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VARIATION AND INHERITANCE
OF SOME PHYSIOLOGICAL AND MORPHOLOGICAL TRAITS IN
PSEUDOTSUGA MENZIESII (MIRB.) FRANCO VAR. MENZIESII

ABSTRACT

The objectives of this study were to describe the
variability, to evaluate the combining ability, and to
calculate the heritability values for certain charact-
eristics of Coastal Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco var. menziesii. Four trees (A, B, E,
and 11) were selected on the University of British
Columbia Campus. Three of them were selected from the
local natural population while the fourth came from
an unknown provenance, The investigation of variation
included phenological observations on flushing and
flowering times, and quantitative descriptions of pol-
len, seed and cone size.

A survey of Campus trees showed that Douglas-fir is
extremely variable in the time of flushing and flowering,
the size of pollen, seed and cones, and the total number
of filled seeds. Times of flushing did not determine
times of flowering. There was a strong negative corre-
lation between pollen size and time of flowering. This
suggests existence of adaptive significance to adverse
climatic condition. Variation in width of the cone was
greater than in cone length.

Seed germination percentage appeared to be inherited
on a single factor basis, and the results from F] crosses
substantiated the suggestion that tree E might possess
a homozygous dominant state, Filled seeds have not
been obtained from tree B when it was self-pollinated,.
This supports Orr-Ewing's theory, that self-sterility
might be an inbreeding effect caused by the action of
lethal genes, when brought together in a homozygous
state,

Combining ability of the four study trees was tested
by a polyallel cross with all sixteen possible combina-
tions. The cross was completed in 1962, using three
different pollination methods; dry, wet and dry-wet.
Mortality of conelets was lowest in the case of wet
pollination. Losses were doubled with dry pollination.
0f 302 seed conelets pollinated, 201 were collected and
8,004 seeds were extracted from them. The number of



filled seeds per cone was lowest in the cases of self-
pollination (1.91) and wind pollination (3.05). Cross
pollination on the average surpassed wind pollination by
4.6 times, and the self-pollination by 7.3 times, pro-
ducing 13.81. filled seeds per cone.

In order to minimize and test the variability due to
environmental effects, the seedlings were grown under
controlled ‘environmental conditions. Two Percival
(PGC-78) units were employed, one of them simulated
long=day (15 hours illumination) and the other short=-
day (10 hours illumination) effects for 132 days.

Tree 11, which was different in origin from the local
provenance trees, showed the best combining ability as
a seed parent. Progeny from crosses between trees from
the same populations showed smaller values compared to
progenies from crosses between trees from different pop-
ulations. Epicotyls, for example, were 73-78 per cent
longer on seedlings from tree 1l compared to seedlings
from trees B and E, when pollen from tree A was applied.
Obviously, further investigation of intra-specific
crosses has practical merit.

Heritability values in the narrow sense were calcula-
ted for twelve different juvenile seedling characteris-

tics, and the practical application in relation to
forest tree improvement was briefly discussed,
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ii
ABSTRACT

The objectives of this study were to describe the
variability, to evaluate the combining ability, and to cal-
culate the heritability values for certain characteristics of

Coastal Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var.

menziesii). Four trees (A, B, E, and 11) were selected on the
Univérsity of British Columbia Campus. Three of them were
selected from the local natural population while the fourth

came from an unknown provenance. The investigation of variation
included phenological observations on flushing and flowering
times, and quantitative descriptions of pollen, seed and cone
size,

A survey of Campus trees showed that Douglas-fir 1is
extremely variable in the time of flushing and flowering, the
size of pollen, éeed and cones, and the total number of filled
seeds. Times of flushing_did not determine times of flowering.
There was a strong negative correlation betwéen pollien size and
time of flowering. This-suggests existence of adaptiQe signifi-
cance to adverse climatic condition. Variation in width of the
cone was greater than in cone 1length.

Seed germination percentage appeared to be inherited on a
single factor basis, and the results from Fj crosses substan-
tiated the suggestion that tree E might possess a homozygous
dominant state., Filled seeds have not been obtained from
tree B when it was self-pollinated. This supports Orr-Ewing's

theory, that self-sterility might be an inbreeding effect
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caused by the action of lethal genes, when brought together
in a homozygous state.

