1gh11ghted (Tables I. ll - I. 14). This subset,nwhich is

composed primarily of second year traits, prov1des a general p1cture of
dlfferences ‘in 'trait,’associations between populations, within zqnesi
(within each Table) as opposed to populations between sones (comparlsonsl
between Tables). A large number of differences between populations

involve trait pair correlatlons assoc1ated w1th phenology and growthl‘
traits in the second year. For example, IBS2 and GSL2 were essentlally
uncorrelated with HT2 and TWTZ in the Mlxed Conlfer populatlons (mean =

09 range = -.13 to +.26);,whereas‘low to moderate~negat1ve,correlatrons

(mean = -.41, rangé = -:13 to -.68) existed for the remaining Lo

populations In addition, correlatlons betWeen BBQ and second year
biomass traits (HT2, RWT2, TWT2) were negatlve (range from -.07 to -k2&);1

for the Mixed-Conifer,populations as opposed to positive;(range from‘.ézl"

to .65) in the Coastal populatlons A 'closer' examination of ~nné"'k

population comparison (C-2 vs. MC 2) revealed that approx1mately 60% of

“all dlfferences between correlatiﬁn COefficients Were those associated

qi'

with phenology x growth trait ﬁaLrs (Appendix B Table I. 9)

a ».e

Patterns of var1at;oﬁ among populatléﬂ& ﬁbr a@trglaéﬁons between}

1n1t1al budset dates and growth were qulte dlfferent in the two years

z :
While the correlatlons between IBSl and-’ HTl was ‘posit1ve in all




29

populations (range ffom;.ll té .43y, the correlatjons between i332 éﬁd
'HT2 ranged from neér zero ih,the‘Mi#ed-Conifef.pdpulations to modérately
“negative (range from -.40 to -.68) in the remaiﬁing‘pbpﬁlations. This
difference between. years appeafs to. be - the resulﬁ ‘ofk,differential
responses of populatiéns'to frost damage at the end‘of'#hé first gfowing~
season. That is, populations which displaYéd~thé’pf6pensity to sét“bﬁds,
latest had the greatest amount of frost damage and'moderate negatiVe‘

COrréiations bétween IBS2 and - HT2 in‘the‘seéond:year.‘Vin addition,"
families from the Coéstél;ﬁgpulatidns that set bﬁd iétestiaiso burst Buds
soonerathe'following spring (hegétive correlationfbétWéeﬁ'1331 and BBZ).
Thﬁs, thé correlation»,between ,BBZ and HT??'Qﬁsa’posifive’ in CQasﬁéi  
~, popﬁ1ations. kThe§; traits; h@wever, had'wéak»ﬂegativeiéorrelatibﬁé iﬁ,

 Mixed-Conifer populations;awhere frost damage was slight:
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 DISCUSSION AND CONCLUSIONS

Populations of'Douglas-fir in. southwest Oregon[appeaf't0~ﬁary'

substantially in- QGS. This variation is primarily 8SSOCiated‘With
differences in trait means and phenotypic correlations between traits.

Since the phendtypic andfgenetié correlations,Weré high1y cofrelatéd;

variation among populations for genetic correlatiOn‘scructure should be

similar to results obtained for phenotypic ‘correlation structure

comparisons. Differences in covariance among traits. appears to be the

primary reason for variation in correlation structure since evidence for . .= =
among population differences in family components ~of variance were .

limited. Homogeneity of variance components among ‘Douglasffirf

populations was also reported by Christophe and Birot‘(1979), Rehfeidt'

(1983), and Campbell (1986) for various traits. -No significant
differences were detect§& fof‘heritabilities:of traitsyin different .

populations, but the statistical power to detect differences was very

poor. -

Patterns of variation iﬁytrait'means'amongvpopulations'refleqc ‘
adaptation and are generally consistent with earlier findings for

Douglas-fir in southwesti Oregon (e.g., White‘ 1981;:'Soféhséﬁ  1983;,

Campbell 1986, Loopstra and Adams 1989) . These«séudies found major

genetic gradients associated with east-west tramsects and large
. i Do B A ) '?‘% G : 2 :

VR

differences between major ecologicéiﬁzones7(é,g';'7

i s,

o

genetic gradients, in turny were correlated with precipitation and '

%

i ) T pE ’ oty iy B T ©
temperature gradients that’'strongly influenced growing season
, A BT S P N T ‘
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While significant differences between populations were observed. for. a
large number of traits in this study, differences.in phenology traits

were particularly striking. The largest differences occurred between C-2

and MC-2 where means differed by 16 (FBS1), 8 (BB2), 26 (IBS2), 21
 (FBS2), and 29 (GSL2) days. These substantial differences reflect

differential adaptation to climatic conditions: The populations in the:’

coastal zone have adapted to their énvironments with later budset dates;
and longer growing seasons7;eiétive ‘to pdpulatidns from iniandVZOnes,
where’the harsher ehvirohmental conditions hecessitaté shortér growing‘
seasons. While budburét océufred eérlier iﬁ the‘CaaStal populations
relative to the high elevation Mi#ed-Conifer populations, the dates Were
nearly identical between the Coastai and Siékiyou;populatidns.,,‘16 
reference to timing of budburst, differentialjrespohsés of DouglaS{fif 
from maritime -and contineﬁtal .climates have.‘been“Showﬁ to 'be‘
substantially influenced by the chilliﬁg périqd ahd’flushiﬁg‘temperatures 
(Campbell and Sugano ’1979)? Campbell énd Sugano noted that while
maritime populations often burst buds later than cdntinental populationsg
there exist circumstances (e;g., high flushing 'temperatures) wﬁére
maritime populations burst buds earlier than;COntinentalkpopuiatioﬁS{'
The nursery environment has a profound influencé'oﬁ the rate and'timing
of budburst. Budburst date§ for‘akcoaétal sourcekand W. Cascade squrcé:
from Oregon differed by only bne‘tO‘two days within each of three
nurseries, while meaﬁ budburst dates differéd‘by up‘to li déys between
nurseries (Schuch et. alt:1989).kkThefefore, while the C-2 ﬁopuiation

i

burst buds eight days earliér,Wah}éve:agé{ﬂth@n tpe?Mb~2 populatiqn in
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this study, this may not be indicative'oéidifferénées that migh?ibe
expressed in other nurééries or‘yearé.'

Coastal populati§ns ftypically‘lékhiﬁi£ 'higher séeﬁliﬁg* growth
increments when compared to‘iﬁland popqlatioﬁSf(e;gg;,Kaya'l§8?, Joiy ¢t{, 5
al. 1989), and thekaastal populatioﬁs’wéré tallesﬁ at the énd:of;thg'
first growing season‘in'this study. In‘addition,'cqastal'sourcés,haVe
been more susceptible to‘féll frost events iﬁ earlier studies Ke.g;,’
Campbell‘and Sorensen 1973, Lqépstra and Adams 1989) due to‘theflétér"‘
timing of budset inherent in thesé sourcéé;’and this aléé was the éaSg:
in this(study. In a11 probabi1ity,Vthe‘Coaétal pdpdiationsfwoﬁld hévé
been the tallest at the end of the second year if the‘ffoSt eVeﬁt,had’not'
occurred. :

Populations'within:the Coastal and»W. Ca$céde'zones diSPIayed a
greater number - and: ﬁagnitude‘ of differénces ink’trait ‘means ;han
populations within the Siskiyou’and‘Mixéd‘Cénifer zones,(Table i.ﬁ;
Figure I1.3). Génetié divergence between thé CQéstai populations‘is

probably a reflection of the relatively large environmental differences

between the two source locations of the sample populations. Population Lohans

'~ C-1 comes from an environment that is substantially higher in elevation

(305'm‘higher, on average) and drier (50 cm less annual precipitation)

than the source environment of population C-2. The harsher environment

of C-1 is reflected in the earlier budsét, shorter?grbwing season length,
but greater resistance of families to early‘fall frosts relative to those
from C-2. The two W. Cascade populations also differed substantially in

elevation of source environment (305 m), and "the khigher ~elevation




population (WC-2) alsd set buds eariier (with résultaﬁt‘shofterfgpdgingfxw
season) and was ﬁbfe frost hérdy_:relatiﬁe"to‘ tﬁe lower;veieQatioﬁygf‘
population (WC-1). The 1e$sef‘degreégof genetic différéntiation bétVééh;
populations within the Siskiyou and Mixed-Conifer,éénes,is mére diffiéﬁif,,
to explain. Within theéé zoﬁes, populatiqns,also’differed'withjrégafdé

to source elevations, although they ‘differed less ihkktOtal “annual

precipitation (Table 1.1). Perhaps, the enVironménts in these harsher =

(drier) climatic zomnes impo§e'limiting fa@tqrs which, in efféét, limip"
the “range ofwresponSes,to’a,gfeapér»éXtentuﬁhan'fhoseround in‘étﬁéf;V
climatic zones (e.g., mesic envirdnment). Foftexampié,~éﬁen though‘tVO  ' 
‘Mixed-Conifer~populations differed'by‘BOS m in avetégé élevationiof;
source’eﬁvironﬁents, growing season length differed by oﬁly,tWOkdayéf,”
This is in contfést to a differenqe of 11 déyS‘iﬁ growiﬁgnéeason 1ength’
between the two Coastai‘populationé. iFactors Such,as drought‘streSS»and

high summer temperatures in the harsher climatic zones may impose quite :“

different constraints on the growth patterns (response functions) of -

populations in comparisoﬁ to other climatic zones. 'Thus,lthese‘factors;
in combination with 6ther éhvironmental‘faétoré, may cause:respohse~
-functions to differ appreciably frdm those of other zones. -Differences.
in elevation, for example, may not cause similar changéS' in\ trait
responses among zones due to the influence of other envifdnménfal factors :
within any one zone.

Patterns of variation among populatidns'in_cofrelation'Stfuctgre

differed somewhat from patterns observed in trait means.: Differences

among zones relative to differences between populations within zones were .

gt tigy
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greater for trait meaﬁs.(Figﬁréé‘i;3t~;iiﬁ)§*Miﬁué,;;opulationsvappéérL,'
to be less‘differehtiated in terms of ¢orte1atioﬁ structurq than for
trait means. Traitt’meéns kmay‘ bei more"sensitive ‘to 'environmentéi
variation and.;bé a 'more,ksensitivet measure of‘ﬂéﬁvironmentél,kfactors
important to adaﬁtatioh. Correlation structures, hoﬁever;kmay be'les$‘ 
variable within, certéih environmehtal‘ raﬁges; ”Majof differences kin'
growth patterns - (as caused byk’vety: different,‘ehvironmental gtfess i
factors) may: be neCeséary to affeét the,relati&e cotrelatidn structures
totan appreciéble degree“ 3

l Patterns of variation baéed on both trait meanS and torrelatiOn'
structurés were hot ‘entirely as predictéd on the vBasis of ‘habitatf;
gtoupings that were originally'enviéiohed (Figdreé I.3 - 1.4). Instead
of four, threekfeiatiVely diétintt'groupings were identified, which are
’geographically associated with the'ctaStal zonéy(C?l, C;Z), a lower
elevatioh‘inland zone (WC-1, WC-2, S-1, 8-2) and a high elevationtinlahd
zoné (MC-1, MC-2). ‘The_énvironmentalkcharaCteristics of the source
locations -and growth pétterns observed for the populations‘ﬁithin each
of these three climatic zones 'are quite distinct. Majot climatic
difference;‘: among these z‘ones influence gr'owthy patterns émd pheﬁolbgy of-
Douglas-fir, and adaptation to these maéro-climétes is ptobébly; at least'
partially, responsible fot“the patterns observed. ~’The'boastél Zoﬁé
experiences a morekmaritime'climate and longer growingfséasoh as opposedk
to the inland populations where a continental ciiﬁétek(hot#dfy sumMets)
and shorter ’growing‘ seaébns _éxist, . The high:’eleVation ~zome is

distinguished by very short growing seasons, cooler temperatures, and a -
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large proportion’of precipitation in the form of snow}‘

Differences among populationsffrom different zones‘in correiationanf
between second year phenology’and biomass’traits,(i.e;, HTZ"SWTZ’ RWTZ;
TWT2) were quite’pro@inent,‘and contributedginbiarggymeasore td]the
overall differencesn’rn fcorrelation. structure’ anong:npopuiatiqns-‘jihﬁ
observed correlations between'phenology and/biomass‘traits,ﬂhowever,dwerek
not always those expected’basedkon adaptation; This,wastespeciailjoso

 for the Coastal populations. While the longer growing seasonjof1Coastaip

population families is as expected the: negatlve correlatlon between o

growing season length and HT2 (Table TI. 11) appears to be counter to an,~i
eff1c1ent accumulatlon of he1ght and the adaptatlon of these populatlonsk
to a~mild climate. - Theknegative correlation betWeen;groWlng.seaSOn

i P

length and HT2, however seemaftowbefa'frosc”relgtgdﬁartifact.<AVlater;;'

budset date in the first year vas correlated w1th a later budset date 1n

£

the second year, wh1ch in turn was hrghly correlaﬁadﬂtpf;he grow1ng‘

¥ % ; o

season length in the second yedr. Later ﬁaﬂSet 1ﬁ*year’ona‘c01nc1ded,‘
with greater frost damage to terminal:leadexsw,Theﬂmore damaged’famrlres
subsequently grew lesskin_the eecond‘gro;ing‘sea;onhand'accumoiated’iess‘
overall biomass in year two;(e.g;; correiationkbetween'second yearkheight,
increment and total ‘accumuiated. height (HT2) averaged Of93 hfor hthe
Coastal popolations). Thus,,there'was a negative correlation%betﬁeen';
growing season length’and biomass accomulation_in popgiations which
suffered the greatest‘amounts of frost’damage in year,dne;"'

In a previous:study:;Kaya‘(l987), using’similar‘faﬁilies from thef

same two Coastal populations, estimated the genetic‘correlation between
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second year heightnincrement and secondtyeardbudset’datedas r§,= 0.42,
which indicates a pOSltlve association between bionass and grow1ng season
length fordthe coastal zone., There was no fall frost event in Kaya‘si

study, and the large differencefin correlations‘in~the two studies'is

;undoubtedly due to. the response of ‘the Coastal populations to the Hgi~

presence or absence of>frost.~ Numerous studies in other speCies have
also shown changes in correlation seructure when populations were ,‘
F “ iy S

’ subJected to different enViermenta& conditrons QSchlichting 1986)

Consequently, 1nferences” ftom th1s study’ are necessarily 1im1ted tof‘

specific correlation coefficient‘must be viewed in~the;context of the
g v g A O . i s . .

particular study environment énly. ' «.

The W. Cascade and Siskiyou populations also'had low. to moderate~
negative correlations (range from,-.13vto -.68, Tables 11.12-13) between

growing season length, or ‘initial budset date, and 'HT2 in thedsecond

year. The fact that these populations also incurred a moderate amount =

of frost damage (range from 12% to 19% (within familyk‘plots)) may
partially explain these negative correlations; Other eXplanations may

also be plausible. Kaya (1987),examined,genetic structure inkan iniand

population, which combined~fami1ies from the S-1 and MC-1 popUlations‘in;~;'

this study. He found second year height increment in 1n1and families to
7 be primariiy a functiorr of predetermined growth, ‘He /also found a
negative genetic correlation (!.43’ betWeen predetermined growth'and,
budset timing, and near zero genetic correlation between’second year

increment and budset timingL nThus, in inland ZOnés,,height growth may
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rely less on growing season length.k‘RelatiVelfitness and grouth retesﬁ
in lower elevation inland-populations may also be dependent on‘ahilltyn'
. to survive drought stress’and high summer heat loads.' Physiological

attributes (e.g; stomatal closure growth cessatlon) that permlt ‘the
trees to survive and prosper may occur sporadlcally dur1ng the grow1ng
season, and there may not neCessarily be a positive\correlationobetweena
growing season length (or budset’date) and helght‘growth‘in”a particularh
year, | |

W

In contrast to the‘other;@opulations; there ex1sted~zero to lowkk

A e

p051t1ve correlatlons (0. 0 to;t26 range) betweepn.~growing season length
and blomass traits (HTZ RWTZ TWTZ) 1n the Mixed- Conifer populatlons
Frost damage in Mixed- Cenlfer pbpplatlons was onlyﬁsllght*mﬁnd thus, the
large differences in correlatlon structure between this zone and other’,i
zones may be pr1n01pally due tolthls‘fahxk’Thesezpppulatlons ’however;k
also had a tendency to second flush at higherffrequencies in the second
vear, and this characterlstlc may prov1de opportun1t1es to extend thel
growing season (and growth) under favorable cllmatle condltlons ”In
addition, the high.elevation populations’have been shown to be more
drought tolerant than lower elevation populations iin‘,this ‘regioﬁ,
although this may be'an'indireet;result~of their earller—hudset dates
(Whitekl987). These faetors in combination, however, suggest that thesekﬁ
populations have adapted patterns ofpgrowth quite distinet from other
zones, | N o | |
The relative 'similarity of correlation 'structures, between -

populations within each of the three'generalyclimatic‘zones may, in part,
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be the result of naturalbselection where a specifichintegrated trait
complex is favored iu similar enVironments. Natural selection can occur
ouly if there is phenotypic variation amohg individuals\and’fitness
differences among 1nher1ted traits (Endler 1986). cThese twc conditions
necessary for natural selectlon 1ndeed exist for Douglas f1r Ain southwest
Oregon as indicated byithe genetic and phenotypic variation shown in this
study, and previously. = Whether fitness  differences ‘exist among
correlation structures is not easily determined. The:total phenctype’has*‘

. been referred to as the unit upon which natural selection acts (CheVerud

1982), and a log1cal extension of this prgposal suggests that phenotyplch;'

structure of populations might also be shaped by seiectlve forces. It

is generally accepted that spec1fic tra1ts have d1fferent f1tness values,.