Combining ability of the four study trees was tested by
a polyallel cross with all sixteen possibie combinations. The
cross was completed in 1962, using three different pollination
methods : dry, wet “and dry—wet.. Mortality of conelets was lowest
in the case of wet pollination. Iosses were doubled with dry
pollination. Of 302 seed conelefs pollinated, 201 were collect-
ed and 8,004 seeds were extracted from them., The number of
'filled seeds per cone was lowest in the cases of self-pollina—
tion (1.91) and'wind pollination (3.05). Cross pollination on
the average surpassed wind pollination by 4.6 times, and the
self-pollination by 7.3 times, producing 13.81 filled seeds per
cone.,

In order to minimize and test the variability due to
environmental effects, the seedlings were grown under controlled
environmental condﬁtiohs. Two Percival (PGC-78) units were
employed; one of them simulated long-day (15 hours illumination)
and the other short-day (10 hours illumination) effects for
132 days.

Tree 11, which was different in origin from the local
provenan;e trees, showed the best combining ability as a seed
parent during short-day treatment, and also proved to be a good
pollen parent., Progeny from crosses between trees from the
same populations showed smaller values compared to progenies
from crosses between trees from different populations.  Shoots,

for example,were 73-78 per cent longer on seedlings from
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tree 1l compared to seedlings from trees B and E, when pollen
from tree A was applied. Obviously{_further iﬁvestigation
of intra-specific crosses has practical m?rit. |
Heritability values in the narrow sense were calculated
for twelve different juvenile seedlings (root-, hypocotyl-,
epicotyl-, and bfanch-length, number of branches and number of
cotyledons, diameter of robt collar, green and dry weight of
roots and shoots, and light transmittance ofvchloqophyll)
characteristics, and the practical application in relation to

forest tree improvement was briefly discussed.

P.G. Haddock
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1 INTRODUCTION

Forest genetics is the study of variation and herit-
ability in foreét trees, It 1is concerned with similaritiles
and differences of various tralts between related trees and
their transmittance to the next generation.

Variation itself is a product of differences between
individuals and the effects of environmental modifications,
genetic recombinations and mutations (Stebbins, 1957). An
understanding of the role of the above factors is essential in
any genetic studies. The variation:pattern from tree to tree
and from stand to stand as well as the population composition
throughout the fange of the species must be known before any
improvement work can be planned on a logical basis, The calcu-
lation of‘genetic gain requires an estimate of heritability whieh
will express the probability that certain characteristics will
appear in future generations, Only limited information is
availablé at present on the inheritance of various traits of
forest tree-species. Consequently, most of the information on
genetic gain 1s based on speculation rather than on actuql
calculation, |

This investigation deals only with variation and herit-
ability of certain morphological and physiological traits of
Douglas-fir. The species range extends from central British
Columbia into Northeastern Mexico, and from the Pacific Coast
'to the eastern slopes of the Rocky-MOuntains. The Qegetation
and phytogeography of the Douglas-fir region of the Pacific
Northwest are described by Haddock and Schmidt (1957). Bio-
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climatic zone descriptions for British Columbia have been
made by Krajina (1959), The economic importance of Douglas-
fir in British Columbia, especially within the Vancouver
Forest District, was mentioned by Smith et al. (1961).

The species exhibits a high degree of genetic variability
which has been noted by numerous authors, and has been éxpress-
ed by Larsen (1937) in the following way:

"One has to travel very widely throughout the natural

range of Douglas fir in order to get an impression of

differences in geographical type, but standing on one

place one can, without moving a foot, see many in-

dividuals differing widely in their structure; it is

often more difficult to pick out those that resemble

one another. Although they belong to the same species

and the same geographical type, yet they can be widely

divergent in respect of their economic value in forestry.

This can be observed everywhere. It does not matter if

one chooses in California a site in the Coast Range or

in the Sierra Nevada, passes through Oregon and Washing-

ton, or in British Columbia selects a place on Vancouver

Island or in the Rocky Mountains; everywhere one is

bound to be impressed by the great individual variation

of this tree-species."”

The trees involved in this study were selected from Douglas-
fir trees, previously used by Orr-Ewing (1956) and Allen (1961)
in their experiments. The long life c¢cycle in forest trees
creates special problems in their breeding. Therefore complete
and accurate record keeping on pertinent observations is
absolutely essential. The data supplied by Orr-Ewing and Allen
‘'on phenology, combining ability and germination were the basis
for the. selection of four trees on the U.,B.C. Campus. Further
experiments are planned featuring these trees. Analysis of
wood quality is underway on the four-year-old progenies
(Kennedy, 1964) and field progeny tests are to be established

at the University Research Forest, Haney, during the spring of
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1964, using the seedlings grown from 1958 and 1962 crosses.
The objectives of this inve;tigation of Douglas-fir may

be stated as: | |

1. To determine the variation of some morphological and
physiological traits at the inter- and intra-tree level,

2., To test the combining ability of four trees, using the
complete polyallel cross and confrolled environment.

3. To estimate heritability in the narrow sense for the
twelve juvenile seedling characteristics studied and to

use these estimations in planning a selection program,



2 REVIEW OF PAST WORK

21 Variation

There is a large literature on the variation of Douglas-
fir. ILittle (1952) mentioned that Murray in 1869 was the
first to realize the differences between Coastal and Inland
Douglas-fir, 78 years after the discovery of this species by
Menzies. The great geographic range and wide variation within
éhe species account for the fact that the taxonomy of the
species is still unsettled.

Flous' (1936) findings reflect the difficulties in
classification When it is based only upon morphological and
ahatomical characteristics of herbarium specimens. She studied
‘needle and cone characteristics on close to 150 specimens
colledé¢ted by different persons throughout the range of Douglas-
fir. She described 11 species and one Variety_and could have
described many more, if, using the same codes for classifica-
tion, she had been in possession of a larger number of samples,
Rehder (1947) mentioned three varieties and seven forms. Peace
(1948) and Franco (1950) described three varieties. Recently

Tusko (1963) recognized two subspecies Pseudotsuga menziesii

(Mirb.) Franco ssp. menziesii, Coastal and Pseudotsuga

menziesii (Mirb.) Franco ssp. glaucescens (Bailly) Schwein,
Interior or Rocky Mountain Douglas-fir. Haddock (1962)
stated:

"Older efforts to distinguish between a "glauca"
and a '"caesia" (gray) form within the interior



portion. of the range should not be continued
because they serve no useful purpose and only
confuse the issue. Considerable variation in
‘cone and leaf morphology, color of foliage etc.
.has been noted throughout the range of the
species, The real differences between geo-
graphic .provenances are much better measured by
growth rates and other factors such as low temp-
erature tolerance and length of growing period.”

The literature citation in this review will be divided into

broad categories somewhat similar to those used in the thesis.

211 Geographic variation
The importance of geographic variation of seed source
was realized early, following Vilmorin's work from 1821-1850,

Pinus sylvestris L. séeds were collected from 30 different

. geographic origins and were grown on his estate in France
(Viilmorin 1862). Considerable deviations were observed in
height and diameter growth, Sﬁraightness of the stem, and

needle length. His work clearly showed Pinus sylvestris L.

varied conslderably in its genetic constitution among differ-
ent geographic origins. Further work by Cieslar, Dengler,
Schott, Schwappach and Engler (Kalela, 1937) paved fhe way
for Langlet's (1936) findings. In agreement with the previous
investigators, he feaéhed;the conclusion that the local

provenance is the best, and for planting Pinus sylvestris L.

in southern Sweden, the seed should not be transferred‘more
than 250 kilometers (approximately 150 miles) in a north-
south direction, and 300 meters (approximately 900 feet) differ-

ence in elevation. His conclusion was widely accepted in
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Europe and even in North America. Seed collection 2zones were
worked out for the most important species in Europe and Isaac
(1949) eétablished similar rules for collecting and transfer-
ring Douglas-fir seeds inlthe Pacific Northwest. |

Langlet's original statement was well-founded, but the
supporting evidence for other species and other regions has
come from low-precision, unreplicated experiments. There are
several instances in which a non-local provenance has been
proven definitely superior to the local seed source (Wright,
1962). Plantations with éxotic species proved to Eé success-
ful in many cases. Wright also mentioned an experiment on
Douglas-fir from the Pacific Northwest Reéion.. The plantation
was initiated b& Willis and Hoffman (1915), and reported by
Munger and Morris'(l936, 1942), which showed that the Granite
Falls and Darfington trees are cénsistently among the leaders
at each of five test localities, even after é quarter of a
century.

The Research Branch of the Oregon State Board of Forestry
at Coryallis initiated a cooperative provenance test in the
Pacific Nofthwest in 1954, Sixteen provenances were included
in the test,'five from British Columbia, three from Washington
and eight from Oregon. Ching and Bever (1960) reported on the

performance of two-year-old nursery stock at Corvallis. The

Vancouver Island and the Shelton provenances showed a better
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gréwth than those of local origin. Significant variation was
found in needle length and a correlation wés detected between
needle length and total height. Bud bursting was generally
earliest in the southeéern provenances, but one northerly
provenance (Courtenay) flushed just as early. Bud setting was
eariiest in the southern and Vancouver Island provenances,

except Nimpkish. The reéults indicate that time of bud 1iush-
ing and setting has no apparent effect on height growth.