P
Fa

in different environmentsu Magor dlfferences'eﬁlst between:the coastal ff'
low elevation inland, and hlgh elevat1on 1nland zones w1th regards tc

general growth patterns, env1ropmental extremes andfplant associations

{(Franklin and Dyrness 1973). The fact that correlatlon structures aref~h,~

associated with habitat divergence implies that the environments haveh7‘
influenced character, covariation (Thorpe 1976).’ Natural selection'
results from differences in adalatation (Endler 1986), ‘and thése?
differences will be evident in the covariance structures The fact that‘
differences in correlation structure increase’ﬁith increasingydiffergncg
~in source enVirOHmenﬁ'strengthens the inference‘thatcSelectica,playsha
prominent role in‘determination,cf the structures.’rit‘fsqdifficulteto_f1

prove that selection is the’primary‘process that molds the'covariance (Qrff

correlation) structure. For example, the relative geographic proximity
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of the paired populations,may result in substantial gene flow‘between
Zpopulations whichkwould contribute to their similarity. Discrimination,
between selectioniand gene‘flow explanations_(andkeomposite\effects ofd
both) is not possible in this study because‘simiiaritydof hahitats anddl
“distance hetween, populations are ,confoundedr:ki.e;, most similar
populations were also the closest geographically). The results‘of,thisﬂ
study, however, lend support to the idea’kthat:’seiection plays ank'
important role in determining QGS, including interrelationshipsiamong
traits. | | ‘ |

Differences in QGS among populationsfhave praoticalkramifiCationsr
with regards to seed:transfer~and selective‘breeding; As obServed for
ktrait means in this andkprevious studies correlation structures also;db

differ among populations and ;test enVironments - In addition,

® o

quantitative structures appear to dev1ate te.a greater extent when the
‘environments of their oxigin aisa ﬂiffer to a large degree 1n harshness
; . w S RO X T Py Bl e .

and grow1ng seasonylength. —Sobstantial differences’among populations in’
genetic correlation structurénimplies~thatﬁdi?fereidesain‘COrrelated'
responses can be expected when the oopulationsoarefsubjected t0’natura1
and/or artificial selection. One cannot make broad generalizatlons about
the magnitude (and s1gn) of interrelationshlps between traits espe01a11y ’

when populations come from very diverse environments. Thus there,may G
be a need to estimate the degree of:' genetic control ‘and
interrelationships among traits separately for each’breeding population.
For example, when selection‘is applied,to growth traits, correlated

responses for timing of budburst and budset might vary substantially




"
among populations,, Changesﬁinzphenoipgy uight‘drastieallylaffect theh"
adaptive characteristics,assoeiated;with,eold hardiness (Camnbellyandk,
Sorensen 1973) 'and frest avoidanee'(Rehfeldt 1989) that’have eVolved’inc
specific environments. Howeuer populatlons from s1m11ar env1ronmentst
appear tp bek;less dlfferentlated ‘on ba51s of “genetlc correlatlon
structures, thankfbr trait‘means. This suggests that populatlons may be
pooled for breedlng purnoses 1f’env1ronmental dlfferences are not too
great; and there ex1sts the p0551b111ty to breed for- broadly adapted“
'genotypes for the environments in‘question;ﬁ Therefqre, the QGS. and
biology -of the asnecies kmustk’be: understodd. uhen ‘seed,:transfers~‘and"
hreeding plans are implemented- ’Biologlcal ‘ramlfieatlons of gene~
resource management can only be understood when’ the~ magnltude of

differences among genetic structures are understood.
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Table I.1. Location and env1ronmenta1 characterlstlcs of

southwest Oregon populatlons

W

b/
c/
d/

ef

Precn)1tationa/Temperatureb/
Zone/ - Latitude/ Elevation Annual Summer'Jan. ~July Forest.
{Pop™ Longitude (meters) (cm) (cm) (°C) (°C) Type®’
Coastal IR o S . :
(c-1) 42 40'/  457-762 280 33 2 25  Tsuga i
124° 05° ' , o heterophylla
(C-2) 42 10°/  152-457 330 35 3 22w
| 124°10¢ R , R |
. Cascade
(Wc-1) 43740/  427-762 127 18 -1 28 "
: 122°45°* , i L TR
(WG-2) 43°25¢/  731-1067 152 21 -1 28
122° 40" S EN ' S
Siskiyou
(s-1) 4230/ 305-610 146 17 0 31 Mixed-¢
123°40° , , , © .. Evergreen
(5-2) 42°20'/  457-762 127 13 .0 31 "
 Mixed-Conifer
(MC-1) 42°30'/  1067-1372 120 1% 6 =28 Mixed-%/
122° 20" G i.. . .+t Conifer
(MC-2) 4205/ 1372-1677 1l& 147"~ 3 m31 :
122”55 s | i : |
a/ Average annual precipftatfon<and avérége dry season’ (Summer)

precipitation (May th;pugﬁ Séptember) from 1960-1980 (Oxggon State; o
Univ. 1982a, 1982b).

January mean minimum tempera;uras cand. July mean maxlmum;;
temperatures (Franklin and. Byrness 1973) :

General forest zone classificatfon (FrankIln and Dyrness 1973).
Western hemlock (Tsuga heterophylla) is the climax species while
Douglas-fir (Pseudotsuga menziesii Var menlesll) is the maJor
sub-climax species; : : :
Douglas-fir, sugar pine (Pinus lambertlana Dougl.) , tanoak
(thhocarpus densiflora), and varlous schlerophyll hardwoods
constitute the major species.. ‘
Douglas-fir, sugar pine, ponderosa pine (Pinus Donderosa Dougl )
incense- cedar (Libocedrus decurrens Torr.), and white fir (Abies

concolor (Gord. and Glend),Llndl.),are the major species components.
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Table I.2. Description of tréits.
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Code - Trait Units
I. First Growing Season: .
HYHT Hypocotyl height . cm
#COT Number of cotyledons number
- IBS1 Initial~budset\date§/ weeks after August 21, 1985
"FBS1 -~ Final budset date® weeks after August 21, 1985
HT1 First year height - - cm ~ ‘
BHT1 Length of terminal bud mm
DIl ~  First year diameter? mm
FL1 - Percent seedlings in a
' family plot with R e
~ multiple flushing . ‘arcsin V&
FR1 Percent seedlings in a S :
family plot damaged by
October 8-10, 1985 S
frost event arcsin V%
II. Second Growing'Season:
HT2 Total height (2-years) cm
BHT2 Length of terminal bud =~ mm
DI2 Second year diameter® 7;'mm,, ;
SWT2 Shoot dry weight ~gms (X 10)
RWT2 Root dry weight . gms. (X 10)
BB2 Budburst date® - days after January 1 1986 2
IBS2 Initial budset date® days after January:1l, 1986 .
FBS2 Final budset date® days after January 1, 1986‘
SRR2 Shoot:Root ratio . = ln(SWTZ)/ln(RWTZ)
GSL2 Growing season 1ength o o
. (FBS2 - BB2) ; o Ly :
RGR2 -~ ~Relative growth Eate : ff{kniHTZ)lﬁnngl)]/GSLZ
TWT2 Total dry Welght e T R ‘

(SWT2 + RWT2)

family plo:c aith i
multiple flushlng

, - gms (X 10)
FL2 o Percent seedllngs An a- g -

*1 LoH !“,‘ L. = e
aréﬁlan% St g Dy

b/

terminal bud scales occurrgd)

al Inltlal budset date denotes time gf Ln;tial budsqt (tlme when »
Fxnal budset date refers to.

budset after any second flush. Final budset date ‘equals initial

once per week:;

c/

. budset date if second flushlng did not oceur. Budset was recorded

Diameters were taken dlrectly below the cotyledon scar.
Budburst date was recorded twice a week; time when needles

first became visible in the opening'terminal bud.




43

Table I.3. Forms of the analyses of varlance and covariance:

(a) Allipopulations together (B) Indrv1dual
source: populations separately.

Source of 1 Degtees of N N N G

variation - freedom  Expected mean squares®

(A)

Replications ‘:7 >‘; 3 L ‘ b e i
~Populations (P) 7 02, + 4 aff“” +25.714 K2
‘Families/Pop [F(P)] 352 0%+ b4 of ﬂp)' ‘ :

Error -~ . 1077 o2, ‘
Replications (R) 3 . i

- Families (F) B 44 0'2" +.n o2, + AR azf o

FxR 132 o2, +m ot

Error  [(N-1)- (179)] o, e
fa/ (A): = fixed. effect due to populatlons,ia oy ™ variance among

. open- polllnated families within populations; o? = error variance;
© where analysis is- based,on famlly plot means.

(B): f‘- variance among epen polllnated families; o2, = varlance

o of famlly X replication {(plot); o

= within plot érror. varlance,

~n = harmonic mean number of trees per plot; N = total number of

 trees; where ana1y31s was based on individual tree basis. When
~analysis is based on family plot means, there is no estimate of
within plot error. Plot error- {F X R) then equals the error

variance, o2,

while family (E) ‘mean squares equaI 02, + 4 %,

Covariance (ANCOVA) componerits ‘have the ‘same Form when expected o
mean squares are replaced with, expected a&bss groducts
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Table I.4. Trait means and coefflclents of varlatlon (in- parentheses)
for the study populatlons

Populatlon

Coastal W.Cascade ~ _Siskiyou  Mixed-Conifer"
Traits®  C-1 C-2 ~ We-1 WG-2 S-1 - §8-2 MC-1 _ MC-2
HYHT 9.33 ' 9.37 - 9.71  9.54  9.46 9.42 9.05 9.06
S (8.4) (8.7) (8.7) (8.3) (7.6) (7.6) (8.2) (8.5)
#COT 6.96  6.77  6.95 6.96 6.76 6.78 6.73 . 6.78
’ (5.9)  (5:6) (6.0) (6.5) (5.6) (5.5) (5.8) (6.0)
1BS1 5,16 5.66 4.53  4.04 4.09  4.33 3.70 3.42
v (14.2) (14.6) (17.3) (18.5) (18.2) (18.8) (19.8) (21.8)
FBS1 5.45  6.02  4.85 4.29 - 4.48 4.56 3.90 3.71
‘ o (10.9) (10.4) (14.7) (16.9) (17.8) (15.8) (19.3) (20.4)
HT1 26.2 27.1 25.8 24.1 23.8 24.2 220 21.6
G (11.2) (11.4) (11.4) (11.2) (11.7) (1l.3) (11.5) (11.8)
BHT1 3.32 2.39 4.21 4.75 4.30 4.32 5.21 5.17
3 ©(30.1) (36.1) (23.4) (17.8) (24.0) (21.7) (14.5) (15.3)
DIl 5.29 5.3%  5.46  5.29 5.12 - 5.27 = . 5.02 5.03
‘ (8.0) (8.0) (8.2) (8.8) (8.1) (B.6) (8.4) (7.6) .
FL1 5.2 6.1 5.9 56 7.8 -~ 4.6 4.4 6.3 .
‘ (186) ~ (189) (141) (218) (184) (182) (191) (171) - -
FR1 39.6 64.7 18.6 12,0 19.4 18.8 3.9 3.8
o (s4)y  (66) 0 (28)  (13)  (27)  (27) (23)  (13)
HT?2 44.9 42.6 49.5 48.4 46.1 46.8  47.5 46.1
C(l4.4) (15.1) (15.2) (13.8) (l4.6) (13.2) (9.1) (10.0)
_ BHT2 8.10 7.49 8.85 8.92 8.88 8.74  9.18 9.06
- (7.5) (10.3)  (7.7) (7.1) (7.1) (6.8) (6.8) (6.0)
- DI2 - 8.74 -8.43 9.68 9.21 '8.89 9.18 8.75 8.50
(10.2) (12.1) (11.0) (10.6) (10.5) (10.2) (8.9) (8.7)
- SWT2 - 16.7 15.0 20.5 19.0 17.2 18.0 16.7 15.7 =
L (24.5) (29.3) (23.4) (23.7) (24.3) (21.4) (20.1) (20.1)
RWT2 5.0 4.4 6.3 59 57 6.0 56 5.4
s (264.5) (28.3) (22.7) (22.4) (23.2) (21.0) (23.3) (36.5)
BB2 97.7 . 95.1 100.6 100.5 97.5 ~97:3 102.3 103.2
S (4.4) (3.1) (4.2) (4.6) (4.1) (4.3) (4.6) (4.2)
' IBS2 176.7 185.9 '172.8 166.6 169.1 172.3 161.5 159.6
‘ C(4.2)  (4.9) (4.2) (5.0) (4.4) (4.2) (4.5) (4.2)
- FBS2 178.4 186.5 175.0 171.8 173.7 175.5 167.3 166.0
- o (3.5) (4.8) (3.7) (4.0) (3.3). (3.4) (4.1) (4.2)
SRR2 3.40 3.49 3.31 3.26 3.13 3.05 3.06 3.03
- (3.1) (3.9) (2.6) (2.6) (2.9) (3.0) (3.9) (3.9)
GSL2 80.7 91.5 74.5 732 76.3  78.2 :65.1 62.8
~ (9.9) (10.7) (1l.6)°(12.4) (10 0).(10. 2)¥(12.9) (13.1)
RGR2 ~  .254  .186  .347% 371 .314 4307 _ .427  .420
, C(40.1) (42.4) (32.2) (23.6) (26.3) (26 1)7(19.6) (18.9)
STWT2 0 21.7 19.4 22680 24.9 0 22,9 24.0 - 22.4  21.2

, (24;6)*(28.9ﬁ~(22 9) (23:2) €23.6) (20.9). (19 7) €19.2)
FL2 5.4 1.9° 77 1705 16,9 11.6.-21.7 2.5
(217) (341) c963 Gy "(1285' (f%O) 9%) 3&81)

8/ Trait means presented in or1g1na1 Hnits’ oﬁamaﬁsurq See Table

I1.2. for trait descrlptlon%and uriitsi of measure See Table I.1 and ffl

Figure I.1 for location of populations.




‘Table I.5. Comparlson of population means: for 1nd1v1dual traits
under seven orthogonal contrasts: : :

Contrast®

Traith/ ‘w g 5 ‘4 5‘ — o ,7i

HYHT -~~~ NS NS NS NS R
#COT 4% - NS NS NS . NS NS = ¥
IBS1 LookR kR NS kL e ek aek
FBS1 %% %% NS NS = k% %k %k
HTL %% - N§ NS %k owk ek e
BHTL Sk k% NSNS Rk ek
DI1 NS % * NS NS okk k% : : , e
HT2 % NS NS NS %% NS NS
BHT2 S *% NS - NS ‘NS o *% %k
DI2 % %% NS NS %k Ak ok
SWT2 - *% * NS . NS Kk w% *k
RWT2 % NS NS NS o ®x %k wx
BB2 %% NS NS NS Xk kR Ak
IBS2 SRR Rk T ARk ‘NS o *% e
FBS2 . N = NS NS = %% ko wk
SRR2 *%k NS NS NS wk NS Kk
GSL2 *k NS NS %k k% k%
RGR2 *% NS NS *% *% ek
“TWT2 , *% NS NS %% *% . NS

FL1 NS NS *% % . NS NS - NS

FL2 . NS Kk Ak NS SR *% *%

FR1 ‘ %% . %% NS NS k% k% k%

1

a/  See Figure I. 2 for descriptlon of contrasts.. Each contrast~
represents a 51ngle degree of freedom F-test w1th 1,352
degrees of freedom. NS = non-significant, * = P < .05,

*% = P < ,01. s S

b/ See Table I.2. for trait,descriptions and units of measure.

A ’ i - Do L,
& P SER Er




Table 1.6. DisSi@ilarity;mattixIbécweenwﬁwpépulatibﬁsié/lﬂ,‘~"'

o Coéstgl | VW.Cascadé} SiskivoﬁJ~’Mixed—COhiféf'
Population | €-1  €-2 WC-1 Wc-2 S-1  §-2° Me-1 MC-2

| { | ‘I I | b | I

c-1 | 13.19 | 3.37 | 4.26 [3.36 |[3.05 | 6.08 | 6.52 |

| L | IR [ fI" j“IHI' 4

' I I e e | A

C-2 | | | 6.29 | 7.31 |6.25-15.90 | 9.06 | 9.46 |

‘ | ’ ] | . S P et

T R T [

WC-1 [ B [ S 11.96 (2.32 |1.82 | 4.27 | 4.92 |

' | L | L | b "I" _ | 1

o | R 1

WC-2 ) |- | | [1.66 |1.94 | 2.46 | 3.07 |

1 | L SNE | | | w II S

I [ 1 [ R b

- S-1 | 4 | |t 10.96 | 3.18 | 3.73 |

1 | ] B | | R | K ie

R (R T R I

.8-2 i o ] [ | i | 3.8 | 4.42°}|

] 4 | | I MRS M |

S B | 2 I e

Mc-1 | | | I 00 1 1o0.89

‘ | . i | _ 1 | 1 ! | 1

I L B S | y I

MC-2 I | ! I b R | I

| | i | 8 | S | i

3/ Dissimilarity is equal to the scaled Euclldean dlstance
[ (x5 - }(h)’/w‘]'/z ,  where x‘ and %, are the estlmated
,me ns for the ith pair of traits in the jth and kth :
populations, w; is the pooled within-group variance for
the ith trait, and n.= 19 (number of traits). :




Table I.7. Traits-with significant family components‘of‘
“variance (o2;) within populations.® '

Population .

Coastal ~  W.Cascade ~ _Siskiyou = Mixed-Conifer .

Traies” G-l G-2 WC-1 WC-2 S-1 S-2 MC-1  MC-2

I. First Growinngeascn

HYHT kK kxR Rk Tk *x L wk
- #COT Fh k% k% ok x%x %% %% NS
IBRS1 *% NS %k Ak k% B L
'FBS1 K% K T AR T RE E  E
HT1 NS %% kR xek N T *% *x
. BHT1 T T x ww o s
DPIL Kk Ak *% ok B = RO o
- I1. Second Growing Season
HT2 ®% ek NS NS = owx o ** kR ww
BHT?2 RN - o IR R T B o ok
DI2 *k kN *%k * ke Rk Kk
SWT2 T e T Lk
RWT2 , *% kx Rk *% o ww ek % *x
BB2 * A NS NS = NS NS %% *
IBS2 * *k k% NS k13 Tk Sk Kk
FBS2 * k% *% C/ kR ok ko
SRR2 ko kA NS et K% *x * k%
GSL2 Tk ok %% NS - %% NS H* wk
RGR?2 *k R e/ *k *k *k R =
TWT2 Kk o *k %% F* L ek e X%

il i A i I I ittt it e B B B R N Rt 2 T et i i i

af Significance based on F-test with 44, 132 degreeéjdf freedomj
NS = non-significant, * = P < 0.05, ** = P < 0.01.

b/ See‘Table,I}Z for trait descriptions and units of measure, :
See Table I.l and Figure I.1 for locations of populations..

¢/ Non-significant due to negative component'of variance-estimate. N

~ =

k|
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Table I.8. Estlmates of 1nd1v1dua1 her1tab111t1es for nineteen tralts
. in 8 populatlons a/ o

: : Populatlon :
: ; Coastal _W.Cascade Slsklvou : Mlxed Conlfer Maan
Traitsb/ C-1 C-2 WC-1 WC-2 §-1 8-2 MC 1l MC-2

CI. Flrst Grow1ng Season

HYHT 49 45 68 .69 .8 .77 .65 .59 .65

o#COT .18 .29 . .27 .21 .39 .20 - .19 .05 - .22
IBS1l .13 .09 = .13 .47 .50 .19 .30 .41 .28
_FBS1 .29 .21 24 48 40 .38 .30 .39 .34
HT1 13 .26 .50 47 60 .41 470 .32 .39
BHT1 .24 45 14 21 35 38 .21 150 27

DIl .27 .35 .39 020 0 .43 0 37 .18 , {43 033

II. Second Growing Season

HT2 .33 .32 08 .13 .3 . .25 .30 .33 .26

BHT2 .23 46 19 .26 .40 A4 3000 .17 .27
DI2 .27 .35 .39 .20 .37 .27 .23 .36 .29
SWT2 260 34021 19 a0 29 260 2427
RWT2 .19 .40 .17 .15 .30 .24 a0 220 .22
BB2 .12 .32 04 .04 06 .03 .19 .11 .11
- IBS2 .17 .23 .26 .07 .31 .27 19 .37 0 .23
FBS2 . |14 .22 . .26 b/ A3 11 16 .24 .18
SRR2 .22 .34 .06 .11 14 .15 12 17 .16
“GSL2. .16 .33 .16 .02 14 05 .23 .28 .17
RGR2 . .22 .34 b/ .25 .22 .27 .18 .30 .25

TWT2 .23 . .35 .22 .18 .39 .27 21 .30 .27

¥ see Table I.2. for trait descriptions and units of measure. See
-Table I.1 and Figure 1.1 for locations of populatlons _Standard
errors of estimates: ranged from 0.05 - - 0.21. ‘

b/ No estimate of 1nd1v1dua1 herltablllty due to negatlve family ’
component of varlance estlmate ,

- .
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*»latlons show1ng

Table I.9. Matrlx of palrwxée‘comblnatlons oF é" 
: : which .combinations différed §1gn1f1cantfy (P<.05) in ,
their phenotypic correlation matrices (indicated by * in :
upper diagonal)®;and, the percentage of individual ‘
correlations which dlffered significantly over all trait
pairs tested (upper dlagonal)b/, and for spec1f1c subsets
(a,b c) of trait pairs (lower dlagonal)c/ :
; . _Coastal  _W.Cascade  Siskiyou - Mixed-Conifer
‘Population | C-1 €C-2 WC-1  WC-2 S-1 §-2 ~ MC-1 MC-2
1 , . o e :
v R T T RN I L*
c-1 |- | 8 ] 8% | lls | 6% | 6% | 29% | 32% |
| - 1 L 1 il B | i -
la. 0% | I x| | * | * | * |
Cc-2 |b.18% | | 26% | 22% | 16% | 20% | 4ls | 43% |
le. 2% | | S RIS BRGNS USRNSSR S L
la. 08 | Ot | | | oo bea i by
Wc-1 |Ib. 3% -52% | 1 5% | 4% | 7% | 8% | 13% |-
lc.14% | 13% | | 1 i | Nl Y
la. 0% | 5% | 5% | - | | * | 1
WC-2 Ib.23% | 42% | 6% | . A4y} 9% 9% Ty o
Je. 5% | 11% | 5% | | | { |
la. 58 | 0% | 0% | 0% | Lo b e
s-1 Ib. 3% | 29% | 6% | 5% | | 8% | lag | 19% |
: fc. 8% | 11% | 4% | 4% | [ ESRCY D 1
, la. 5% | 5% | 0% | ‘5% | 5% | SO R R R
§-2  |b. 9% | 35% | 9% | 8% | 0% | | 27% | 29% |
dc. 5% | 12% | 7% | 11% | 13% | | ] O I
la.5% | 5% | 108 | 0% | 0% | las | S 1
MC-1 - |b.45% | 71% | 17% | 18% | 32% | 42% | | 4% |
lc.23% | 26% | 1% | 5% | 4% [ 18% | - . | I
, la.19% | l4% | 10% | 10% | 10% | 10%-| 0% | |
MC-2  |b.48% | 70% | 27% | 11% | 4l%. | 39% | 8% | o
lc.23% | 30% | 2% | 4% | 5% | 25% | 2% | |
3/ Chi-square test w1th 171 degrees of freedom in

b/

c/

(Jennrich 1970)

all ‘cases

Based on t-tests of 171 trait-pairs per pa1rw15e comblnatlon of
populatlons,. : '

Based on t-tests of trait-pairs which numbered for'eadh subset:

a. 21 first-year trait-pair combinations,
trait-pair combinations, and c:

trait-pair combinations.

‘b.. 66 second-year A
84 first-year-by-second-year .




Table I 10 Pairwise dxss1m11ar1t1es (Dr it

similarities (Sx,,;

upper diagonal), and
lower dlagonal) between phenotyplc
correlatlon matrrtes of 8 pepulatlenSIQb/

-Mixed-Conifer '

(z- transformed correlatlon coefflclents) over all n tra1t

pairs.

Coastal _W.Cascade  Siskiyou
Population | C-1 C€-2  WC-1 WC-2 ~S-1  S-2 MC-1 MC-2
o | I L L
c-1 | [2.21 | 2.49 | 2.81 [2.30 |2.88 | 4.24 | 4.65 |
1 | 1 L [ L ] | 8!
| T | R | o
Cc-2 | .95 | | 3.58 | 3.63 [2.94 [3.33 | 5:19 | 5.47 |
b L | [ EEESR ORI S | : |
{ N | T IR S I !
We-1 | .93 .89 | . | 2.30 12.00 {2.90 | 2.70 | 3.18 |
4 ; L | i | | ! _ L S
I e - I | I S b
WweC-2 | .91 | .87 | .93 | [2.17 }2.68 | 3.07 |.2.95 |
] 1 I L | S B\ N I" B
| 1T 1 T
S-1 | .9 | .91 | .95 | .95 | [2.59 | 3.13 | 3.73 |
B L _1 i | | | 1 :;ﬂl‘
| R R
S-2 1 .93 | .91 | .91 | .92 | .93 | | 4.23 | 4.29 |
i L 1 ] | | | | I
| | | | | ] I
MC-1 | .80 | .74 1 .90 | .88 | .89 | .80 | 2.55 |
] | I | 4 1 i § 1
I | I N N I I o VI
MC-2 | .75 1] .70 | .86 | .88 | .83 | .78 | .90 | b
] | | | IR | | ] I
a/ Dr_ is equal to the Euclidean d1stance (rP“ - Pk])2 ]%*f
where Tpji and r, . are the estimated ‘phenotypic correlation
coefficients for the ith pair of traits in the Jth and kth
populations, and . = 171 total pairs.
"b/fSr is the product moment correlatlon betWeen’r” ‘aﬁd rph‘
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Table I.1l. Estimates of phenotyplc correlatlons 1 two Coastal

populatlons @C-%, upper dlagonaLgand C-2, lower ~
dlagonal) for a; subsen oﬁgseedllng tr@;t Palrs

L A e — F = N
o » S e L E FBrn e

Seedllng | -
Trait IIBSI HTl HTZ.RWTZ BBZ IBSZ SRRZ GSL2 TWT2

IBS1  j_ . | .11}-.52]- 39|‘.441 60? 351 621- 36L
HTL  |_.33] | .26] .37| .15]-.03{-.15{-.11] .384
HT2 [-.32] 44| | .78} .48]-.56]-.31{-.63| .82{ -
RWI2  |-.43]| .29] .82| | .44]-.28]-.57|-.46] .95]
BB2 [-.20] .32f .56] .65}  |-.32|-.28}-.69] .42
1BS2 |_.37]-.02|-.404-.57|-.55| { .15] .85}-.30]
SRR2 |_.46]-.08{-.46]-.75|-.47] .57] 1..23]-.33]
GSL2 |_.34]-.12|-.50|-.67|-.74] .96} .61]  |-.46]
TWT2 |

-.38] .36] .88] 97] .63]-.48]-.63]-.59] |

See Table 1.2, for trait descrlptlons, ‘and Table I. l for
location of populatlons Correlations greater than *..28
are significantly different (P < .05) than zero.

Table 1.12 Estimates of phenotypic correlations ‘in two Western o

Cascade populations (WC-1, upper diagonal and WC-2,

“lower diagonal) for a subset of seedling trait pairs

Seedling | :
Trait |1331 HTl HT2 RWT2 BB2 IBS2 SRR2 GSL2 TWT2
I
IBS1 | { .22}-.25]-.24]-.03| 55| 21 4h|-.23]
HT1 [.37] | .64f 41| .314-.11]-.06]-.24] .46]
HT2 |-.30] .38§ | .68] .34|-.44)-.12|-.49] .77}
RWT2 ~  |-.29| .48]| .69 | .16{-.16{-.50]-.15] .96|
BB2 ~  |-.21]1-.15|-.13{-.01}  |-.19}-.06{-.56] .14|
1IBS2 |_.54] .24|-.40]-.29|-.36] | .04| .86{-.19| -
SRR2 f_.32| .08{-.27|-.65]-.16] .20} - | .06]-.27}
GSL2  |_.35|] .22|-.13|-.22|-.78} .65| .31}  |-.19{
l

O TWT2  |-.26] .56], .74| .96|-.09{-.28[-.44|- 14| |

See Table I.2. for tralt descrlptlons, and Table 1.1 for
location of populatlons Correlations greater: than * .28
are 51gn1flcantly different (P < .05) than zero. ' '
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Table I.13. Estimates of phenotgplc correlatlons 19 two Slsklyou.o;
populatlons {S- 1 uppet dlagonal and 5-2, lower

dlagonal) for a: subset of £eedling gralt pairs.

L

s

v

.13

Seedling | £ : o ”
Trait |IBSl* HTL . ngz awmz BBZ issg sxazftsrﬁ rwrz

, | F il e T " :
CIBS1 | | .39]-.24]-. 251 .osx 521 18] .401-.231‘
HTL - |_.16] | 56l 47| 23] ,06] .03]-.07] .53]
HT2 |=.48] 190 | .81] :.28]-441-23(%.51] .83|
RWT2 |-.51)-.02] " 721 TSy P3| - 42~ 361 97|
BB2 |-.06]-.02] .07]-.02] 1-.20]-.11-.69] .13]
1BS2 | .61} .01]-.68]-.54)-.13} | .37} .73}-.27] .
SRR2 |_.53| .24]-.37]-.60} .10} .49} | .39|-.24["
GSL2 |_.49] .07]-.53|-.49}-.56| .77| .38| |-.31}

 TWT2 |-.41] 00{-,50)-.34|-.46] |

.76] .94}

 See Table I. 2 for trait descrlptlons
location. of populatlons

and Table I.1 for ; f
Correlations greater than t 28
‘are s1gn1flcantly different (P < .05) than zero.

Table

I1.14. Estlmates of phenotyplc correlations in two Mixed-
Conifer populatlons (MC-1, upper diagonal and MC-2, .
lOWer diagonal) for a subset of seedllng tra1t pa1rs;‘xv .

location of populations.

are significantly different (P < .05) than zero.

Seedling |
Trait = |IBSL HT1 -HT2 RWT2 BB2 IBS2 SRR2 GSL2 TWT2
I

~1IBS1 | | ,391 ,09]-.02] 07| .40 .051 .26!-.01[

HT1 |_.43] | .69] .30] .12]-.11| .26}-.04] .52}
HT2 |_.10] .65] | .59{-.08]-.13] .07} .00| .76|
RWT2 |_.02] .46f ,53] -~ |-.,10{ .06}-.52] .21} .82]
BB2 |-.16]-.19]-.20]-.12] {-.18] .12}-.73}-.07} = -
1BS2 |_.59] .24}-.03|-.02|-.22} | .08] .65} .10]
SRR2 |_.301-.11}-.21}-.78}-.10] 24|  |-.09] .03}
GSL2  |..52{ .15} .13{ .08|-.65] .71} .25| | .19}
TWT2 |_.12} .64| 73| .83}-.24| . 11|-.44} .26} |
See Table 1.2 for trait descrlptlons, and Table 1. l for

Correlations greater than % .28
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CHAPTER TWO

IMPLICATIONS. OF DIFFERENCES AMONG DOUGLAS FIR POPULATIONS
IN QUANTITATIVE GENETIC STRUCTURE FOR TREE BREEDING '

'ABSTRACT

Expected responses of - seedling  traits ‘to Selection;swereh§~“'

investigated  in ~order“ato ‘assess the ‘effects of "differencesl;inlv

quantitative’ genetic,:structure' (QGS) of Douglas f1r (PSeudot§gga;9‘l

menzies11 var menglesll (erb ) Franco) populatlons on tree breedlng‘k*“

QGS varied substantlally among populations from 4 e¢olocha1 zones in

e
e

southwest Oregon. In partlcular genetlc cogre;ations between seedllng

‘helght and other adapt1v¢‘tﬁhlﬁs (e g , pheno&ogy tralts and shoot:root;:ﬁn~‘; ,

\'; ‘ '

eiectionfin &
E b

. % .
AE p.,,..u, e A

ratlo) differed among zonés

the dlfferent ZOnes were of interest: 1) correlated responses in adaptlver:;

i Respenses under two typis af

e

P S e T N e
¥ P

traits‘when~univariate selecgldﬁ'rsf@pgﬁi§%~gpvste@ height; and,Z)
kresponses in stem height;:whenkrestriCted seleotion indices are_utilizeé .
to limit change in adapti?e traits to zero'(multi-trait éeleCtion)Q
Correlated reSPonses‘in adaptiVe traits are expeCted to he either
favorable or unfavorable, deoending oponyﬁithintwhich of the’four ZOnesz
selection for stem height‘ occors; 'GThe magnitudeixof hunfavorable

‘responses, however,V areV expected 'to be quite;hlimited,k such that

adaptation should not be negatlvely 1mpacted in any 1arge degree The use N

of restricted selection 1ndlces had var1able 1nfluence on helght growth :

response in the different zones. Influences ranged from very llmlted 1n 3

one zone to quite strong in others, where height‘ growth"would'*bef;



sg

éppreciably reduqed. Restrictions, of cduréé,:Qduld‘be néce§sary qplyf
when expected cofrélated responses are.éxpeétea~#o be ﬁnfévofaﬁlé§ ’To'
optimize produétiVity; trée bréedefs need’toiééiiér:selectioﬁ métth$“
according to the QGS of pOPulations‘and the ihtended én§1rQﬁments ;P;bé?

reforested with the'impfoVed pbpulation.

) - e !
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By ! L ¥
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“INTRODUCTION

Genetic gains. from an applied‘breeding program depend'on the

quantitative genetic structure (QGS) of the'reference populatiOnﬂand%thQ':i

selection strategles (models) that are 1mp1emented QGS refers to trait 2

~means, the amounts of genetlc var1atlon and herltabllltles of 1nd1v1dua1;
traits, and covariance and correlations between traits.[ if QGS dlffers‘
substantially in different breeding populations, it w111 be necessary to

utilize different selection strategies in order to OPCimiie‘genetiCi

gains. In addition, correlated responses between selected and non-

selected traits, some of which may be ,undesirable, wili differ in
different breeding populations. = The biological impacts and,practica1 '

consequences of applying selection need to be assessed and understood

i

prior to implementation; : ;’”. : ) ‘VA;\,,,“

In Chapter. 1  of th1s thes{s* QGS wZ§ compared, among eight -

A

populatlons of Douglas flr (Esgudotsggg m;ga;_g;; var, m

Franco) from four ecologicakly distin@t zoneg in SGﬂﬁhWﬂSt«@TegOn 'TWo L

‘populations each from,the’Coast,mouncaip raqgg*ylpwerielevations’in‘the : kb" L

o e
)

Western Cascade range, Siskiyou moﬁntains;'and Eiéher;elevations inrthe:
Western.Cascade/Slsklyou.mountalns were sampled. Substantiai differencesisi
in QGS were observed among populations, particularly in trait meanS'and;'
genetic correlations between traits. The extent of differenti&tion;in’

both trait means and genetic correlations between traits was positively

associated with ‘the extent of differences in source. . habitats.

Differences among populations in correlations between second year
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phenology (e.g., timing of budburst and budset) and;growth«traits’(eigi;
stem‘height)‘were‘especially striking;land occasionally were of opposite.
sign.{ For example, the geneticséorrelation hetween second‘year height
and budset date was estimated'to~be,;.59°in the Coastal zone)’bnt’+.09J7
in the high elevation Western Cascade/Siskiyou mountainfzonefhg,The”
najority of differences;among popuiations in correlationxcoefficients 2
appeared to be related to differential responses of the populations to'7
damage from an early frost at the end of the‘first grow1ng season.

Most tree breeding programs emnhasize 1mprovement in stem growth .

It is important to assess the lmpllcatlons of- selectlon for 1mproved

growth on adaptive characteristics of trees,' For'example;»ifkimproved»f"

growth comes at the expense of extended grow1ng seasons or increased R

- . shoot:root ratios, susceptlbility to damage from early fall frost orf{

summer drought might be increased (Rehfeldt 1983, White 1987,vKaya~et."

al. 1989). Differences in QGS observeé in Chapt&r l suggest that'

,‘d"

,populations from the four divexse zdnes\w1ll respond differently under
the same selection reginés; =¢The implications of these differences,v
however, cannot be fully appraised until direct and chrelatedﬁresponses

#7, A ,,1’-"{ Ee g £ ?.;,v'r,,*:».,

of various traits are compared under different selection methods.

‘ on rgmwrous factors.

W

Estimated responses to selection'aré<depéﬁd§n
B v ES AR |

Parameters such as genetic correlations betweenftraits, heritabilities;

and genetic and phenotypic variances influence the magnitude of direct

and correlated responses. In addition, numerousyselection methodologiesxvh'

(e.g., univariate vs. index selection) are available, each with'their'owni‘

consequences with regards to response.
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The g6g1~of thiS‘cﬁépter‘isVto;examine:théfimpliéatiqﬁs,bf;ﬁﬁé,
differénCes in QGS observed in~Chapter‘i7§ith fegarﬁg to fé§p§nsé§?£5 E
selection. ’TWOktypes Qf‘selection are iﬁveStiéatedﬁ' Firé:? uni§atié£éi.:
selection for growth wés:aésessed in termsibf bdfh‘aire§t fespQﬁsefiﬁ 
growth and correlated responses in adéptiQe tféits!;iéécdnd; réstriétédl
selection indices including'both gquth:énd'adaptiQé‘traits werefgsed tQ;;f;

assess the implications of restricting changes in adaptive traits, with

regards to expected responses in growth. The practical and biological

significance of the various response patterns in the different zones ére,_5

discussed.
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_ MATERTALS AND METHODS

Materials
| Details ‘on materials ﬁsed in’ ,th’is;k study, nursery . g:owing
conditions,: and: traits measﬁred are given in Chép”ter’; 1. A‘b\ri‘ef OVe_]:';‘fie:‘;J:
of the 'méthqu ’a'n(’i specific information per’tiﬁént to this Cﬁapter folib&.;~f
The four ecologicaly zones‘ from whiéh ‘pbpulatiOns' wefe éampled arev/
designated in Chapter ‘l’ as the Coastal, W. Ca’scade;‘ Si‘sk"i"you, 'énd Mixed4 :
Conifer zones, respectively. Two populations wefé samp’ledk within each
zone, éaych occupying a different evlevat'ional subzone ’(avéfage elevat’ional’
differénces ‘between zones rar;géd from 152 ,ytyvo ’3(’)5 m)-. | The’ :‘syubzoyne;'s :
correspond to what hai)e 5een identified by tree 'b‘reeder‘s as distinct:
Douglas-fir breeding populations for southﬁést OregOn«(Whéat and Silen
-.1984) . In this casé, elevational'subzones;'«’ w.{t‘h’in"zongs ’ha&ve siimil'af '
envirdnments and plant. associatidﬁs:,, rer’lati"’ve“ td fiarge‘;; ‘ differenceé
between zones. The Coastal zone has;mor’ek‘thfan'ktwice kthe, ka,ve‘ragie annual
precipitation (305 cm’) 'tiflan the MiXed-'Ckor‘mifer zone (117 ’<k:mh) , ’wh,i'lé_' the '

W. Cascade (139. cm) and Siskiyou (137 ¢m) zones have values intermediate

between the other two (Oregon Stat;e U'an 1982a) Th’é diffezyrencke between; N

~',; y» B

vy

" :»J I

Mixed- Conlfer (- -4° C, 29 C) zones (Franklln and. Dyrness 1973)
Each populat;on was represente‘d by&S parent t;fnetes‘ Wylnd,—poillinat'e,d’” g

seeds collected from each parent were sown in a U.S. Forest Service




nursery located in~Centra1,Point, Oregon and seedlings growh under fdf

operational conditions forrtwohyears.; The'erperimental,designhin thelh
nursery was a randomized complete block with‘four replications. A fiueﬁ,,'
seedling row plot for each of the‘360 families,(S populations‘x'AS,"
’families/population) waskallocated at randomnwithin,eachgreplicatiOn.
Twenty—tuo traits were measured ouer‘theftwo‘growing,seasons;,’The traitsg
represented measuresfofvbiomaSS (e.g., Stem height and diameter( dry‘
welght) biomass allocatlon (e. g , shoot:root ratlo) and shoot phenology ,
(e g., dates of budset and budburst percentage of second flushlng) ‘in' :

addition, follow1ng an»earlnyCtober frost event at the end of%the frrst

growing season, the percentage of seedlings within family‘plots damaged3gd?

by frost was recorded. Frost damage was'most«Severe;amongLSeedlings,in,i"*

the Coastal populationsf(average‘Qf752%foffseedlingefWithinufamilies;V
damaged) whilekin the remaining inland zones damage waa 192~(815kiy§Q},[;,
15% (W. Cascade), -and 4% (Mlxed Conlfer) Frost damage s1gn1ficant1yr

affected second year growth as well as QGS in the Coastal W Cascade,g;

and Siskiyou zomes.