Similar observation was made by Griffith (1960) on radial

gréwth on 68 Douglas-fir trees at.the University. Research Forest,
Haney. Heaman (1963) reported on the samé provenance test based
on the first two-years fieid performance at the five test sites
in British Columbia, Proper evaluation was possible only for
two sites, Nimpkish and Courtenay. The yearly height growth

and the total height wére significantly different at both
locations. The low-elevation provénances from Shelton and

Sugar Loaf Mountain (Vancouver Island) showed better performance
than the local provenances.

Revel (1960) evaluated one of the two provenance experi-
ments 6f Dr. Haddock. Three sources each of Coast qnd interior
provenances were grown in soil in tﬁe greenhouse for seven
months., Significant differences were found in height growth,
vigour, needie colbr, and terminal bud condition, whereas no
pronounced differences showed up in either mortality or number
of Lammas shoots produced. | |

Hutchinsan (1961). on the other hand mentioned "in Douglas-

fir there are three growth cycles per year, under optimum
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conditions, while 1n trees from mountain areas a single short
period is noted". He also found significant differences in
resistance to frost among the different'provenances he worked
with. ‘

Morris et al. (1957) suggested that bud bursting is
under strong genetic control. Carmichael (1961) observed poly-
morphism with respect to color of foliage.

Campbell (1958, 1963) studied the variations in crown form
attributes. He sampled (1958) 300 trees from 10 areas through-
out southwestern Washington, and fdund within-tree ”variétion
in the stem interwhorl length, and in the ratio surface-area-of
stem versus cross-sectional area of‘branch bases was veryllarge".
Between—tree.variation was also large in the characteristics -
which make up the crown éf a tree. Significant differences
between area means were found for each attribute studied.
Possible pafterns of geographic variation for number of branches,
length of branches, and chss-sectional area of branch bases
were mentioned.

Irgens-M8ller (1957) subjected seven Orégon provenances
from elevations of 60 to 4000 feet to a short-day (9 hours
light) and long-day (15 hours iight) treatment. The date of
bud bursting was not affected by the differeht treatménts among
the low-elevation provenances, but there was a significant
difference for the high-elevation seedlings, in which long days
»hastened the bud bursting. Seven pro&éﬁances and four light

treatments were used in a flurther experiment by Irgens-Mdller

(1958). Seedlings from Interior British Columbia showed the
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greatest differences in response to photoperiods. Again in a
llater experiment (Irgens-Mdller, 1962) he found less variability
in the Coast provenances than in seedlings of continental origin,
He explained this as being perhaps the result of the wider range
of environmental conditions under which the seedlings from
continental origins grow.

Nicholson (1963),experimenting with 12 Interior and 16
Coastal provenances; using short day (6 hours light) and long
day (18 hours light) for 52 days,was able to separate Coast and
Interior provenances grown under short-day treatment more
readily th;n those grown under long-day treatment. He also
observed distinct groups within the Interior provenances, while
no definite regional grouping was distinguishable within the

Coastal provenances.

2111 Variation in cone characteristics

Peace (1948) personally covered the northern part of the
Douglaé—fir range and noted the large variation in cone character-
istics within the species, He found the cone leﬂgth varied
between 3.4 and 8.4 centimeters (cm). Cones from the coast tend
to occupy the upper end of the range. The refle;ed bract
characteristics were observed on. the coast, while cones "without
reflexed bracts'" were found in the Rocky Mountain areé; although
the reverse situation had in the past been considered to prevail.
Tusko (1963) collgcted samples from 43 provenances across
British Columbia from East to West and found the average cone

length to be 5.4 cm., ranging from 3.2 to 9.3.cm.. The average
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cone width was 2.1 cm. with a range between 1.6 and 2.7 cm.,

A certain overlap was observed in these characteristics so far
as Coast and Interior origins were concerned, but generally the
Coast provenances exhibited larger-values in both character-
istiecs. Willett (1963) measured the cone length and width from
22 Coast and 8 Interior.provenances, from Nimpkish Lake
(Vaﬁcouver Island) to Kananaskis (Alberta) on 348 trees. The
average cone length for provenances was 6.0 cm. with a range
from 5.1 em. to 7.7 cm. and cone widths averaged 2.1 cm. with

a minimum of 1.8 cm. and a maximum of 2.4 cm. for the different
provenances. Iongitude and iatitude of the collection area,
the héight, diameter at breast height, crown width and age of
the tree explained only 9.3 per cent for cone length, and 13.2
pef cent for éone width of the total variation. Thls suggests
‘that other environmental and probably genetical variables‘are

also important.