Among the 22 traits evaluated 6 tralts were selected for analy51s’fd°‘~' o

of selection response (Table 1I. l) These tralts included measures cfi»‘

Seedllng growth each year (HTl HTZ} as w#ll as: tralgs dLrectly related

to adaptability of Seedlings ‘ phenology in each‘“

year (FBS1, BB2 4IB82) ﬂnd“shnot root ratld QSRRZ) Comb1nat10ns~of:g'

»"“ i»‘a gwe

ok M,s

¥




phenology traits also appear to be ofrpractical,signifiCance for early
test1ng (e.g., nursery tests) of Douglas fir famllles in tree 1mprovement‘
programs (Adams and Altken 1991). In1t1al budset (IBSQ) was chosen 1ngm
lieu of final budset as a phenology trait in the second year because a;j'
negatlve family component of var1ance was estlmated for flnal buoset in
one of the populations. In addition,gthe genetic correlatlon;betweenfﬁyw
IB52 and finai budsetcwas very high insalifpopuiations (mean éy;98§io_~r

range = .89 to 1.00).
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Two different subsets of these traits were utilized in subsequent;{y,ff'

‘analyses; First year’traits were not affected,hy theyfrost eventkaﬂd*h
‘were included(aiong withkshoot:root ratio'ink#hgafirst’suhset; ysecond:y
year shoot growth and phenology traits 'were‘:included ‘along ,Withk
shoot:root ratio ,in,_the, second osubseté,""fhe ysecondgfsubset wés* ofit
particularfintereSt‘because second;year traits were affected~to variousyg\
“degrees in the dlfferent zones by the frost event that‘occurred in thep

first year. In addltlon comparLson of results 1n Chapter l w1th earller~

f1ndings (Kaya 1987) for the ‘same populations indlcated that correlationsﬁhftji'

between growth and phenology traits are qulte dlfferent 1n the absence‘f
of fall frost in first year SRRZ was 1nc1uded in both subsets since the
change in correlatlon between SRRZ and helght in the two respectlve

growing seasons was qultegcon51stent among populat10ns~where,a*more

anegative correlatlon ex1sted in year two as opposed to year one despite'

L

the fact that some populatlons were damaged‘more byw{rost (Chapter 1)

,s«f il
W

- In addition, mean SRRZawas cOmparable to other studles where h1gher

S

ratios are associated w1th mllder clxmates (e g ihCo§stal) and lower
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ratios with harshef climates (e.g;; inland‘hébitats);"Thus,_SRRZ QgSw«wr
deemed ﬁot to have been as much affected by the,ffosﬁréveﬁt as‘éﬁhef\
second year traits, éndkﬁaé'included-in bbth subsetsf iIn eéch‘subsef;
seedling height (HT1 or:HT2),representéd the piiméry tréiﬁ~of ihtérés# f
for/seleétion, while the remaining’traits wére cénsidered secoﬁdafyji

traits.

Estimation of Paré@eters'
‘Previous analyses ihdidated=that both estimated’gqnetic variances,\
of individual traits énd genetic’correlations'between,tfaits were simiiafs
for the two populations,from‘the Same 2ohe‘(¢hapter i);1Theﬁgfdre;‘§§an” f
squares calculated for each pdpulétidniséparateiy wer?’é0§I€d by‘zohé fof
the analyses in this chapter. «This’created four populéfiéng (?Qnéé}yfptf
comparison and increased the preéisioﬁ of pbpulation’pafametef:éstimﬁﬁés
:;(i.e., now based on dafa from 90 families‘rathér thén AS;fi Aﬁélyséé Qf:i
variance and covariance‘weré éQnducted dn’pibt méansQW:CQmponépfs‘§f 
variance'énd’coVariance‘were estimétéd frOmehe‘pbdléé‘data ser‘byi
equatiﬁg the obseryed méan squares and’éroésfp?Oducts'tdféxpécgéé'véiﬁe$ 
(TableJIiQZ), To staﬁdafdize notation in'thiskchépter;‘oo&)krefergltolil
k and o?, 1réf¢f’t0[the

x) )

the‘céﬁériance betWéen tréits X aﬁd y; whiie o?
variances of trait x énd y; réspéctive1y. ‘FOr,illustrati?é pu:poses,fthe}
open-pollinated family is utiiized,as‘the unit;of se1eétioh in this:
study. Additive genetiCVQariancis;a@d cdvariahcéstﬁérefestimated’asithe

family cdmponént of variance fﬁ? tréité’xiandzy S%i*ﬁj“o¥ azﬂyﬂf'

family component of covariance between traits X and 'y (0 gy

3 F . e
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respectively. Phenotypic covariances were estimated as:

%xy) = % fexyy T O e(xy)/r, where o e(xy) is the ‘estimated error component.
of covariance, and r=4 (number. of repllcatlons) In like fa’shion,V"
phenotypic variances (02 pex)? o2 p(y)) were estimated, - but ~u’tilizing

components of variance rather than covariances.
Genetic correlations between traits were estimated as:.
= , 2 RN : ) : -
Taexy) %% xyy /LL0% pexy] (0% ¢yy 1) Standard  errors -of  gemetic
correlations were calculated according to Becker (198'4);‘ Phenotypic
(family ‘mean) correlations between traits were estimated as:
Tpexy)
correlations were calculated ~according td Mode and. Robinson (195’9).

Famlly heritabilities (h? f(x)) were estlmated as h? ;= oz,f(x)/o_i p(x)? @nd

their standard errors by the approx1mat10n given in chkerson (1969)

%o (xy) /{[ozp(x)]-"‘[:q‘*’p(y)]}V‘. Standard errors of phenqtypic"’f

These genetic and phenotypic parameter estimatesfwere utilized as input

in the various selection models.

Analytieal Procedures
| ‘The four ZOheé wereecompareé!fof seleetidn response under twb*
generaleselection‘proeedures, Response in Eotﬁ grewth,end“édeptive
traits in each sebeet, respectively, wefe eseimated vhen selection is
directed towards height growth (HT1 or HT2) only.”This’repfesenfs a
univariate selection ﬁrocedufevwhere selection,is‘applied directly te an
individual trait based on information for that one trait enly;‘andfis

referenced as model 1. The objective is to evaluate the consequences for

adaptation in each zone, when improved growth is the sole selection

o
ko
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criterion. In the secOnd selection prcceddre, response,inagrOwthhtraitsk
(HTl or HT2) were estimated when warioushcombinations~of;growth and,
adaptive traits are inciuded in restricted seiecticn’indices (mcdels'Z-s
~4) . In models 2-4, helght growth (HT1 or HT2) was 1nc1uded in the 1ndex

as an unrestricted trait, along w1th one or more adaptlve tralts~(1.e.,

phenology traitsrand/or shoot:root ratio), which were restricted to zero -

response (i.e., the restricted traits)} ‘Comparisons,hetweenJthe‘eXpected 8
responses in these models. (2= 4) w1th model 1 make it p0351b1e to: assessh“
_the biological. s1gnificance (and - trade- offs) cf ,Selecticn«kdirectedw
towards.improving’growthrtraits, with or without restricticns'dn’adaptiveh
traits.

Both direct and~_correiated‘~responsesn underygmédei‘ni"can be
calculated with ‘the fcrmttla (BarAdaﬁ' 1976): ‘
Ry'={i][CGP“Yﬂ{(02MYQ%] where Ry is ‘the expected genetlc responseyln,

1s the coeffic1ent of/u'

trait y, 1 1is the selection 1ntens1ty, CGPhwf

genetlc prediction and (o2 ))"z is the phenotyplc standard dev1at10n of :

~ply
trait y The coefflclent of genetic predlctlan 1s the amount of change
in trait y (in standard deviationkunits) expected‘when trait X is changed
by one standard deviation unit. When trait y is directly selected (i.e;;i

x and y are the same tra1t), CGP =-h?

(xy) k ﬂYj.’When selection‘rs‘applled to.

h,,

trait x, CGP f(y)] {yr‘g'(XY)] :

(xyy =[heoll

In all cases, expected responses'are: :
presented per unit of seleCtion~intensity (i=1.0)‘appliedﬁ
Models 2 through 4 are variations,of‘the,restricted SelectiOn'indei;

. where two or more traits are used in thefindekf(Baker 1986j117). ‘The

restricted selection index model can accommodate any'specific number of

Bk e
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traits ,with or w1thout xestrictions in the” rndex Selection is applied

to index values (I) caicﬁlated for each family;by t 'equgtion I = b1TT,k

S T

+ b,T, + ...+ b T where b represents the index coefficient for each

T e e s ¥
e s e gt e

trait, T the respective traid;éhenctypic,vglue,ﬁd;féhé family, and ﬁkis,

the number of traits in the index. The index coefficients (b) areg“
estimated by the f0110wingsformuia presented in matrix notation:
b = 1"1Gr'(GrP'1 Gr")"1 k ., where rkeQuaISVthefnumberkcf traits toabe”g'
’restrictedkin their,change by,some_specific amountx(restricted traits);'
k = r x 1 vector of desired‘changes in the restricted';traits,'p= matrix
of PhenotyPic covariances among the m traits;'and G.=rxm natrix cf:f
genotypic covariances;between'the r’restricted;traits~and all m traits
in the index. 'In mcdels 2-4, height growth’(either hTi or;HTZ)fis nct»
constrained while theydtherftraits includedein the index are constrained
to. 0% change (i.e., zero response when‘selection index is appliedj.

In model 2, both height growth and phenology traits were cons1dered'
301ntly in the’ model specifications for: each respective subset of traits.
Thus, HT1 and'FBSl were included in one restricted,index,cwhile HT2;~BB2,
and IBSZ‘Were included in a second réstricted index;f For‘model 3
selection was directed touards improving he1ght grouth in each respectivec
‘subset (HTl or HT2), while maintaining no change in mean ‘SRR2. Model &
1ncorporates all traits in each respective subset‘intofa restricted indexg
(i.e., (HT1, FBSl,kSRRZ),;or'(HT2,~BBZ, IBSZ, SRRZ)).i Comnaring modelf“

4 with models 2 'and 3 makes’ it’ possible to aSsess} the effects ’ef; i
restrictions on additional adaptiventraits,‘on‘expected respcnsefin

growth.
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Expected responses (Ry) in HT1 or HT2 for. models 2 through 4 werek

calculated according to Baker (1986): Ry = (1/0 )(OGU)I), where i is the
selection‘intensity,~or is the square root of variance of the 1ndex

(02[,= b'Pb), and o, ‘is the 'covariance between the 1ndex (D). and

G(j )I ’ 4
genotypic value of‘the jth trait. Again, responses,are presenteduinf
~units of selection intenslty (i = 1. O) The correlatlon (rGPU)j hetween
the genotypic value and the phenotyplc value of .the selected trait (1ndex
in this case) is estlmated as: rGPU)' =_b/! G! /lo ](o f(x)]hf where_ QJE:
"represents a 1 x m vector of genet1c covarlances between ‘the selected
trait and all m‘traits,co?ﬂx) is the genetic variancenofnthe selectedk
trait, and b and o, represent terms 'described previousiy;'h The

correlation (rGP”)) is an estlmate of the accuracy of predlctlng genetlcf;~”

values on the basis of index values.




Genetic Variation and Parametét.EStriﬁtéaf
‘Significant variation (P < .05) was observed among families for
all 6 traits in all zones; with two exceptions. . The two eXceptiOnsn

involved budburst datekf(BBZ), where family 'Variation"approached‘

significance in the‘Siskiyou (P </.08)hand W.‘Cascade,(P~<'.lO) zones .

In the first subSet of traitsf(HIl VFBSl"SRRZ)w‘none of~the“estimated
phenotypic correlations (Table II 3) differed 51gn1f1cantly among zones i

on the basis of a heterogeneity‘ chi-square teSt (Snedecor Cand

Cochran:186), while 51gn1f1cant differences 1n phenotypic correlation yhthi
coefficients were found for three (HT2- BBZ SRR2 BB2 ‘SRR2- IBSZ) of the T

. six pairs of traits in the second subset (HT2 BBZ IBSZ SRRQ) he

largest differences in estimated correlation coefficients'were betweenf‘
the Coastal and Mixed—Conifer zones (Table II.é). |

In general, estinated genetic correlation coefficients wereioffthe
same sign, but: larger in magnitude than corresponding»4phenotypic

correlation coefficients (Table II 3) In addition the range among'

kpopulations in genetic correlations was generally greatex than that for

corresponding phenotypic correlations. Genetic~correlations between HIZ S

and SRR2, for example, rangedﬁ from 0.00 (Mixed-Conifer) to - 0.53 a0

(Coast), while correlations between HT2 anchB2,ranged from,: f0.53,g“"3

(W.Cascade) to 0.73 (Coast) , Of the six pairs of traits in the second‘
subset, in only one, BB2- IBSZ was the estimated genetic correlation the'

same sign in all ‘four zones (range from -.08 (Siskiyou) to -.72 (Coast)).




less (mean = .09, rangg,g O? tb 10) ,on average, than stanﬁard errorsh

of genetic correlation %Btlmates (mean = ?5 ?angé‘ﬂ‘“13 ] .73){

As in Chapter 1, where torr&latlen strucﬁures of the populatlons,<

EE X

were compared for: 19 traita, the Mlxed Conlfer populatlon dlffered,h,
substantially from the other three populations for the«subset Of’traltsd*
that included second year traits. The Miﬁed-Conifer hopulatioh,:ih
general, had correlatioh'coeffieients of iower"ﬁaghitudedin'comparison:eri
to ~the ‘other three populationat In addition, whileVrthe, gehetich
correlation between HT2 and IBS2 was near zero (.09) in the Mixed—Conifer
~population, it was moderatelyfnegative (rahge from' - .35 to -.59) in the”
reﬁaining populations. In ’eohtrast to this patterh, the Ugenetie’
correlation between'HTl and FBS1 was'poaitive4for all populatiohs (range
from .11 (Coast) to .35 (W. Cascade)) Thesekdifferences in correlations;
between height and budset in the two grow1ng seasons are probably due toh
the effects of frost which occurred in the flrat grow1ng season ~Kaya
(1987) sampled two zones (Coastal andrinland) in southwest Oregon,  and
in the absence of frost damage,~ estimateda’near" zero to ﬁoderately
positive (.42)‘genetic correlatioha between seeond.year height increment
and budset date in the inland and Coastal aones~ resPectively. -The
occurrence of frost damage in this study affected the correlatlon’h
estimates in the following~manner; Famllles (populatlons) which.set budsi
~ latest sustalned greater damage from frost, and second year growth was
substantially reduced Thus a more negatlve correlatlon ex1sted between .

budset and growth after the secoﬂd growing seasdnfin thoSe populations;
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which sustained a high amount .of frost. damage in;the'first/growihg-ﬁ

R Y R
season. o ST

Differences “among zen%s “in magnltuges of the estimates of.
phenotypic variances, gg;etlc Va;lan0e§ ;aﬂd faﬁiiy herlﬁabikltles were :
also evident (Table II. 4) Estlmatedévarlances dlffered substantlally
~between the Coastal. populatlon and remaLnlﬁg populﬁtxo@s, and espec1ally‘”
so for second year traits, where variances were genesally greater in, the
Coastal zone. The larger variances observed for the'COastal zone may'
reflect more the variation in‘frost'resiStance amongffamilies asroppqsed 
to any‘differences among famiiies iﬁ‘inherent gfoﬁth fatevpef se. Family“‘
heritabilities were low to moderate,(range ffqm".36 té.,es, Téble 11.4)
for the‘majority of traits and zones. Famiiyfheritebility estimates,
however, were especially low for BB2 in the W;Cascade (.19) énd'Siskiyoq’

(.20) zomnes.

Direct ‘and Correlated Responses tovselecfion
While direct respoﬁses of HT1 and HT2 fo Qnivariate selectionkWere
offprimary interest'(model'l), direct respbnses’of,eil,traits,Wefe_
calculated for comparisonk(Table Ii;&). ExpectedEgehetic"fesponses due .
to direct selection»ranged,'depending on ‘the trait,’two- to thfee;foldk
among the zones investigated. The Coastal'zoneqhed the highest expeetedf
responseskfor HT2  and. SRR2 aﬁd was due primarily to the‘large family -

variances for these trai%s.: In contrast, the W: Cascade:population hadl

the lowest expected responses for these tralts,,whlch 1n large measure,_~

is due. to the lower heritabilities - of HT2 and SRR2 1n this zone




Selection for HT1 and HTZ‘in the Coastal zcne, aﬁd’tc,a lesserlextentlln ;
the W. Cascaee andisiskiycufzcnea3 may in factetefseleeting for”differeatj
inherent characteristics in. the two grow1ng seasona wherefrtaller 

e @ ¥

famllles in the flrst season represent ancrnherent growth efflclency,»1'

a7

whlle taller famllles 1n thg sgcond ‘season rgpresent greater ablllty to,_a

withstand the flrst yean s frast evenﬁ Expected respon§ S

mor BBZ were'

e e v e A 2 ~“>u

qulte small: relat1ve to both FBS1 and IBSZ - The comblnatlon of low‘
phenotypic variance of BB2 grﬁ- all ques,fﬁghd ;ft; ‘generally~ low;r

heritability resulted in these reduced responses.

A wide range among zomes in correlated responses is expected when =

selection is applied to heightlonly (Table Il.S)_: EXPeCtedecorrelated '
responses in SRR2 and FBS1 are small when Selection is directed‘at HTl.

While the expected change in SRR2 is quite small in the'Siskiyourand,

Mixed-Conifer zones, the trend to a more positive value could result in

decreased hardiness to drocght. A ccsitive‘increase'in EBSl iS‘exﬁected
in all'zOnes when selection is directed at HTL. Thls change'to'later
budset may be detrimehtal;msince improved populations would presumablyk
be more susceptible to damage from early fall froets‘aﬁd late sUﬁﬁere;
drought. The magnitude,ofktﬂe expected“respbnses;“howeVer, is dgiteQW

small (< 1 day).

When HT2 is selected, no change is expected in SRRZ'fcr the'Mixedf{;‘]

Conifer zone, while a reduction is expected in the remaining zones(Table -~
" II.5). Reduced SRR2 appearsfbeneficial,‘especially so for ‘the zomes -

within the harsher inland environments. 'DirectionAand magnitude of

correlated responses in both budburst and budset in year two varied among ,',,
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zones, but in no instance is the correlated responsefexpeCted to have a
large negative impact on adaptability. Budburst’is expected'to o¢¢Qr-
lateriby approximately onie day in the Coastal zonep while expected

responses in the remaining zones were cons1derably less (range from O IR
A . »,‘g :
to - 0.6 days). Earller budsets (< 2 days) are projected for three of

? g 5 ﬁ ¢ ,.;,,

the four zones, while a delay in budset (0,3 days)fls:expected in the
- Mixed-Conifer zone. In the cases where the correlated responses were

,’t . N
¥

largest (e.g., Coastal zone)‘ the dfrectldnwﬁas favorable (1 e. later

BB2 or earlier IBS2), and absolute magnltudes were relatively small

In terms of impacts on adaptablllty, the expected correlated
‘responses in phenology follow1ng famlly selectlon for HTZ w1th1n zones,
are minor relative to the ‘movement of populatlons'(l.e, propagules)
outside of nat1ve zones.. for reforestatlon | For example kzone means .

differed by 11 days (e g., Coast vs. Slsklyou or V. Cascade zones, Table ;:fT;;ki

IT. 4) in IBS2, while correlated responses in budset of only a’few days

-at most, are expected when selection is directed at HT2 w1th1n any sxnglef'lv

zone. Movement of populatlons fron’the coast to anllnland env1ronment

(e.g., Siskiyou Zone) is expected to have very negative implications fof:f7<.,

adaptation, because Coastal populatlons would be more susceptlble than i

the nat1ve populations to early fall frosts 51nce they are expected Eor

set bud later. In addition, Coastal populatlons are expected to. be less

drought hardy than nat1ve inland populations (Ferrell and Woodward 1966 A;ﬁ‘ j*%tﬁg

Joly et, al. 1989). | i |
Thevestimates of,direct andkcorrelated’responsesp(modelpljfi#epfih

Tables I11.4 and 11.5 were basedhon'QGS of‘the'respective zonesxas,_jﬁ‘
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revealed in a single test environment. Trait responses may differ‘
considerably in different test environments. As - an examplefof,how

environments (and year effects) may affect trait‘responses,’thekresultsk

of this study can be compared to a prev1ous1y reported seed11ng common",t_f

garden experiment which utilized the same Coastal zone populatlons (C=1,

C-2) and two inland populations~(S-l; MC:l)(Kaya 19&7). Kaya's common -

garden was in Corvallis, Oregon where the grow1ng coﬁdltlons were more'

3? :
moderate than in this Stugy.b Th1s is not only reflected by the lack of
a frost event in Kaya'§ study, but by the 1onger sécond year grow1ng :

seasons of the coastal™ (I3 days) " and 1n1and (3 days) "sources in

Corvallis. Kaya calculated expected corrél&ted*t%spdnses in phenology‘

traits when selection was d1rected at second year helght 1ncrement lee‘;

the results for the W. Cascade and Mixed-Conifer zones in this study,'

Kaya found little or no effect on phenoiogy when inland families are'

selected for height growth in the ‘second,yyear, - For the Coasta1 s

populations, however, Kaya‘predicted‘selection,for second'year height:'
would result in both earlier quburst‘(?.32 days, for i’% 1.0) and later,
budset (.56 days) both responses opposite'in sign‘to‘those found in this
study (i.e., later budburst (1.1 days) and earlier budset ( 1. 9 days)) g
Although these expected responses are opp051te in sign they are either’f

favorable 1n~d1rect10n'or of  small magnitude, such,that,jselectlon f0r~

height alone would not be expected to have much of a negative impact on -

adaptation;
Expected responses in HTl or HT2 when u51ng a restrlcted selectlonk«

index - varied ‘among models (Table I1.6). Effects on helght growth it
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"response (i.e., decrease in responSe’comparedpto,model 1, Table Ii.S)]
were, on average, greatest for model 4 thch had thepiargest numher of
traits restricted. As‘more restrictions,are pieced on correlated traits,
the response of the primary traits should‘also~be‘more‘restricted'(Baker
1986). |
In general, HT2 responses were affected (i;e;, decreased)’to a’p
greater extent than HT1 responses. when the specified restricted*indices
were - employed (Table II.6). Theehse of“restrictedfmelection indices
(models 2-4) is expected to ha;eMonLy é”minor?iép%ét:(slight decrease)
on expected response of @fl': EVen when both FBS1 and'SRRZ (mode1'4)~werek

restricted in the index HTl tstill appreached. at Ieast 75% of the

S 2N Fpgtl 2 R g y o

respective responses estimated per zone under model 1. These results are.
not unexpected, since relatively Weak #epetlc correlat;ons (< 36) were.
found between HTL and the other traits in the same subset (Table II 3)
In contraSt;‘restrictions on correlated traits often had considerable
impacts on expected responSes in HT2, where severe reductions (in
comparison to model 1 responses) were estimated for‘the;Coastalyand W.
Cascede zones under models 2~and~4 Restricting phenology in modeisf2
and 4 severely limited the potential for advancing height growth (HTZ)”'
in these two. zones. Expected gains in HT2 were least 1mpacted in thei
Mixed-Conifer zone. This is expected due to the lowigenetic correlatlons‘
(< .38 in absolute magnxtude) that exist within this second subset of :
traits in this zone (Table II.3). Model 3 had the‘leastkdetrimentalti

effect on HT2 response of any restricted index.
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Selection indices ﬁay. not ’provide ﬁery ’preeise' estimatee}dbfff.
response if parameters aie eetimated'with’large samplingeerfofs o} if a
lafge number ofitraits‘are ineludedkin,the_index (Baker 1986)a~ In
addition, restricted indiees will‘reddce the efficieneyfof selection‘as’
opposed  to ,multi-tfait ‘indices with  no restrictions.: The,'impesed
' restrictione, in effect, reduce~the’corre1ation (Xepery) between the indea;
(restricted) and estimated genotypic values of the . selected trait'as
opposed to an index with ﬁo’restrictions (Ronningen and Van Vleck 1985);

Correlations (r )) were,moderace (mean = .69, range = .54 to .78)

&«

GP(I

between the restrlcted 1ndlce& (medels 2 4% and genbtyplc values for HTL
(among all zones). Excludlng the W. Cascade zone, correlatlons were also

moderate (mean = ,57, range = 42*to 77) betwean‘the)res;rleted 1nd1cesk'

and genotypic values ferWﬁff. For ﬁhé W. ‘Cascade zones GP(I)was eqdalf
to .16; .45, and .09 for models 2, 3 and A.drﬁspectiVely. ‘Therefefe,

except for the W. Cascade zone, the estlmate o; responses and relatlve:
differences among both zones and medelelwithin'zones would appear to be)

of moderate accuracy.  Correlations (r ')) were also . .calculated for

GP(1
similar multi-trait selection indices,: where réstrictions were not
specified for any trait. In all cases; tbﬂl) was higher for,thesefs
indices where restrictions were not specified: HT1l (mean =,.75, fange,x'“
.63 to .79), HT2 excluding W.ycascadekZOne (mean ==k'.7’7,krange = .73 to
.79), HT2 for W. Cascade zone (.58, .50, ;59 fofﬁmbdel$ 2, 3, and“a;
respectively). Thus, the reiatiVe‘accuraCy of reetricted eelecfienff'
indices may indeed be’quite lower in some cases as opposed toyphe more

standard (no restrictions) selection indices:
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Restricted indices are only necéssary'whén correlatedyfesponses are
déemed anavorable. Thus,‘fréstricted indices may' or !may fﬁ§t ;be 
beneficial ‘in a specific breeding progrém and shoUld,bnlykbe utiliZed
when predicted biological responsés warraﬁtrﬁheir use; It is advisab1e
to'evaluate tﬁe various'options that ére poséiblehwifh féétricted énd
unrestricted indices in order to achieve fhé expe¢ted”go§ls'(Cotferili::ﬂ
and Jackson 1981). Given thekQGS of the Coastél zOne’in thi§ study,’fdf
~example, selection for HTZ,isVExpeétéd,tofrésult‘iniboth later budburs£ 
and earlier budset in’the’hext'géneration{,VSincé both;éffthe’prédictéd .
correlated responses are,faﬁorabié; theréiwouldibe,ﬁo reas6n fdf§§e£“
restricted selection iﬁdices‘toglgmit’changé iniph?nplogy, since ﬁhéif ‘

use would resultvin 1ess'HT2 iai
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CONCLUSIONS

The major findings from this ‘study indicatei’that direct’land‘a'
correlated_responSes t0'selection5foryheightfare*exnected’to varY~am§ngjf
zones fron southﬁest'OregOnlwnich differ in‘QGS' These flndlngs suppert .
prev1dus results where varlatlon’among populatlons 1n QGS have beenf“
| demonstrated (e.g., Cannell and Wlllett l976 Blrot and Chrlstophe 1983
Rehfeldt 1983), and the effect offthese different;quantitative structuresV}:*
have been noted (e.g., Christophe and Birot~1983,'Rehfeldel983),

In the conditions 6f~thi5‘study,iunfavorable correlated'responses"'
forrtimingjoffbudburst and‘budset eould'betexpectedtin’some:zones, ,Ihe'l
’expeeted magnitude of‘tnese'correlated‘resnonses heweveri were hbt
large. Movement of seed from one zone to’ another woald appear to have
a much larger detrlmental 1mpact on adaptlve @raﬁts*relatlve to expected';

responses “to selectlon w1thin‘20nes 5

oy :n«“-‘: s, ﬂ“‘a L

‘Restricted seleetfon 1ndicésf grév&de} an- effeéthe " tool fors'
) e @ i i et Ky, r)'

limiting changes in adaptlve traits but such indices were found in thlsi

-study to haVe varlable effects"on‘responses of growth traits in the,
dlfferent zones. Such 1ndlces, hdwever, may;cause severe reductlons in
- expected gains in growth. ‘Their‘use‘nafgnet‘be warranted‘in thOse
- situations where e#pected‘changes infbpth)traits,of incerest (priméry;
traits) and adaptive traits are favorable'ingrelatlon’to‘meeting the
aggregate goalskof the breeder; 'Thds,iuseppfkrestrieted‘indices and
other selection‘strategies needdto’be evaluated prior to;finalizinggany

multi-trait selection strategy.




Test environments can have a profound effect on the genetic =~

expression of traits and QGS. Thus, predictions ofieXpeeted,respdnséé}ffi"

and development of the most appropriate selection strategies are

dependent on both the inherentkgeneticvcompositiOnpof populations‘and:;k,n

test conditions that the ‘populations have been expOsed to.~kEstimates;of 5

QGS 'and expected responses may have llmited application if based on a;:

limited sampling of both populations and test env1ronments If sampllngf5_j i

is severely limlted inferences pertaining t0"a‘;wider rangef of{
‘populations and envlronments ‘may not be: adVisable |

Knowledge’ofjthe QGSfof populations is needed(priorkto formulatingllf
the most efficient selectionsstrategies‘fotfanyrpartioularupopulation.fii
As previously'noted'by Thorpe (1976) estimation of quantitative genetic,"
Parameters must be specific ‘to the natural Population or. demeﬂf Thelb5

“correlation between expected genetac changes and realized changes (after~

{. .

selection) in a breeding progtam Wili likely be high@st when the QGS is

- i

estimated for those particular populations and env1ronmental zones in

,f,

which selection is to Bejgppgied& ! Ly ;,31
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- Table II.1. Description of traits.

Code Trait o -  Units

I. First Growing Season:
FBS1 ' Final budset date® ‘weeks after August 21,‘1985;3e”f¥} 
HT1 First year height em.o : R
~II. Second Growing Season:
HT2 Total height (2-years) cm ’ L
BB2 Budburst date® , ~ days after January 1, 1986
IBRS2 Initial budset date® days after January 1, 1986
SRR2 Shoot:Root ratio g ',yln(SWTZ)/ln(RWTZ)C/
3/ Budburst scored twice a week; was recorded as the date when need1e3w7’
first became visible in the opening- termlnal bud. : ’
b/ Initial budset date denotes date on which termlnal bud scales were
first observed. Final budset date refers to budset date after any =
- second flushing. Final budset equals the initial budset date
if second flushing did not 6ceur. “Budget scored once per week
c/

SWT2 is dry weight oﬁ“shoot and RWT2, dr Welght of root both -
in gms (X 10). The ratio of . In(SWT?)}Lp RWTZ) “was ! used instead »
of the ratio of absoiute neighﬁs lngorde;@tg conform §o€a§sumpt10ns
of the analysis of variance ' .
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Table II.2. Form of analyses of: varlance and covariance of the
pooled data sets. :

Source of Degrees of - '~ 7 TR
variation ; freedom © Expected mean squares® -
Blocks 6

Families (f) 88 Co? 4 4o

Error (e) - 264 N 02e ,

a/ 6% = variance among open-pollinated families; ozé,= error
variance; where analysis is based on family plot means. Covariance
(ANCOVA) components have the same form when expected mean- squares
are replaced with expected cross- products.

T bl et

2

i g 5




83 -

difference exceeds 0.20.

o, i
B

“' o ‘ N s .? ‘g A . i}
~Table I1I.3. Estlmated genetic (above dlagonal) and phenotyplc
correlations (below diagonal) between seedling traits
for_populat;ons from each of four ecolog;caljzones_’
Trait® R ,‘"'“e " Trait ¥
Zone _ __ MT] SRR? FBSL  HT2 SRR2  BB? 1BS?
Coast
HT1 .27 11 HT2 =47 .73 -.59
SRRZ2  -.10 - 54 SRR2 -.39. .61 059
_FBS1 .26 .41 - BB2 ~ .52 -.39 “ 72
IBS2 -.46 .44 - 44
W. Cascade
HTL -.09 .35 HT2 .33 -.53 .35
SRR2 .01 .55 "'SRR2 -.,20 -.06 -.05
FBS1 .42 .32 ~ BB2 - .10 -.11 v -.36
IBS2 -.42 A2 =027 i
Siskiyou
HT1 e 27 HT2  -.53 .13 -.63
SRR2 .13 .71 . SRR2  -.30 .03 .73
FBS1 . .37 Jab “BB2 . .7.19 -.01 -~ -.08
= S IBS2 = -.55 .43 -.17
Mixed-conifer -
HT1 | .27 .26 HT2 .00 -.36 .09
SRR2 .09 ~ .37 SRR2 -.08 . -.03 .28
FBS1 .38 .21 , BR2 . -.13..0 .02 0 =37
' ‘ ~ IBs2 -.07 .17 --.20
3/ See Table II.l for description of traits.
Phenotypic correlations from two different‘zoﬁes are significan
different (P < 05) if their absolute difference (z- transformed
 basis) exceeds 0.30. Individual phenotypic. correlatlon ' .
coefficients are 51gn1flcant1y dlfferent from 0 if thelr absolute
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Table II.4. Estimated means, phenotyplc varlances (ozp) famlly e
components of variance (624), famlly herltab111t1es (hzf),;
and expected responges to famlly selection: (Ry) per unit

~ of selection intensity (1 = ¥.0), for sir seedling tralts ‘
in populatlons frem each of four eceloglaal zenes

Zone Trait® Mean® f5q¢5 5
e ——
Coast HT1 - 26.7 =70 L b 3By 2.8
FBSL - 5.7 ©0.2 0.1 (5% 4.4
HT2 43,7 . 26.1 15.64. .60 7.0
SRR2 ~ 3.45 001 .0009 .62 23 6.7
BB2  96.4 7.2 3.9 .54 1.45 1.5
IBS2 181.3 . 34.3 17.1 .50 ©2.90 1.6 -
W.Cascade  HT1 25.0 5.3 3.3 62 - 1.43 5.7
FBS1 4.6 0.4 0.2 65 .40 8.6
HT2 48.9 16.8 4.1 25 1.0l 2.1
SRR2 3.3 0004 .0001 30 .06 1.8
BB2 100.5 6.0 1.2 19 .50 0.5
IBS2  169.7 24,8 9.6 39 1,94 1.1
Siskiyou HT1 —~ 24.0 5.0 3.1 62 1.39- 5.8
: FBS1 4.5 0.4 0.3 53 .34 7.6
HT2  46.4 = 21.9 '11.5 53 . 2.47- 5.3
SRR2 3.09  .0006 .0003 44 11 3.6
BB2 97 .4 5.3 1.1 20 .49 0.5
IBS2 170.7  31.0 17.6 57 3.24 1.9
Mixed- HT1 21.8 3.8 2.2 58 1,13 5.2
conifer FBS1 3.8 0.4 0.2 63 .39 10.3
HT2 46.8 12.4 7.4 60 2.11 4.5
SRR2  3.04 .0009 ~ .0004 36 .11 3.6
'BB2 102.7 9.1 4.0 44 1.34 1.3
1BS2 160.5  26.7 14.7 1.8

8/ See Table II.1 for description of traits.

b/ Means presented in original units of measure‘per Table'II;I;

¢/ /1 expressed as percentage of orlglnal populatlon mean per unlt
' of selection intensity. o o
Response (Ry) calculated as: Y = (1)(h2f)(ap).




Table 11.5. Estimated d1rect and correlated responses w1th1n
populations from each of four ecological zones when
selecting for seedllng helght growth (HTl or HT2)

85

I,yselection;for HT1

Respsndtn_g II’&L@B’/ %0 how

»

Zone HT1® SRRZ" i - FBS‘].
Coastal 0}74(2.8) L e705(1.5) OQQQNA)g

W.Cascade 1.43(5.7) ... -.01(0. 3)%&‘ [14(3.0)

Siskiyou 1.39(5.8)  .02(0.7)  .11(2.4)
‘Mixed-Conifer  1.13(5.2)  .04(1.3)  .10(2.6)

II. Selection for HT?2

Responding Trait® :
Zone - HT2 " SRR2 _ BBY 1852
Coastal 3.06(7.0)  -.11(3.2) 1.11(1.2) -1.88(1.0)
W.Cascade 1.01(2.1) -.02¢0.6) -.28(0.3)  -.53(0.3)
Siskiyou 2.47(5.3)  -.06(1.9)  .10¢0.1)  -1.93(1.1)
5)

Mixed-Conifer 2.11(4.

L00(0) -.57(0.6)

.27(0.2)

a/ See Table II.1 for deserlption of traite

‘responses as percentage of or1g1na1 zone, mean (in parentheses)

per unit selection intensity (i '= 1.0) in the orlglnal unlts of”

measurement. -Selection unit is the open-pollinated family.

_Absolute responses, and
ane -




Table II.6. Estimated responseeyof éeedllng helght (HT1 or HT2) in ;

populatlons from each of four ecologlcal zones, when

‘restriction selection indices (models 2-4) dare used to"

restrict change in correlated traits to zero.

86

1. Selection for HT1%

Zome. - ; - ¥
‘ o o o ,, P ) %w," P
Coastal - . 0.74(2.8)  0.68(2.6) 0. 64(2 4)
W.Cascade 1.37(5.5) ».14d(5.6) . 1.08(4.3)
Siskiyou ' 1.37(5.7) « 1.87¢5.7) - 1:37(5. 7);

Mixed-Conifer = 1.12¢(5.1) 1. 02(4 7) Tl 05(4 8)

II. Selection'for;HTZa/ 1 

Model®

Zone 2 ‘ 3 - 4
Coastal ©1.67(3.8)  2.57(5.9)  1.67(3.8)

© W.Cascade 0.32¢(0.6) 0.91(1.9)  0.18(0.4)
Siskiyou  1.75(3.8)  1.77(3.8) 1.71(3.7)

Mixed-Conifer ~  1.77(3.8) 2.11(4.5) 1.77(3.8)

a/  See Table 11.1 for descrlptlon of tralts

b/

‘Absolute responses, and responses as percentage of or1g1nal zone
mean (in parentheses), are per unit selection 1nten51ty (i=1.0)

in the original units of measurement. Selection unit is the

open-pollinated family. Models: 2. Restricted]index~wh6re ,
FBS1 (I), or IBS2 and BB2 (II) are restricted to 0% change, while
HT1 (I) or HT2 (II) is selected; 3. Restricted index where SRR2
is restricted to. 0% change -while HT1 (I) or HT2 (I1) is -
selected; 4. Restrlcted index where :FBS1 and SRR2 (1), or BB2 and
IBS2 and SRR2 - (I1) ‘are restrlcted whlle HT1 (I) or ‘HT2 (II) is’
selected.-
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GENERAL CONCLUSIONS

Populations of Douglas-fir in southwest Oregon varied substantially
in quantitative genetic structure (QGS). This variation was primarily
associated with differences in trait means and genetic correlations
between traits. Significant differences among populations in genetic
variances were limited and no differences were detected for
heritabilities of traits, Paired populations within the Coast and W.
Cascade zones differed significantly in means for large numbers of
individual traits, but had correlation coefficients which were quite
similar. Paired populations from the harsher Siskiyou and Mixed-Conifer
zones, however, showed limited differentiation in both trait means and
correlation coefficients.

Populations appear to be 1less differentiated in terms of
correlation structure than for trait means as measured by Euclidean
distances (cluster analyses). The magnitudes of population
differentiation for both trait means and correlation structure, however,
were positively associated with the relative extent of habitat
divergence. Three relatively homogenous groupings of populations were
identified and were geographically associated with the coastal zone, a
lower elevation inland zone (< 1067 m), and a high elevation inland zone
(> 1067 m). It is hypothesized that Douglas-fir has adapted to these
macro-climates where selection has significantly influenced relative
biomass and growth phenology and, in turn, the populations have

differentiated in QGS. This relative grouping into three geographic
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regions follows general trends which have been reported earlier with
regards to genetic gradients in southwest Oregon.

Their existed major differences among populations in correlations
between growth and phenology traits in the second growing season. These
differences were largely due to differential responses of populations to
frost damage at the end of the first growing season which affected the
subsequent year'’s growth patterns. The degree of frost damage expressed
by populations was associated with their environment of origin, where
populations from milder environments (e.g., Coast populations) sustained
the greatest damage. Frost was greatest in families with the latest date
of budset. These conditions led to moderately negative correlations
between height (age 2) and budset date in the second growing season in
six of eight populations. In contrast to the estimated negative
correlations between height and budset in this study, positive
correlations between height and budset in the second year were found in
an earlier investigation of similar populations when no frost was
experienced in the first year (Kaya 1987). Thus, QGS can vary
substantially when the test environment differs.

As expected, ‘differences in QGS among zones causes different
expectations in both direct and correlated responses from selection.
Practical significance of these differences, however, must be explored
in terms of whether expected responses are favorable or unfavorable, and
whether the maghitude of unfavorable responses are large enough to be of
practical concern. Restricted indices provide a technique to 1limit

change (expected response) in some traits, while allowing response in
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others. The use of restricted indices (selection for height) caused
differential responses among the four zones, and estimated height growth
response was severely limited in two zones. Differences among
populations in QGS must be recognized, and implications of alternative
selection strategies should be assessed prior to application in breeding
programs.