2112 Variation in seed charaéteristics

Allen (1960/3; 1961) separated Coastal and Interior
ﬁrovenances on the basis of morphology of seeds. Seed from the
Interior origin is "generally broader in proportion to its
length; it has a shorter micropylar tip, a smoother and shinier
outer surface, and fewer seed-coat wrinkles' than the Coastal
seed., He noted that differeﬁces appeared to be under genetic
control, assuming "Yhat each came from a relatively confined
refuge following the retreat of the glaciers, or that some of
the characteristics have survivql value or are linked with

features that have'.
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Dunlap (1964 ) working on the same provenances as Robinson
(1963) and Willett (1963) confirmed Allen's (1960/a) findings.
The well-expressed contour ridges and the darker color on
Coastal seed sources were the best characteristics to.:separate
them fromvlhterior sources. Robinson (1963) studying the
variation in size of seed on 348 trees from 30 different proven-
ances, found significant differences in éoth the length and
width of seed and wing, among the different provenances.
Generally,'Coastal prévenances exhibited larger values for the
ébove—mentioned characterisfics.

Identification of Coastal and Interior provenancesvduring
the germination period was worked out by Allen and Bilent jes
(1954), Allen (1958, 1960/b, 1961). Incubation temperature at
10° C or 15° C tended to separafe these two provenances better
than the more optimal 25° C temperature. The 10° C even
separated the two geographic origins when seeds from the two
areas were stratified for 40 days prior to germination. Days
to reach 10 per cent of germinative capacity (Rlo) were below
8 for Interior provenances whereas the values for Coastal seed
were nearly always above 9, often above 12 and as high as 25 or
even higher. Dry-belt Interior sources gave the 1owes§ values,
while the Prince George - Quesnel sources behaved more like the
faster germinéting Coast origins. Allen (1961) élso mentioned
the possibility of splitting the Interior provenances iqtd two

or more groups.



12

22 Heritab;lity

The'portion of the observed varlance for which differences
in heredify are responsible, called heritability (Kﬁight, 1948),
is a very valuable estimate in geneticeimprovement work.
Estimates of heritability are necessary to express the relia-
bility with which the phenotypic characteristics may Qe expected
to appear in the future progeny. They can also be used to cal-
culate the genetic gains that‘may be expected 1n the next
generation.

Estimation of heritability éan be carried out in various
ways;WWarner (1952) mentioned the following meﬁhods:

1. calculation of parent-offspring regression,

2. study of varlance components from analyéis of variance,
and 3. approximation of nonheritable variaﬂce from genetically

» . uniform populations. '

Lerner'(l958) described the methods somewhat differently:

1. comparisons of phenotypic traips displayed by

monozygotic as against dizygotic twins,

2. calqglations of'parént-offspring regressions,

3. correlat;ons between full-sibs and half-sibs, and

L, computatidns of_differences between ispgen;c lines or

lihes.éelected.in oppdsite directions.

In forest trée improvement progfams, the parent-offspring
regressions, correlations between full-sib and half-sib progenies,
and the study of varilance components from analysis of variance

are the most important. Other methods may be used for those
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tree spécies which can be propagated vegetatively, since the
pure line and polyembryony have limited applications in forest-"
ry. Allard (1960) stated:

- "The question of whether a characteristic is

hereditary or environmental has no meaning. The

genes cannot cause a character to develop unless

they have the proper environment and conversely,

no amount of manipulation of the environment will

cause a characteristic to develop unless the

necessary genes are present.”
He also stated that it would be useful to have a quantitative
statement of the relative importance of heredity and environment
in_determining the expression of characters. One way to express
inheritance is to use the widely accepted term "heritability".
Lush 21949)~def1ned heritability as "the ﬂraction'of the observ-
"ed or phenot&pic variance which was caused by differences
between the genes or genotypeé of the individuals'. This frac-

tion éan be expressed gquantitatively as:

Hor hd = . —

Where: H 1is heritability,
h2 is the characteristics of variance:and is more
appropriate. than H,

Sé is genetic variance, and

S% is phenotypio vafiance.

Phenotypic variance (S%) can be divided in accordance with the

cause of variation as follows:
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Sg= S2 + S + 87 + SE + S5

where: Sg is genic or additive genetic variance,
Sg is dominant variance, and

Sg is epistatic variance.

‘The total of these three variances (SE, S2, and S2) is called
. : g d i

genetic variance (Sg).

is variance due to linear effects of the environment,

[ 95}
[0V

S? is non-linear interactions between heredity and

environment.

These two variances (Sg and Sg) together are known as environ-
mental variance (S%).