Further assessments of variation in QGS should be pursued in
Douglas-fir and other species. The magnitude of differences in QGS
between populations and the relationship of variation in QGS to
environmental patterns of variation must be understood in order to assess
optimal strategies for breeding and long-term gain. These studies will
also further refine our understanding of the amounts of variation among
populations and the biological significance of this variation in relation
to evolution and forest management.

Limitations in resources and time necessitate that experiments be
conducted as efficiently as possible. The following suggestions might
provide for more efficient experiments in at least some cases. Genetic
parameter estimates are imprecise unless sample sizes are large. It may
be better to sample fewer populations with a larger number of genetic
entries (e.g., > 100 families) per population in any one experiment in
order to obtain the precision desirable for making inferences. In
addition, taking measurements on multiple traits which are highly
correlated (e.g., r > .90) may not provide additional information of
substance, yet will add unnecessarily to the workload of the experiment.

In many instances, past studies provide information on which traits are
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highly correlated. Future investigators may also wish to include more
direct measurements on those traits which have a large influence on
adaptation. For example, traits such as cold hardiness in spring and
fall and drought tolerance could be directly measured along with various
growth traits in suitably designed tests (Blum 1988).

Both juvenile and mature traits in the same populations need to be
assessed in order to determine the extent to which QGS changes over
various life cycle stages. The majority of older established tests
(e.g., provenance or progeny tests) were not designed with adequate
sample sizes to estimate quantitative genetic parameters precisely.
Thus, it is desirable to design some new long-term tests where nursery
seedlings (juvenile life stage) are subsequently planted in the field for
further long-term evaluations (into mature life stage). The tests should
be designed so that adequate sample sizes are in place throughout the
useful life of the experiment. Also, the test environments need to be
given careful consideration, since populations react differentially to
various environmental stimuli. In order to evaluate the plasticity of
parameter estimates, it would be very beneficial if these experiments

were conducted in a minimum of two environments.
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APPENDIX A: Correlations between estimated genetic and phenotypic
correlations of traits for the eight study populations.
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Table A.1. Correlation between estimated genetic and phenotypic
correlations between traits for each of eight
populations in southwest Oregon.
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Population Correlation®
Coast

c-1 0.94 : N = 160.
C-2 0.96 ; N = 162.
W.Cascade

we-1 0.90 ; N = 146.
WC-2 0.89 ; N = 140.
Siskiyou

S-1 0.96 ; N = 165;
S-2 0.92 ; N = 159.

Mixed-Conifer

MC-1 . 0.95 N = 170.

MC-2 0.93 ; N = 162.

3/ N is the number of trait-pairs included in each correlation
calculation. Only trait pairs for which the estimates of the
respective genetic correlations were between -1.0 and + 1.0
were included in the analyses (out of 171 total N trait-pairs).
The genetic and phenotypic correlations were transformed to
z-scores prior to calculating the correlations.

4
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APPENDIX B: Estimated phenotypic and genetic correlations for seedling
trait pairs.




Table B.1. Description of traits in this appendix.
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Code Trait Units
I. First Growing Season:
HYHT (1) Hypocotyl height cm
#COT (2) Number of cotyledons number
IBS1 (3) Initial budset date® weeks after August 21, 1985
FBS1 (&) Final budset date?® weeks after August 21, 1985
HT1 (5) First year height cm
BHT1 (6) Length of terminal bud mm
DI1 (7) First year diameter? mm
II. Second Growing Season:
HT2 (8) Total height (2-years) cm
BHT2 (9) Length of terminal bud mm
DI2 (10) Second year diameter?’ mm
SWT2 (11) Shoot dry weight gms (X 10)
RWT2 (12) Root dry weight gms (X 10)
BB2 (13) Budburst date®’ days after January 1, 1986
IBS2 (14) Initial budset date?®’ days after January 1, 1986
FBS2 (15) Final budset date?® days after January 1, 1986
SRR2 (16) Shoot:Root ratio In(SWT2)/1n(RWT2)
GSL2 (17) Growing season length
(FBS2 - BB2) days
RGR2 (18) Relative growth rate [In(HT2)-1n(HT1) ] /GSL2
TWT2 (19) Total dry weight
(SWT2 + RWT2) gms (X 10)
a/

b/

c/

Initial budset date denotes time of initial budset (time

when terminal bud scales occurred). Final budset date refers to

budset date after any second flush. Final budset date equals
the initial budset date if second flushing did not occur.
Budset was recorded once per week.

Diameters were taken directly below the cotyledon scar.

Budburst date was recorded twice a week; time when needles
first became visible in the opening terminal bud.




Table B.2. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

c-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB? IBS2 FBS2 SRR2 GSL2 RGR2 TWT2
1) (2) (3) (&) (5) (6) (7Y (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | +36]-.29]-.17} .75| .30] .62| .43| .17| .62] .55] .58] 45]-.16]-.19]-.31|-.37] .11| .57|
#COT (2) | .13] |-.19]-.16] 11| .24| .34] .24 .24| .43] .35| .40| .201-.13]-.08]-.25]|-.161 .21| .37|
IBS1 (3) | .13] .14 | .84 .11)-.63|-.19]-.52)-.31]-.42(-.36(-.39(-.44] .60] .52 .35} .62|-.64]-.36]
FBS1 (4) ] .14] .14 .04 | .18]-.74]-.19]-.52|-.20]-.41(-.31]|-.28]-.57] .66/ 28] .22| .73|-.73]-.29]
HT1 (5) | .06] .15] .15] .14} |_.01] .66 .26] .05} .45| .37| .37] 215]-.03]-.05|-.15/-.11[-.20] .38]
BHT1 (6) J__.13| .14] .09] .07] .15] | 33| .78] .44 .70] .63| .57] 66]-.63[-.58]-.23|-.77] .84| .61]
DI1 (7) 1_.09| .13} .14} .14| .08] .13] | 371 .12 .72] .57) .55} .27|-.16]-.24]-.27]-.32] 09| .57]
HT2 (8) ] _.12] .14) .11| .11| .14 .06] .13] | .60| .77| .83| .78| .48|-.56]-.51|-.31}-.63] .85] .87]
BHT2 (9) | _.14) .14 .13) .14| .15| .12]| .14[ .09] | .43) .52| .55| .14]-.37|-.33|-.24]-.32( .54] .53]
DI2 (10)] .09y .12| .12} .12] .12} .07} .07| .06] .12} | .93 .88| .48|-.37|-.38]-.32|-.53] .56 .93]
SWI2 (11)] _.10| .13 .13] .13| .13{ .09] .10| .05| .11} .02] | .92 .42]-.32]-.33]-.27|-.46] .62] .99]
RWT2 (12)] .10] .12] .12] .14] .13] .10| .10| .06] .10| .03| .02 ] | .44)-.28]-.31}-.57|-.46] .58] .95]
BB2 (13)| .12| .14| .12| .10} .14 .08| .14] .11 .14] .11} A2] .12 [-.32]-.23]-.28|-.69] .56] .42]
IBS2 (14)] .14 .14| .09] .08| .15| .09| 14| .10| .13] .13] LA13] .14) .13 | .93] .15] .85|-.66]-.30]
FBS2 (15)] .14] .15| .11| .10] .15| ,10] .14 .11] .13] .13| A31 13| 14| .02 | .11} .86]-.60]-.32]
SRR2 (16)] .13| .14} .13| .14| .14| .14| .14} 131 14| .13] 141 10| . 14) 14| .15] | .23}-.26]-.33]
GSL2 (17)] _.13| .14| .09] .07} .15] .06 .13| .09| .13] .11| 12] .12] 081 04| .04| .14 |-.74)-.46]
RGR2 (18)| .15] .14| .09| .07| .14| 04| .15| .04| .10] .10] .09] .10| .10| .08] .09| .14| .07] [_.61]
TWT2 (19)1 .10f .13)] .13| .13| .13| .09]| 10| .05| .11} .02] 00] 01| .12 .13] .13} .13| .12| .09] |

See Table B.1 for description of traits.
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Table B.3. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

C-2

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IBS2 FBS2 SRR? GSL? RGR2 TWT2
[ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) ] | .16]-.06) .04] .71] .19f .50] .59] .22] .54] .55] .50] .30] .02] 05]-.27]-.06] .18] .55]
#COT (2) | .14 w |-.17|-.21]-.02] .16] .26] .10| .01| .26] .24 .29] 14]-.10[-.09]-.40]-.11| .15] .25]
IBS1 (3) | __.15] .14] | .80] .33]|-.49] .04]-.321-.30]-.34]-.37]-.43]-.20] .37| .34| .46| J34]-.61)-.38]
FBS1 (4) | .15| .14 .05] | .34]-.74|-.08]-.36]-.52|-.45|-.47]-.57]-.41] .55] .55| .58] 06)-.71]-.49]
HT1 (5) 1 .07} .15] .13} .13] | 02| .56| .44 27| .37| .37| .29| .32(-.02|-.02]-.08)-.12]-.12] .36
BHT1 (6) | .14| .14y .11] ,07] .15] | .27] .70| .74] .69| .72| .77) .63|-.71|-.72]-.60][-.77| .84] .73|
DI1 (7) | _.11] .14| .15| .15| .1Q0] .14]| | .53| .33| .76| .68| .65] .48]-.17]-.20]-.40]|-.31] .29| .68]
HT2 (8) |_.10] .15] .13| .13} .12| .07| .11| | .62 .83| .87| .82| .56|-.40|-.41]-.46]-.50] .80| .88]|
BHT2 (9) | .14| .15) .13| .11] .14] .07 .13| .09] | .61] .63] .67| .55|-.71]-.73]-.62|-.76] .62| .65]
DI2 (10)] .10| .14] .13| .12| .13| .08| .06] .05] .09] | 95| .95] .58|-.42|-.44|-.65|-.53] .72] .96]|
SWT2 (11)] .10} .14 .13} .11] .13} .07{ .08| .03] .09] .01} | -95] .61]-.44|-.46]-.57]-.56] .75] .99
RWT2 (12)) .11] .14 .12] .10| .13] .06] .08] .05] .08} .02| .01] | .65]-.57]|-.58]|-.75|-.67] .79 .97|
BB2 (13)f .13| 14| .14 .12] .13} .09y .11| .10] .10] .10{ .09| .08] |-.55]-.53]-.47|-.74] .58 .63
IBS2 (14)| .15] .15] .13| .10| .15{ .07 .14] .12} .07] .12 .12| .10} .10]| | .99] .57 .96]|-.60]-.48]
FBS2 (15)] .15| .15| .13¢ .10} 15| .07] .14| .12 .07] .12| .12] .10{ .11/ .00} | .57] .96|-.61}-,49]
SRR2 (l6)| .14| .12] .12 .310f .15f .09| .12] .12| .09] .08| .10| .07{ .11| .10} .10/} | .61]-.56]-.63]
GsL2 (17)] .15| .15] .13]| .10 .14] .06] .13} .11] .06 .10| .10| .08] .07( .01| .01] .09 |-.67]-.59]
RGR2 (18)] .14 .14] .10| .08] .14| .05] .13] .06] .09| .07| .07] .06] .10| 104 .10| .10} .08] | .77]
TWT2 (19)1 .10| .14} .13 11| .13} .07|] .08} .03| .09| .01| .00] .01] .09| A1) 0111 .09) .10] .06] |

See Table B.1 for description of traits.
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Table B.4. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

wC-1

Seedling |
Trait [HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IBS?2 FBS2 SRR2 GSL2 RGR2 TWT2
[(1) (2) (3) (&) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | .30]-.23[-.04f .79| .12) .47| .76] .39| .60] .59] .61] 310-.381-.331-.25|-,41] .20| .60]
#COT (2) ] .13] |-.14] .13] .16[-.14] 25| .19|-.04] .28]| .42| .39]-.15| 04| .06]-.01] .11]-.03| .42]
IBS1 (3) | .14] .14| | .82| .22]|-.66]-.10]-.25]|-.19(-.21)-.23|-.24]-.03] .55] D1 21 .44)-.62]-.23]
FBS1 (&) | .15¢ ,14] .05] | .37]-.79]-.05]-.13]-.09)-.15|-.11]|-.16|-.07] .47 .43] 25| .40|-.64]-.11]
HT1 (5) | _.06] +14] .14 .13] [-.19] .49] .64) .31| .48] 46| .41] 31]-.11})-.131-.06]-.24]-.18] .46]
BHT1 (6) | _.14| .14| .08| .05| .14 | .13| 31| .24| .20| .21] .20] .16]|-.66]-.62(-.09]-.59] 701 .20]
DI1 (7) | 11| .1a4] .15} .14 11| .1&4] | .55] .24| .80| .71| .62] .08)-.30|-.28|-.14]-.27] .13| .69]
HT2 (8) | _.06] .14 .la| 14| .09] .13 ,10]| | .39] .78] .79] .68| .34|-.44|-.41]-.12]-.49| .52] .77|
BHT2 (9) | _.13| .15] .14 .15| .13]| .1&4] .14 12| | .28] .29} .27] .07]-.24|-.23| .02]-.22] .15] .29]
DI2Z (10)] .09 .14] .14) 14| 11| .14] .05| .06] .14&4] | .93| .85| .174-.31{-.27|-.21]-.29] .38] .92]
SWI2 (11)] .09| .12| .14| .15( ,12| .14} .07| .05{ .13| .02] | 91| .15/-.22]|-.18]-.17[-.22] .33] .99]
RWT2 (12)1 .09| .13| .14 .14] 12| .14| 09| .08[ .14} .04] .03] | .16]-.16]-.10|-.50]-.15] .28 .96|
BB2 (13)] .13| .14 .15| .15| .13} 14| 15[ .13| 15| .14]| A41 14 |-.19]-.17]-.06|-.56] .35| .14]|
IBS2 (14)] .13| .15] .10) 11| .15 .08| 13| .12| .14 .13| Ja] 14( 14 | .93| .04| .86|-.68[-.19]
FBS2 (15)] 13| .15| 11| .12] .14] .09] .14] .12| 14| .14| 4] 15| .14] .02] | .04] .91|-.67|-.16]
SRR2 (16)] .14 .15| .14| .14 .15f .15| ,14] 14| .15 .14| A4) 11) .15) .15] .15] | .06]-.151-.27]
GSL2 (17)] _.12| .15| .12] .12]| .14} .10| 14| .11[ .14| .13| 4] 14] 10| .04] .02] .15] j-.71}-.19]
RGRZ2 (18)| .14| .15] .09] .09] .14| .08| .14| .11| .14] .13| 131 .14) 13| .08] .08| .15] .07] | .31]
TWT2 (19)1 _.09| .12 .14 .15| .12] .14| .08] .06] .131 .02} 00] 01| .14] .14 .14] .14[ .14 .13] I

See Table B.1 for description of traits.
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Table B.5. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

WC-2

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT?2 BB2 1IBS2 FBS2 SRR2 GSL2 RGR2 TWT2
1 () (3) (&) (5) (6) (7Y (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

HYHT (1) ] | .38]-.28/-.20] .66] .20| .49| .50] .04| .66] .73] 69]|-.06]-.14]-.07]-.20]-.02]-.11] .74]
#COT (2) | .13| |-.26]-.15] .20] 11| .17| .31] .08| .29| .35| .34] 05]-.12]-.20]-.18]-.16] .21] .35|
IBS1 (3) | _.1l4] .14| | 93] .37]-.65] .12]-.30|-.15|-.25{-,24]-.29]-.21] .54] .36] .32[ .35]|-.66]-.26]
FBS1 (4) | .14 .14 .02] | .47]-.73] .19]-.26]-.01]-.19)-,18]-.25[-.23] .59] b2 .36] .40]-.69]-.21]
HT1 (5) | _.08] .14] .13| .11] |-.20] .60] .38| .17 .48| .57| .48]-.15] .24| .21] .08] .22|-.55] .56]
BHT1 (6) | _.14| .15| .09] .07] .1&4] | .18 54| 19| .42] .39| .47| .34-.75[-.50}-.46]-.52] J21 41
DIl (7) | .11] 14| .14] .14} 10| .14] | .43] 12| 64| .62| .58| .03] 02[-.05)-.17]-.05]-.12] .62]
HT2 (8) | _.11] %13] .13| .14 .13} .10| .12] | .23 .76] .75| .69|-.13]-.40]-.30]-.27(-.13] 41| .74]
BHT2 (9) | .15| .15| .14| 15| 14| .14| 14| .14] | .27] .22] .30| .09|-.05] .01|-.46]-.04] .07| .22]
DI2 (10)] .08[ .13| .14} .14| .11 .12| 09| .06] .14| | .91] .90|-.07}|-.24|-.28]-.49|-.15] .21[ .92]
SWT2 (11)] .07| .13| .14 .14| 10| .13} 09| .07[ .14] .03} | .93}-.121-.26]-.26]-.37|-.11] .12 .99]
RWT2 (12)] .08] .13] .13| .14} .11| .11| .10] .08| .13| .03| .02] |-.01|-.29]-.33|-.65]|-.22| .22] .96]
BB2 (13)] .15] .15] .14y .14| 14| ,13| 15| .14] .15] .15| d4) 15 |-.36]-.37{-.16]-.78] .41]-.09]
IBS2 (14)] .14 .14| .10| .10| .14| .06] .15| .12{ .15] .14]| 4] 14) 13 |l_.67] .20| .65[-.73|-.28]
FBS2 (15)] .15| .14] .13| .12) .14] 11| .15] .13| .15| .14| 141 (13] 13| .08 | _.34| .86|-.74|-.28]|
SRR2 (16)] .14| .14| 13| .13| .15] .12| 14| .14| .12 .11| 13| .09] .14] .14 13| [ .31]-.41}-.44]
GSL2 (17)] .15| .14] 13| 12| .14] .11{ .15| .14} 15| .14} A5 14 06| 09| .04 .13] [-.71]-.14]
RGR2 (18)] .15| .14] .09] .08| 10| .07| .15] .12| .15] .14] A4] . 14] 12) .07] .07 13| .07] | .14}
TWT2 (19)] .07 .13| .14) .14| .10| .12| .09| .07] ,14]| .02| .00 .01f .15 .14] 14| .12| .14] .14] J

See Table B.1 for description of traits.
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Table B.6. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : S-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DIl HT2 BHT2 DI2 SWT2 RWT2 BB2 IBS? FBS2 SRR2 GSL2 RGR2 TWT2
1) () (3) (4) (5) (6) (7) (8 (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | .19]-.25]-.16] .70} .33| .58 .73| .43] .73| .79] J4| .25]1-.25]-.261-.09|-.32] .11| .78]
#CO0T (2) | _.14] |-.16]1-.10] .07} .26] .21] .26]| .16| .24] .31| .33]-.10]-.08]-.16/-.26[-.07| .17| .32]
IBS1 (3) 1 _.14| .14] | .90] .39]-.69] .21[-.24]-.61|-.15]-.21]-.25[ .05] .52] .57 18] .40|-.66]-.23]
FBS1 (4) ] .14] .15| .03] | .42]-.79] .23]-.27|-.54]|-.11]-.17]-.26] 00| .60| .58] .32| bbl- . 73)-.20]
HT1 (5) | .07 15| .12] .12] |[-.11] .68] .56] .05| .56| .55| .47] .23] .06] .06]| 03]-.07]-.35] .53]
BHT1 (6) | .13]| .14| .08| .05| .15] | .08] .54| .60] .39] .42]| .45| .18]-.59]-.63|-.24]-.56] .73 43
DI1 (7) | _.10| .14| .14| .14] .08 .15] |_.o1] .12| .76] .70 .61} .12|-.01| .02| .01|-.04]-.16] .69]
HT2 (8) | _.07] .14 .14| .14] .10} .10] .11] | .53] .81| .83| .81| .28]-.44|-.50]-.23|-.51| .51] .83|
BHT2 (9) | .12| 14| .09] .10| .15| .09] .14]| .11] | _.41] .49} .48|-.04-.46]-.59|-.20|-.42] .54 50|
DI2 (10)] .07] "14] .14] 15| .10] .12| .06l 03] .12] | 94| .91| .20]-.29]-.34]|-.17|-.36] .28 .94]
SWI2 (11)] .06] .13| .14| .14 .10| .12] 07| .05( .11] .02] | 95| .13]-.241-.30)-.17|-.29| ,28] .99]
RWT2 (12)] .07] .13| .14 .14] .11| .12| .09] .05] .11} .03]| .01| | .13]-.34{-.40]-.42]-.36] .37| .97]
BB2 (13)] .14| .15| .15| .15] 14| .14| .14} 14| .15| 14| .14] 14 |-.20]-.29]-.11]-.69] .31 .13|
IBS2 (14)] .14 .15] 11| .09} .15| .10| .15] .12 .12| .13] .14| A13] .14] | .84] .37| .731-.71|-.27]
FBS2 (15)| .14 .14] .10| .10| .15} .09f .15] .11 .10] .13] .13| 12] 131 .04) | .45] .89|-.80]|-.33]
SRR2 (16)] .15| 14| .14 .13 15| .14 .15] 14| 14| 14| .14) .12| A15] .13] 12 [ .39]-.41]-.24]
GSL2 (17)] .13| .15] ,12| .12} .15] .10| .15| 11| .12| .13 .13] .13] 08] .07] .03] .13] [-.75]-.31]
RGR2 (18)] .15| .14] .08] .07] .13] .07| .14 11| .10| .14 .14] .13| 13| .08] .06] .13| .07 | .30]

TWT2 (19)] .06] .13| 14| 14| 11| .12] .08] .05 .11] .02| .00] 01| .14 .14] .13] .14] 13| .13] |

See Table B.l1 for description of traits.
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Table B.7. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : S-2

Seedling |
Trait |[HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 «SWT2 RWT2 BB2 1IBS2 FBS2 SRR2 GSL2 RGR2 TWT?2
1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | .231-.38]-,21] .73)-.01| .34] .37|-.05] .29} .40| .27] .11(-.17]|-.10] 041-.14]-.271 .37]
#COT (2) | .14] |-.16]-.05] .08]-.36] .03|-.18] .17] .03| .08] .14]|-.06] .11] .09/-.09] 2111-.20] .10]
IBS1 (3) | .13] .14] | .89] .16]-.59| .08}-.48]-.34|-.34]-.37|-.51]-.06] .61] .55] .53| 49]-.58]-.41]|
FBS1 (4) | .14] .15| .03] | _.29]-.73| . 11|-.48]-.42]-.35|-.38}-.56|-.05] .66| .64] .57] .56/-.68]-.43]
HT1 (5) | .07} .15] .14} .13] |-.37) .51| .19{-.18] .15] .18]-.02]|-.02| .01| .07| .24| .07|-.54] .13]
BHT1 (6) | .15] .13] .10] .07] .13] [-.02] .61| .39] .38| .39 .50] .13|-.68|-.56]-.45]-.53] .79] .43]
DI1 (7) | .13| .15| .15] .15] .11] .15] | .34 .04] .68| .58| .39]|-.25|-.05|-.08| .08] .06[-.12] .54]
HT2 (8) | _.13] .14) 11| .11| .14| .Q9] .13] | .26] .70] .76| .72] .07]-.68]|-.59|-.37]|-.53] .69| .76]
BHT2 (9) | .15 .14| .13| 12| .14] .12} ,15| .14]| | 31| .26] .30}-.03]1-.30|-.40]-.22|-.32] .38] .28]
DI2Z (10)] .13] .15{ .13| .13) .14] .13| .08 .08| .13] | 92| .86]-.13|-.45]|-.53]-.32|-.37] 48] .92]
SWI2 (11)] .12| .15| .13] .13] .14 .12| .10 .06] .14 .02] | .90] .01|-.47]-.52]-.25]-.43| .51] .99]
RWT2 (12)] .14] .14| .11} .10 .15| .11] .12] 07| .13| .04l .03]| |-.02|-.54]-.61]|-.60]-.49] .62] .94]
BB2 (13)| .15| ,15| 15| .15| 15| .14| .14 150 .15] 14| .15] .15 |-.13]-.06] .10]-.56] .21] .00]
IBS2 (14)] .14| .15| .09} .08| .15| .08] .15| 08| .13] .12| .11| .10| .14] | 85| .49| .77|-.65|-.50]
FBS2 (15)1 .15] .15] .10| .09| .15} .10| .15| 10| .12] .11] .11| .09] .15] .04| | .52] .86]|-.66]-.55]
SRR2 (16)] .15] .15| .10| .10} .14} 12| .15| .13 14| 13| .14| .09] .15| 11| 111 | .38]|-.47]-.34]
GSL2 (17)] .14| .15] .11] .10 .15( .10] .15} .11| .13| .13| 12| .11] .10]| .06| 04| .13 [-.66]-.46]
RGR2 (18)] .14| .14| .10] .08] .10| .05| .14] .08] 12| .11| .11| .09] .14 .08} 081 .11] .08] | .55]

TWT2 (19)1 .13] .15] .12] .12| .14] .12] .10| .06} .14] .02| .00| .02 .15| .11| 10) .13] .12 .10} |

See Table B.1 for description of traits.
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Table B.8. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

MC-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB? IBS2 FBS2 SRR2 GSL2 RGR2 TWT2
LAY (2) (3) (&) (5) (6) (7) (8) (9) (10) (A1) (12) (13) (14) (15) (16) (17) (18) (19)

HYHT (1) | | .20]-.22]-.20] .70] .54| .61| .72] .47 .54| .64] Ab4] . 051-.28]-.17] .15|-.15}-.03]| .63]
#COT (2) | .14 |-.07]-.01) .17] .03| .17] .23| .30| .27 .25]| 200-.17]-.12] .02] .09| .10]-.12| .26]
IBS1 (3) | .14 .15] | .93] .39]-.60]-.02] .09[-.24] .02] .01]-.02[ .07| 40 .41 .05] .26|-.47(-.01]
FBS1 (4) |_.14| .15] .02] | .36]-.66] .02] .05]{-.27] .04] .03] .02 .07 .41| 42] 03] .27]-.49] .01}
HT1 (5) ] .07] .14} .12] .13] | .10] .50] .69| .33] .50| .55] .30 .12[-.11] .04] 226[-.04]-.34] .52]
BHT1 (6) ] .10] .15]| .09] .08} .15] | .43] .33) .43| .18] .26] .18]|-.01]-.62][-.50] 00]-.35] .39] .26
DI1 (7) 1 _.09] .14| .15] .15| .11] .12} | .43] 20| .64| .63] .47| .05]|-.13| .00] A13[-.03]-.15| .62]
HT2 (8) | _.07] .14] .15| .15 .08| .13| .12] | 45| .65] .76] .59}-.08|-.13|-.05| .07| .00| .06] 76|
BHT2 (9) 1 .11 .13| .14} .14 .13] .12]| .14] .12] | .38] .37] .20] .02]|-.24]|-.31] .18]-.23] .22] .36|
DI2Z (10)] .10} .14] .15| .15| .11] .14| .09] .08] .13| | .90] .73]-.10} .14] .27| .07| .25|-.18] ,91]
SWI2 (11)] .09] .14} .15| .15| .10| .14| .09| .06] .13| 03] | .711-.050 .11] .20] .19] .17}-.09] .98|
RWT2 (12)| .12) .14 15| .15]| .13| 14| .11] .10( .14] .07| 071 [-.10] .06| .22]|-.52| .21|-.07] .82]
BB2 (13)] .15] .14| .15} .15] .14} .15{ .15] .15] .15] .15| 151 .15] |-.18]-.29| .12|-.73| .48]-.07]
IBS2 (l4)] .14 .J4) 12| 12| .15| .09 .14| . 14| .14] A4f (15] 15| .14} | _.78] .08] .65]-.50| .10]
FBS2 (15)] .14 ,15{ .12 .12| .15] A1) 15] .15} 13] .14 .14 14| .13 .06 [-.04] .87]-.74] .21]
SRR2 (16)} .14 .15| .15] .15| .14 .15} .14| .15| .14] .15| A4t 0 11) .14] .15] .15 [-.09]-.03] .03]
GSL2 (17) .14 .15| .14 14| 15| 13| 15| .15| .14| .14] 4] . 14] 071 .08] .04 .15 [-.78] .19]
RGR2 (18)| .15| .14 .12) 11| .13] 12| 14| .15| .14[ .14] 15| .15] .11] 11| .07| .00| .06] |-.09]
TWT2 (19)1_.09| .14 .15] .15] .11} .14] .09} .06] .13] .03| 001 _.05|] .15] .15] .14} .15] 14| .15] |

See Table B.1 for description of traits.
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Table

B.9. Estimates of phenotypic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : MGC-2

Seedling |
Trait [HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 1IBS2 FBS?2 SRR? GSL2 RGR2 TWT2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) ] [-.18]-.20]-.23| .65] .35| .50| .68| .07| .65| .58]| 252|-.12]-.24]-.27|-.38]-.16| .08] .62]
#COT (2) | _.14] | .27] .21)-.11]-.24] .00|-.16]-.03} .08] .03| .04|-.03] .23] .31| .14] .26]1-.22| .03]
IBS1 (3) |_.14| .14| | .94] .43)-.54| .16] .10) .12| .16] .16] .02]-.16] .59[ .57! .30| 2221-.70] .12]
FBS1 (4) | .14 .14] .02] | .41[-.62] .09] .07] .Q4] .10| .15/-.03|-.22| .61 .60] .37] .57]-.74] .09]
HT1 (5) ] _.08] .15] .12| .12] |-.11] .62| .65] .15| .68 .64] .46(-.19] 24| .09f-.11] .15[-.42] .64]
BHT1 (6) | .13 .14| .10] .09] .14]| | .12] .26] .13] .11] .03] .12| .20|-.66]-.53]-.30]-.50] .63] .06]
DI1 (7) J__.11] .15) .14| .15] .09| .14] | .46] .03| .83} .67{ .65|-.06]-.03] .02]-.36] .0&|-.14] .73]
HT2 (8) | .08) .14| .15] .15| .08 .14) .12] [ .27] .73] .74] .53]|-.20}-.03] .05(-.21] .13] .03| .73}
BHT2 (9) | .15 .15| 14| .15} .14| .14| 15| .14| | .19] .15] .14|-.25] .10| .03| .05] .13(-.07] .15]
DI2 (10)] .08| .15| .14] .15] .08| .15| .05} .07| .14] | .87] .79]-.17| .07] .12]-.42} .17]|-.16] .92]
SWr2 (11)| .10{ .15} .14 .14} .09f .15| .08| .07 .14| .04] | .61}1-.29] .16 .26]-.20] .33]-.25| .95]
RWT2 (12)] .11] .15) .15] .15] .12} .14| .08| .11 .14] .06] .09} [-.12]-.02] .03|-.78] .08|-.04| .83]
BB2 (13)] .14 .15 .14| .14) .14} .14 15| .14 .14] .14| .13] .14] |-.22]-.29]-.10|-.65| .52|-.24]
IBS2 (14)] .14 .14 .10| .09 .14} .08| .15| .15] .15} .15| .14 .15] .14] | .78] .24 .71(-.75] .11]
FBS2 (15)] .14] .13]| .10y .09| .15| .11| .15 .15| .15| .14&| .14] .15| .13| .06] | .26] .92|-.77| .20]
SRR2 (16)] .13] .14] .13| .13| .15| .13| .13} .14] .15] .12| .14| .06] .15| 14| 14 | .25]-.28]-.44]
GSL2 (17)] .14] .14 .11| .10 .14) 11| . 15{ .14} 14| .14| .13] .15| .08] .07| 02] .14 [-.83]| .26]
RGR2 (18)] .15] 14| .07| .07] .12] .09] A4] 151 (15| .14] .14) .15] .11| .06] .06] .14 .05| | -.20]
TWT2 (19)] .09| .15{ .14) .15} .09] .15 .07| .07| 14| .02| .01 .05| .14&| .14| L4 12 14| 14 !

See Table B.1 for description of traits.
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Table B.10. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : C-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHTL DIl HT2 BHT2 DI2 SWT2 RWT2 BB2 1IBS2 FBS? SRR2 GSL2 RGR2 TWT2
LA () (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | .57(-.51]-.26]1.01| .48] .65] .51| .18| .75} .68] .76] .88[-.23]-.21]-.41]-.58] .28| .71]
#COT (2) | _.23] |-.48]-.39| .29] .53} .61| .37| .46| .66| .46]| 58] :251-.29]-.221-.30|-.42| .42] .50]
IBS1 (3) | .25 .35] {1.09|-.44]-.97]-.60]-.83|-.54]-.74]-.60]-.66]-.90/1.19/1.08] . 53]1.20(-.97]-.61}
FBS1 (4) | .22| .29] .11] |-.12]-.83]-.46]-.70|-.25]-.56]-.39]-.32]-.96/1.01[ .99] 18[1.16(-.98]-.37]
HT1 (5) | .20| .44] .56] .40] | .59) .75| .54| .15| .80| .73] .90| .84|-.23|-.05/-.53]-.45] .43 781
BHT1 (6) | .22] .31| .20| .11 .51] | .63] .91] .57] .93| .78| .64]1.03|-.88]-.83]-.21-1.08] .96] .74]
DI1 (7) 1 _.15| .27| .34] .26| .21| .26| | 43| .06] .85( .66] .75| .67|-.28}-.36]|-.50]-.58] .32| .68]
HT2 (8) | .18| .27| .22) .17} .35| .09] .23] | .76] .78] .84| .80| .74|-.73|-.62]|-.34]-.80| .97 .84]
BHT2 (9) | .23| .29| .28] .25| .39] .22| .28] .15] | .45) .59| .66 .25{-.60|-.42]-.29|-.41| 72| .61}
DI2 (10)] .13] .23] .25| .20| .31| .12} .11| .10 .21]| | .94] .93| .83|-.46]-.44|-.32]|-.71| .66] .95]
SWT2 (11)] .15| .25| .26] .22| .34 .15| .17| .08| .18] .03] | .94 .69]-.35}-.36]-.25[-.59] .70]1.00]
RWT2 (12)| .15) .25| ,27| .24| .39| .19] .18| .10| .18] .05| .04| | .74]-.19(-.221-.55]-.52| .57| .96]
BB2 (13)] .24| .36] .31y .21| .56] .19| .32| .22| .31| 24| .25] .25| |-.59|-.40]-.48|-.77] .71] .72]
IBS2 (14)] .28| .36] .29| .18| .48] .19| 33| .20] .27| .26] .28 .32 .34] |1.041-.02]1.01|-.84]-.29]
FBS2 (15)] .28| .38| .31| .22} .48| .22| .32| .22| .29] .27[ .28 .32 .37| .05 ] [-.07] .89]-.73|-.30]
SRR2 (16)] .22] .30| .28] .26| .42| .28] .26 .24| .26| .24 .25| .20[ .30] .35] .35] | .19]-.19]-.31}]
GSL2 (17)1 .23| .34| .27| .17| .46] 13| 28| .16| ,27| .20| .22| .24] .18] .09] 09| .31} |-.86|-.57]
RGR2 (18)] .27] .34 .20| .13| .57{ .08| .33| .07| .20| .19] .17] .21{ .23 19] .22 31| .14] | .71}

TWT2 (19)] .15] .25| .27] .23| .35| .16| .17| .08]| .18] .03| .00| .02| .25] 29| .30] .25| .23| .18]| |

L
»

See Table B.1 for description of traits.
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Table B.11. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : C-2

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IBS? FBS2 SRR2 GSL2 RGR2 TWT2
[(1) (2) (3) (4) (5) (6) (7 (8) (9) (10) (11) (12) (13) (14) (155 (16) (17) (18) (19)
HYHT (1) | | .22]-.07] .11] .79| .33| .52]| .75| .28| .64| .63] .57] .43] 07] .111-.34]-.06] .37| .63]
#COT (2) | .23] |-.36]-.48]-.07] .24] .34] .08/-.01] .33] .28( .33] :20]-.19(-.20}-.59]-.21] .20] .29]
IBS1 (3) | .35] .37] [1.31] .43-1.02]-.09|-.80]-.52}-.69]-.78]-.84]-.25] .80 .76] 92| .63-1.20]-.79]
FBS1 (4) | .27] .28| .28] | .31-1.01]-.39]-.62]-.76]-.73|-.74]-.83]-.54]1.06/1,10] .87| 97-1.04)-.76]
HT1 (5) ]_.12| .29| .38] .30] | .25] .50| .58] .51| .52| .49| .44 .65| 03] .03[-.17]-.19] 16| .50]
BHT1 (6) ] .21| .23| .33| .12] .28] | .37] .86] .93| .79| .84| .87| .73]-.96-1.02]-.78]-.97] .95| .85]
DI1 (7) | _.17] .23| .38| .30| .21 21| | .56] .50| .86] .78] .79| .74|-.21|-.25|-.56]-.42] 49| .79]
HT2 (8) | .14| .26| .38| .24| .23| .11] .18] | .78| .84) .91| .88| .73]-.54|-.58[-.58|-.66] .88] .92|
BHT2 (9) | .20| .23] .31] .18| .24} .08[ .19 .13} | .73] .75| .76 .68]-.961-.99|-.72]-.94| .74| .77|
DI2Z (10)] .15| .22| .33| .20]| .23| .11] .09] .07[ .12| | _.97] .98| .74]-.54|-.59|-.78]-.67] .79| .98]
SWI2 (11)] .15| .22| .34| .20) .23| .10| .12]| .05] .12} .02] | 96| .77]-.58|-.62]|-.67]-.70] .86 .99]
RWT2 (1234 .15| .21 .31 .16] .23| .08] .12] .07| .10] .02] .0?2] | .80[-.75])-.81]-.85/-.85| .89| .98]|
BB2 (13)] .20 .23| .33| .21} .25y .12} .17{ .15] .1&| .13 .12| .10| |-.79]1-.79|-.68|-.90| .67] .79]
IBS2 (l4)) .25| .26] .36 .22| .31 11| .25| 21| .11| .20] .19] .15| 16| [1.00] .80| .98]-.82|-.63]
FBS2 (15)1 .25| .27| .37] .24 .31| .12| .26] .22| .11] .19] ,19] .15| 171 .01] | .84) .98]|-.85|-.68]
SRR2 (16)] .21| .19y .33| .17 .28 .13{ ,19| .18| .12| .12] .14 .08] 16| .16] .16} | .83]-.73]-.73]
GSL2 (17)] .23] .24| .33] 19| .28| .08| .21| .17| .08 .15| .14| .11| 09] .02| .02] .13] |-.84]-.75]
RGR2 (18)] .23] .25| .34| .15] .32| .06| .23| .08] .13] .11 .10] 08] .15 .16] .16 .16] .13] | .87]

TWT2 (19)1 .15| .22} .33| .19] .23| .09| .11| .05] .11] .02} .00] 01] .12] .18) .18} .13] .13] .09] ]