When sexual reproductioh takes place, only the additive or
genetic effects are passed on to the progeny. The heritability
value is expressed in this case in its (hg) narrow sense only,

and calculated by using the formula:

2
he = s
n 82
P

On the other hand when vegetative propagation takes place the
genotypes of the individuals are transferred unchanged. The
heritability then is defined in its broad (hi) sense by the

formula:

)
QN

la v BV
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Broad heritability 1s also mentioned in the literature as gross
heritability. Dadswell et al. (1961) estimated gross herit-

ability for the various wood charactéristics of Pinus radiata

D. Don. by use of the following formula:

ne = between-clone variance
between-clone variance ¢+ within-clone variance

‘This estimation is based on the assumption that the proportion ..
- of the total variance of a given characteristic, which is due

. to hereditary differences among individuals, can be estimated
by using the value of between-cdone variance.

There is little informaFion on heritability from studies
of second and third generations of foresf @rees. Only a few
obsérvqtions<have'beeh reported on Fé:' Heribert;Nilsson (1918);
Detlefsen and Ruth (1922), Roberts (1929), Yarnell (1933),
Schfeiner (1937), Larsen (1937), Graves (1924). The lack of
information based on»Fg generations in forest trees may be
attributed mainly to two facts. First, the long period between
generations represents a time obstacle to genetic studies, and
second, the great emphasis being placed on direct utilization
of Fj, diverts attentlion from Fo and tends to reduce the practi- -
cal need for genetic informatidh that might be derived from
this and later generations. Heritability estimations are more
numerous in thé Fl than in F2 generations and are based mostly
on comparisons between pafental and Fjy material: Johnson (1939),
Richens (1945), Stern (1953), Mergen (1955, 1960), Toda (1958),
Toda et al. (1959), Métthews et gl; (1960), Dadswell and
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Wardrop (1960), Pawsey (1960), Perry (1960), Callaham and
Hasel (1961), Dadswell et al. (1961), Zobel (1961), Hanover and
Barnes (1962), Goggans (1962), Squillace et al. (196z), Van
Buijtenan (1962), Wilson (1962), Einspahr et al. (1963),
Hattemer (1963), Trousdell et al. (1963), and Wright (1963).

Of the literature listed above, only that which has a
definite bearing on the variables studied in this theéis will
be discussed. Matthews et al. (1960) estimated the broad-sense

heritability of the root-collar diameter on two-year-old Larix

leptolepis (Sieb. and Zucc.) Gord. and Larix europea Mill.
progenies. Broad-sense heritability estimations of 0.008 were
produced in the intraspecific 7 x 7 incomplete diallel cross in

the Larix leptolepis (Sieb. and Zucc.) Gord., 0.1 for the inter-

specific cross between 9 lLarix leptolepis Mill., and 3 Iarix

- europea Mill. and 0.0l forAthe reciprocal of the latter combina-
tion. In the same eXperiment the broad sense heritability
estimations for height were 0,14, O.lu,‘and 0.08 respectively
for the above mentioned crosses. Sterﬁ's (1962) estimations on
height of individual trees from 16 half-sib families and from

8 full-sib families of Betula verrucosa Ehrh. gave broad-sense

heritability values of zero fér two-year-o0ld, 0.25 for three,
0.53 for four, and Q.62 for five-year-o0ld seedlings. In another
experiment with the same species when a 3 x 9 diallel cross was
applied between trees from the same region and the family means
were used, the broad sense heritability estimations for height
were 0.81 for two, 0.76 for three, and 0.78 for four-year old

progenies. Wright (1963) estimated the broad sense herit-
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abllity for height as 0,82 for two-year-old progenies of Pinus

sylvestris L, when the estimation was based on family means
from 100 half-sib progenies of4fivé stands of the same popula-
tion. Wright also obtained a very similar estimation (0.8) for
the same speclies at the same age, when he used 30 half-sib
progenies of 3 Belgian stands. Squillace et al. (1960) calcu-

lated narrow-sense heritabillity for height on four-year-old

Pinus monticola Dougl. seedlings, using the parent-offspring
regression and obtained -0.08 to 0.21,

Hanover and Barnes (1962) estimated the narrow-sense herita-

bility values on ohe—year-old Pinus monticola Dougl. seedlings,
for total height and epicotyl length. The seedlings were obtain-
ed from an incomplete 4 x 7 diallel cross. The estimétion was
separated for male- and female;parenﬁ populations and the
values were 0,314 in the male, and 0,054 in the female popula-
tions for epicotyl length, and for total height 0.197 and
0.084 respectively, for the different populations,
| Campbell (1964) made tentative predictions of genetic
gaindpér breeding generations., He indicated a low (1-3 per
cent) gain in height growth and holocellulose per cent, a
medium (4-7 per cent) gain in the majority of wood-quality
traits, and a high (7-15 per cent) gain in branch angle, stem
diameter and stem volume, when 1 per cent of a stand are
selected as superior parents.