See Table B.1 for description of traits.
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Table B.12. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : WC-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IBS2 FBS2 SRR2 GSL2 RGR? TWT2
(1) (2) (3) (4) (5) (6) (7 (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | .43|-.31]-.01] 90| .06] .42]1.43| .62] .66] .66] .73| .71|-.49|-.43]-.58]-.62] -- | .67]
#COT (2) | .20} |-.22] .25] .25|-.23| .43] .59}-.15| .49| .80| .73|-.71| .15| .08] .09] .28] -- | . 78]
IBS1 (3) | .26 .32} |1.00]-.02-1.24]-.38|-.67]-.53|-.34]-.40]-.35| .10| .98| .95]| .43| .89 -- [-.37]
FBS1 (4) | .23| .28] .10| | .26-1.12]-.29]-.07f-.28]-.21]-.11]-.17] 09| .56] .55] .49] .50] -- [-.12]
HT1 (5) |_.07| .25| .32| . 24| |-.29] .35]1.30| .48) .53 .54| .59| .92|-.25{-.23|-.50]-.49] -- | .54]
BHT1 (6) | .28| .34} .28| .15| .31| | .07]-.63| .46]-.14|-.20|-.16]-.51|-.78]|-.76] .27|-.58] -- |-.19]
DI1 (7) | _.18] .24 .32y .28] .21| .32] | .74| .30| .88| .76| .74| .15|-.48]|-.42|-.41|-.45] -- | .75]
HT2 (8) | .54| .50| .55| .47] .51 .95| .32] | .69] .90| .90| .82| .32|-.40]-.37|-.07|-.45| -- | .87]
BHT2 (9) | .22| .31| .37| .32] .26 .36] .28| .45] | .25] .24) .21]|-.35|-.40]|-.34] .42]|-.23| -- | .25]
DI2 (10)] .14) .24) .30| .27] .19| .37| .08| .21| .28] | .93 .87]-.01]-.30]-.19]-.16]-.18] -- | .92]
SWI2 (11)| .15] .23| .32y .29] .20| .41| .13} .19] .30| .04] [ .94]-.19|-.12|-.03|-.10| .02] -- | .99]
RWT2 (12)] 14| .25 .33| .29] .22] .41| .16] .26] .31| .07| .05] |-.081-.02] .08]|-.40] .10] -- | .98]
BB2 (13)] .42] .57| .57| .49 .53| .78| .44{ .70| .61| .45] .53| .52] | .07} .03] .15|-.27] -- |-.15]
IBS2 (14)] .20| .29] .24) .22| .26| .18| .24 .39| .30| .25] .29 .30[ .50] [1.01}-.34] .96] -- |-.09]
FBS2 (15)1 .20| .28| .25[ .22 .25| .20| .24| .39| .29| .26| .29| .30| .48] .03| |-.23] .96] -- [-.01]|
SRR2 (16)] .43| .49] .56| .47| .54| .67| .48| .81) .61| 44| .49| .40| .85] .57| .52| [-.27] -- |-.24]
GSL2 (17)] .22| .32| .31] .27] .28y .26] .28| .42| .35| .29| .35| .36| .48] 07| .05| .62| | -~ | .04]
RGR2 (18)] -- | -- | =~ | -- | -o | -- § oo | oo | oo | ==} ee | oee | e | e | ao [ -o | -- | [ --
|

TWT2 (19)| .14| .23| .31} .28| .20| .39| .13] .21| .29| .04| .01| .02]| .51| .28] 28] .45] 34| -- |

See Table B.1 for description of traits.
-- = No estimate of genetic correlation due to negative component of variance (02, ) estimate.
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Table B.13. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : WGC-2

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 1IBS2 FRS? SRR2 GSL2 RGR2 TWT2
1) (2) (3) (&) (5) (6) (7).  (8) (9) (10) (11) (12) (13) (14) (155 (16) (17) (18) (19)
HYHT (1) | | .57]-.38]-.28] .70] .17| .56] .67|-.01] .83] .96] .99[-.10/-.20] -- J-.34] .05|-.18] .99]
#COT (2) | .21]| |-.52]-.34} .31) .28| .40|1.07] .32| .83| .91| .91| .08-.51] -- |-.44[-.70f .53| .92]
IBS1 (3) | _.18| .24] |1.00| .30]-.91] .01|-.86}-.19|-.56]-.55/-.60}-.62(1.15] -- | .2311.07]-.90]-.58]
FBS1 (4) | .19| .26| .02] | .44]-.94] .10}-.71] Q4|-.47)- &44|-.51]-.65]1.14] -- | .2811.06]-.90|-.47]
HT1 (5) | .11} .27| .20| .18]| [-.40] 51| .21] .20] .42| .63]| .58]|-.54| . 63| -- | .18/1.02]-.84] 62
BHT1 (6) ] _.23| .32| .14] .11] .26] [ .03] .62] .09| .47| .40| .63} .79-1,35| -- [-.94[-.93| .89 .46]
DI1 (7) 1 _.19] .35| .28] .27| .21y .34] | .03]-.03] .48| .52| .56 .16] .37] -- |-.23| .27]-.37] .54I
HT2 (8) ]| .24| .50| .38| .36] .34| .28| .49 | .14 .78] 77| .79-1.27|-.32] -- |-.49|1.20] .20| .77|
BHT2 (9) | .22| .31| .23| .24| .25| .28| .32] .37] | .16] .07] .17} .00| .06 -- [-.70| .48|-.15] 06|
DI2 (10)] .14] .36] .27| .27| .24f .28| .27| .19]| .31| | .90| .97]-.62]-.38] -- |-.75| .31| .04| .93]
SWI2 (11)] .12| .33} ,25| .26] .19| .27] .24] .19| .30 .06] | .96]-.93]-.59] -- |-.52| .38]|-.11]1.00]
RWT2 (12)] .15] .35| .26 ,26] .22| .25} .25| .22| .30[ .06] .04] |-.624-.57] -- |-.75] .09] .04| .98]
BB2 (13)] .40| .55| .49 .49| .52} .53f .59{1.10| .49| .70 .78] .73| 21.15) -- |-.19-1.66] .43|-.82]
IBS2 (l4)| .37| .56| .49| .45| .46| .46] .59| .57] .46 .51| .50] .49] .87| | -- | .26] .62-1.01]-.62]
FBS2 (15)1 == | =c | == | == | =o } oo | oo | oo | ee | ae | ee | an [ -- [ .- | | == ] -- ] -- ] --
SRR2 (16)| .27| .37| .26| .25| .32] .29| .38| .44| 25| .28| .31] .21 .60] 93] -- | | .52]-.55]-.58]
GSL2 (17)] .48| .82| .88| .83| 96| .63| .77]1.69] .78| .84| .82| .7411.06] 60| -- | .67] [-.82] .30]
RGR2 (18)] .22| .29| .12 ,11| .16] .12| .32| .36 .28] .32| .31} .32] .40| 28] -- | .28] .37] [-.07]
TWT2 (19)] .12| .33] .25] .26] ,19| .27| .24] .19]| .31| .06] .00] .02 .76] D20] -- | .29) .80) .32} |

See Table B.1 for description of traits.
-- = No estimate of genetic correlation due to negative component of variance (0%, ) estimate.
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Table B.14. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

S-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IRS? FBS2 SRR2 GSL2 RGR2 TWT2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | | .29)-.311-.24] 76| .44| .62] .94 .52| .87 .94( .972] A7(-.33]-.35]-.15]-.45] .20] .93]
#COT (2) 1 _.19] |-.22(-.12] 18] .38| .40| .43| .28| .40| .48] .52] .031-.12]-.39|-.49]-.30| ,32| .49]
IBS1 (3) | .17| .20] [1.00] .35/-.87| .22]-.38]-.85|-.20)-.28(-.30] .02| .70]1.04] 16] .77(-.95]-.29]
FBS1 (4) | .19 .22] .04] | .34]-.92] .24}-.45|-.75|-,12]-.23|-.34] 00| .80]|1,.09! .49] .83-1.05]-.27]
HT1 (5) | .09] .22] .18| .20] |-.02] .68] .72 .07] .69| .67| .63] .40| .03] .19]-.041-.02]-.38] .66]
BHT1 (6) | .18| .22| .10| .08 .24 | .06] .54] .82| .36] .42| .48| .04]-.61|-.94|-.40]-.73] .76/ b4 |
DI1 (7) | .13| .22] .20| .22| .12| .24] | _.52] .13| .85| .80| .71} .08| .08| .25| .04| .16]|-.33] .77]
HT2 (8) | .10| .23| .22] .23] .16] .19] .19] | .68] .84 .84| .89| .41|-.45|-.60|-.44]-.61] .36] .85]
BHT2 (9) 1_.16] .22| 12| .15] .22| .14| 22| .17] | .44] .55] .54|-.31]-.62{-.98|-.24]-.61] .76] .55|
DI2 (10)f .08| .21} .20| .23| .14] .21| .09] .08 .18] | .96] .93| .24|-.26]-.39)-.13|-.39] .13| .96]
SWT2 (11)] _.07] .20| .20} .22] .15] .20} .10[ .08] .17[ .02] | 98] .04-.21|-.38]-.19]-.30] .11{1.00]
RWT2 (12)] .08] .20] .20 .21} .17} 19| .14| .08] .17| .04] .02| | .07]-.364-.59]1-.35]-.47| .27| .99]
BB2 (13)] .30| .36] .32| .36 .34| .38| .36| .36] .37] .34] .35| .36 |-.23|-.47[-.27|-.74] .20| .04]
IBS2 (14)1 .20| .24 15| .14} 24| .17] .25| .22| .18| .23] .23] .22| .36 | |1.01] .63] .85|-.79]-.26]
FBS2 (15)] .23| .28| .21| ,224 .29} .18| .30 .23| .19] .25| .26 24| 41 .09 [1.00] .94-1.06]-.44]
SRR2 (16)1 .24| .25| .24| .24 .28| .27| .28| 29| .26] .27] .27] .24] 43] .25] .31] | .86]-.72]-.24]
GSL2 (17)| .22| .29{ .23| .24| .29| .20| .30| .23| .22| .25| .27] .25] 22] 13| .07] .31] [-.88]|-.35]
RGR2 (18)] .24 .26] .14 .13| .24) .13| 27| .26| .18| .27| .271 26| .41 14) .12] .27] .13] ] ~15]
TWT2 (19)1 _.07| .20} .19| .22 .15| .20| .11]| .07| .16] .02{ .00]| 01| .35] .23| .25| .26| .26] .26] |

See Table B.1 for description of traits.
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Table B.15. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population : S§-2

Seedling | ‘
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IBS? FBS2 SRR2 GSL2 RGR2 TWT2
1) (2) (3) (&) (5) (6) (7) (8 (9) (10Y (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) ] | .37]-.60]-.23] .85[-.12| 31| .38{-.18| .25| .40| .25/ L15]-.13] .05] .10| .00]-.31]| .37]
#COT (2) ] .22] |-.39]-.06] .12]-.66]-.07|-.39] .40| .02] .13| .26]-,14] .13] :15]-.08) .24]-.31| .18]
IBS1 (3) | .20} .31] | .97!-.28[-.85|-.22I-.99I-.53I-.72|-.74l-.96|-.32I1.05I1.2211.02|1.56I-.71!-.82!
FBS1 (4) | .19| .26]| .05] | .18|-.91| .00)-.76]-.67]|-.56]-.61|-.88]-.20] .97{1.24] :9611.54]-.87|-.69]
HT1 (5) |_.09] .28| .34 24| [-.58] .36] .05]|-.42]-.02] .02]-.23[-.35] .10| .39] .38] .60]-.72]-.05]
BHT1 (6) | .21] .23| .17] .09} .21| |-.19} . 65| .44| .36] .37] .59(-.23|-.81|-.82[-.81|-.87] .92] 43
DI1 (7) 1 _.19] .29} .31]| .25| .22 .25] | .26] .03] .76] .59 .36-1.29| .13] .20| .20[ .771-.20] .23 ]
HT2 (8) | .20] .29 .25| .19] .28| .16]| .26] | .17] .64 .73| .75]|-.42|-.86|-.72|-.65|-.67] .68| .74]
BHT2 (9) | _.26] .33| .30| .23} .31| 25| .32} .32] | .29] .19| .28|-.71]-.38]|-.61]-.43]|-.43]| .44] ,23]
DI2 (10)| .20| .28] .26f .21| .27] .22| .13] .16] .29] | .94 .88-1.05]|-.47]-.62]-.33[-.30] .46] .93]
SWT2 (11)] .17) .27} .24| .19| .26] .20| .17] .12] .29 .03] | .92]-.52]-.53|-.66]-.32]-.56] .55]1.00]
RWT2 (12)] .20| .274 .21| .16| .27| .18| .22| .13] .28| .06| .04| |-.57}-.65]-.91}-.65{-.84] .76] .95]
BB2 (13)] .50| .67| .74| .59| .72| .69]1.33] .85{1.07/1.20] .83] .85 | 20| .57| .54 .26]-.16]-.53]
IBS2 (l4)]| .22| .29] .19} .13| .27] .12] .28{ .13| .29| .21} .19] A7) .72 [1.00] .84]1.09]|-.72|-.57]
FBS2 (15)| .29] .37| .33| .28| .37| .22| 37| .22| .33| .24] .23] 2101.11] .10 [1.29] .94|-.82|-.74]|
SRR2 (16)] .25| .33| .25| .20 .29| .23] .30| .27| .35| .27| .27| .18| .86 .23] .39] [1.29]-.83|-.41]
GSL2 (17)| .41} .54| .91| .84 .64) .43 73] .39] .53| .43] .40 4511.69] .38] .17] .81| |-.90]-.65]
RGR2 (18)] .22| .28| .18| .12} .18] .08{ .27} .15| .27| .21| .19 .14] Z4] (15| .18] .24] .35] [ .61]

TWT2 (19)] .18] .27] .23] .18] .26| .20| .18| .12| .29]| .03| .00| .03| .83 191 .22] .26] .40 .17]

See Table B.1 for description of traits.
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Table B.16. Estimates of genetic correlations (upper diagonal) and associated
. standard errors (lower diagonal) for seedling trait pairs.

Population :

MC-1

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT2 BB2 IRS? FBS2 SRR2 GSL2 RGR2 TWT2
L) (2) (3) (4) (5) (6) (7D (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

HYHT (1) | | .32(-.30|-.27] .78| .74] .75| .80| .57] .56] .74] .59] .051-.35]-.10] .32]-.09]-.10| .74]
#COT (2) | .23] |-.04] ,09] .32|-.13| .38] .30| .51| .44 .40| .37]-.26]-.15] 291 .30] .31|-.40| .45]|
IBS1 (3) | .20| .28] [1.01] .32)-.88[-.31| ,18|-.31| .04] .01| .02[-.10] .50| .61]1-.08] .43|-.59|-.02]
FBS1 (4) | .21| .29| .03} | .27]-.83]-.17| .16]-.30{ .11| . 04| .16|-.06| .48| .62]-.20] 42|-.55] .02]
HT1 (5) 1_.10] .27) .21| .22] [_.31] .36] .84| .41) .52| .63]| .34| .0Q7|-.25] .15] .51 .06]-.38] 58|
BHT1 (6) 1 .16 .33| .16} 14| .27| | .71] .34) 58] .17) .35| .34|-.11{-.71|-.58|-.01-.31] .22] .38
DI1 (7) | _.15] .33| .31| .31| .24| .26] | .40] .22| .69] .74| .75|-.08]-.08] .33| .18] .25/-.31] .74|
HT2 (8) | .10| .27| .24} .25 .11] .25] .25]| | .54 .60] .86| .75(-.17] .04| .18| .29| .20|-.18] .87]
BHT2 (9) | .16]| .26] ,23| .23] .21| .22| .29| .19] | .40} .40] .06]-.02|-.42]-.35| .58]-.21] .29 .37]
DI2 (10)] .16| .27| .25]| .26 .18| .28] .17| .16| .22] | .93} .82)-.28| 41| .76| .36] .61|-.48] .94]
SWI2 (11)1 .12| .27| .25{ .26]| .16| .26} .17| .09| .22| .05] | .821-.21] .19| .46] .43| .40|-.24] .99]
RWT2 (12)] .24| .38| .34 .35| .30y .37| .31| .22 .35[ .16/ .17| |-.25] .30| .84]-.16] .65|-.31| .88]
BB2 (13)} .24] .31| .28| .29| .27| .32| .34] .28| 28| .29 .29] .39| |-.33]-.60] .07]-.86] .61|-.25]
IBS2 (14)| .23| .33} .24| .24) .28| .19] .35] .30| .28| .30[ .30] .42] .32] | _.89] .03] .72}-.38] .20]
FBS2 (15)]1 .25| .36] .23] .23| .29| .24} .38] .31] .27| .31| .30] .46] 30| .12] |-.26] .92]|-.84] .55
SRR2 (16)] .29| .39| .34| .35{ .30| .38 .39] .34| .35] .36] .34| .47| 38| 40| .41 [-.20] 00| .34]
GSL2 (17)1 .22| .30] .23| .24 .26] .26] .33| .27| 25| .26] .26] .38] 121 171 .07] .35] |-.83] .47]
RGR2 (18)] .23| .31] .20] .20] .23] .28{ .31| .28| .25| .27[ .27] .38] 22 .26] 13| .00] .11] [-.25]
TWT2 (19)] .13| .28| .27| .27| .18) .28} .18 10| .24] .04| .01 .12] .31| 32 31| .38] .27] .29]| |

See Table B.1 for description of traits.
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Table B.17. Estimates of genetic correlations (upper diagonal) and associated
standard errors (lower diagonal) for seedling trait pairs.

Population :

MC-2

Seedling |
Trait |HYHT #COT IBS1 FBS1 HT1 BHT1 DI1 HT2 BHT2 DI2 SWT2 RWT? BR2 IBS2 FBS2 SRR2 GSL2 RGR2 TWT2
1) (2) (3) (&) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
HYHT (1) | [ -.45]-.29]|-.34] 74| .50 .51| .76|-.04] .71] .65] T4]-.34]-.29)-.32|-.65]-.13| .08] .68]
#COT (2) ]__.44] | .93| .82)-.17-1.13] .05[-.32]-.14] .19] .31|-.19] .39] J4|1.01] 73| .65]-.59] .15]
IBS1 (3) | .19] .61] 11.03] .34]-.87) .11] .02] ,20| .14] .17|-.10]-.43] .78] .89 .64 .82|-.94| .08
FBS1 (4) [ .20} .59| .03] | .27]-.83] .02] .05| .04] .08]| .21}-.15]|-.60] .76] .92 .81] .90|-.97| .08]
HT1 (5) | .13] .51| .22]| .24 [-.05] .62] .75] . 11| .81 .82| .54|-.76] .31] .22]-.02| 421-.57] .72]
BHT1 (6) | .24 .82] .21| .17] .35] | .10| .24) .13| .10}-.09] .32| .31{-.85|-.69-1.02]-.63] 77] .03]
DIl (7) | .16] .45] .22} .23| .16] .30] | .46]-.09] .92| .76(1.02]-.26]-.02] .10[-.69] .16]-.21] 84|
HT2 (8) | _.11| .47] .23| .24] ,15] .30] .19] | .19] .78] .91| .61(-.63( .13] .31]|-.25] .45[-.23] .80]
BHT2 (9) | .25| .54| .26 .27 .31| .35| .28| .27| | .00]-.11] .01)-.74]| .14] .13] .34| .34|-.30[-.10]
DI2 (10)] .11| .44) .21| .22| .13| .29| .06] .10| .27] | .9311.02]-.49) 11| .23|-.59| .34]-.31] .95]
SWI2 (11)] .15] .52 .24| .24} .15] .33} .13| .10| .32] .05} 11.07]-.76] .20| .40|-.48| .56|-.42]1.01]
RWT2 (12)] .19] .60| .29] .29| .26] .38} .18| 21| .35[ .11 .21| |-.52] .05] .16]-.70] .30|-.25}1.03]
BB2 (13)1 .28| .69] .30 .31] .39| .39| .31| .34| .37| .30/ .33| 41 |-.45]-.61]-.15]-.80] .75|-.66]
IBS2 (14)] .20{ .55] .13| .13| .25| .16] .24| .25| 28] .23| .25] .30] .30] | .95| .45| .87}-.89| .15]
FBS2 (15)1 .21} .65| .16] .15{ .29} .22| .25| .27 .30| .24] .25] 321 .31 .09] | 51| .97{-.82] .32]
SRR2 (16)] .24| .71| .28| .28| .36] .44 .27| .31| .38| .24] .33| 18] .41 .29 .31] | 44|~ .48]-.54]
GSL2 (17)1 .22| .50} .16] .15| .28] .22| 24| .26| .28| .23 .23| 311 .17} .10] .03] .30] |-.88] .46]
RGR2 (18)] .22| .51 .11] .10} .22| .17| .24 .27( 29[ .23 .24] 31| .22] .09| .10} .30| .07] |-.36]
TWT2 (19)1 .13] .46} .22| .23| .15[ .31| .10| .11] .30] .03 .02] 10| .32| .24] .24| .24 23| 23] |

See Table B.1 for description of traits.
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