A total of 37 heritability estimations on tree height

were found in the literéture, ranging from minus 0,08 to plus 0.86
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which at first does not appear to provide a very solid founda-
tion.for selection bésed on height., It should be mentioned
that because heritability is composed of two components, hered-
ity and énvironment, it is always possible to change the numeri-
cal vélue of heritability by changing the environment. There-
fore, without full description of the variation, it is of
limited value to compare heritabilities for separate'stands.
Each heritability estimate is only applicable to a specific
stand, which has similar environmental and genetical character-
istics to that for which it was:-calculated. In general it
could also be stated that the more uniform the environment, pro-
viding it is generally favourable to growth, the greater will be

the value of the heritability estimates.
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3 MATERIALS AND METHODS

31 Description of Sample Trees on the U,B.C, Campus

For the study described in this thesils, four Pseudotsuga

menziesii (Mirb,) Franco var. menziesii, Coastal Douglas-fir

(subsequently called Douglés-fir) %rees were selected on U.B.C.
Campus and designated A, B, E, and 11, (Figure 1). Although

a total of 24 Douglas-fir trees were used previodsly in various
studies and experiménts by Drs. Orr-Ewing (1956) and Allen
(1961), these four were selected because they showed consider--
able variations in their characteristics. 'They produced cones
frequently and were readily accessible. In 1963 the trees were
measuréd for total height and diameter at breast height (d.b.h.)
and their ages were determined. The crown radius was measured
on all four main aspects énd fhe number of branche; counted, and

averaged for the five whorls; 2nd, 4th, 6th, 8th and 10th from .

the tip of the tree.

Table 1, Age, height, diameter, crown radius, and number of
branches in a whorl on four Douglas- fir trees
studied, in 1963.

Age Total Diameter Crown Number of
Tree (years) height gd.b.h.) radius branches
: (feet) <(inches) (feet) in a whorl
A 52 79 22,2 19.0 4.5
B 48 76 21.7 19.2 4.8
E 41 72 20,0 15.8 3.8
11 34 6L 12.7 13.2 5.4

Trees A, B, and E, originated from natural regeneration and

represent the local population of Douglas~fir. Tree 1l was
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selected from a plantation established in 1934, and, although
the origin of the seedlings is not known,'its probable prov-

enance is Coastal (Knapp, 1963).

32 Phenological Observations

Phenological observation on the flushing date of the
vegetative bud of Douglas-fir was initlated by Dr. G. S. Allen
in 1959, Observations Were subsequently carried out in 1959,
1960, 1961 and 1963, and recorded as follows:

1. DQrmant stage; the color of the terminal buds 1ls dark brown.

2. Swollen stage; up to 50 per cent of the tip portion of the
ferminal buds 1is lighf; |

3. Swollenistage; 50-75 per cent of the tip portion of the
terminal buds is light.

4, Swollen stagej more than 75 per cent of the terminal buds
are light.

5. Breaking stage:; new needles are visible, bud scales cover
only the basal part of the needles. ’

6. Opening stage 1; 10 per cent of the buds are open.

7. Opening stage 2; 10-50 per cent of the buds are open.

8. Opening stage 3; 50-90 per cent of the buds are open.

9. Opening stége 4; less thaﬁ 10 per cent of the totalc%uds
are still not'dpen., |

}O. Growing stage; all buds are open.

Observations were tabulated according to Lamb (1915)., The
days were numbered from a base date of January 1 as day number

1, which in this case facilitated comparison between the differ-
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ent trees and years.

33 Controlled Pollination

By controlled pollination it 1s possible to combine
characteristics of individuals which otherwise might not cross
in nature, as in allopatric species, or where certain mechanical
devices such as: protogyny, protandry, dioecy or other floral
mechanisms serve as a deterrent to natural crossing. Even with-
in intraspecific crosses where "earliness'" and "lateness" is
expresséa in fiowering time, controlled pollination‘could produce
progeny for further Ereeding work. Techniques of controlled -
pollination on forest trees have been extensively developed;
Bafnes (1928), Pjatnitsky (1934), Doyle and O'Leary (1935/a and
1935/1), Schreiner (1938), Johnson (19465, Cumming and Righter
(1948), Reines and Greene (1956), Greene (1959), Rohmedef and
Schdnbach (1959), Pawsey (1961), Sarvas (1962), Wright. (1962), -
and Matthews (1963). But only a few workers have used bouglaséf
fir: Duffield (1950), Orr-Ewing (1954 and 1956/b), Ching (1960),
and Allen and Sziklai (1962).

Douglas-fir is monoecious, and microsporangiate strobili
exist on the same branchlet with the megasporangiate strobili,
_subsequently and respectively referred to as pollen (staminate)
conelets and seed (ovulate) conelets, before pollination, and

seed cones after pollination.

331 Isolation of seed conelets

Seed conelets and pollen conelets are easily distinguish-

able from each other and from vegetatlive buds by the:unaided eye by
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_the end of the previous growing season, as noted by Allen
(1941), Finnis (1953), Orr-Ewing (1956/b) and Allen (1963).
Isolation can be carried out several weeks prior to the opening
of conelets, depending upoh’the "earliness" and "lateness" of
the tree. In 1962 it was carried out at the end of March
(Table 2). Originally it wés planned to use 40 bags on each
tree but the balanced design was eliminéted at the early stage
with unforseen difficulties (such as damage by storm, hqmans,
etc.). |

Table 2, Datées of isolation, pollination, screening and cone
collection, in 1962,

D a t e - o f
Designation of Tree Isolation Pollination Screenlng Collection

A March 27  April 16 May 29 Sept. 6
B March 25 April 5-6 do do
E March 29 April 15-16 do do
11 March 25 April 9-10 do do

Before the isolation bag was.placed over the seed conelets,
the pollen conelets were removed from the branchlet. Usually
two, but sometimes one or three seed conelets were included in
one isolation bag, which was 14 centimeters wide and 30 centi-
meters long. Cotton was used as packing at the plgce of the
tie, The‘tie was made with "twist-:'ems" and the branchlet was
tagged for future reference. The bags were made from viscose
casings as recommenaed by Duffield (1950) and used successfully

by Orr-Ewing (1956/b) and by Allen and Sziklai (1962). The
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The viscose bag is permeable to water vapour, retains its
inflated size, allows flower development, is transparent, and
can be used more than once. A difficulty encountered in using
the viscose bag was the fact fhat the temperature increased
within the bag. This was pfobably responsible for the loss of

. about half of the seed conelets in the dry pollination method
in 1962. It should also be mentioned that on one of the earli-'
est floweriﬁg trees, tree 1, (ﬁhich’was not included in the.
 thésis) 54 Qonelets were isolated on'nOrth-eaét side of the
@iddle portion of the crown 9 days earlier than those of tree

B? the earlieét flowering tree ogt of tﬁe four trees included
;n the experiment. At the end of the growing season, 47 cones
were collected and only 7 were lost. On the other hand the loss
was pracﬁically complete on the flowers which were not included
in the bags. The beneficial effect of 1lsolation bags is there-
fore apparent, but further investigation is neceséary to answer

the problem fully.

332 Obtalning of pollen

Branchlets 40-50 centimeters in length, with pollen cone-
lets attached were collected-lo-lu days prior to isolation.
The pollen was extracted by a modification of the method des-
cribed by Orr;Ewing (1954). Plastic sheets were used to cover
the branchlets loosely in order to maintain the relative
humidity at a high and constant level. The pollen grains as
released were collected twice dally and were stored at 0°°C,.
for_two or thrée days. When a sufficient amount of pollen had

been collected from one source, it was cleaned by passing the

/
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pollen grains through three sizes of wire gauze, using 1,12,

0,62, and 0,11 millimeter openings. The cleaned pollen was

then stored at 0° C., until required.

333 Pollination

Seed conelets were pollinated when they had completely
emerged from the bud scales and had assumed an erect position
on the branchlet. At this stage of the development (Figure 2)
the bracts are greatly enlarged and nearly half the size in
length of the fully developed cone bracts while the scales are
not more than one-sixth as long as the fully developed cone

scales (Jacques 1963).

Figure 2., The relative size of bract and scale
of Douglas-fir at the time of pollin-
ation., Note the spherical tip of the
integument, and the upcurving edge of
the bract.

As a result of elongation of the central axis of the
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strobilus the ovuliferous scales become separated allowing the
pollen grains to roll along the channels formed by the upcurving
of the lower edge of the bract to the unequal integuments., The
nearly spherical tip of the integuments is well covered with
unicellular hairs, and the cleft between the two unequal lips of
the integuments is facing upward, thus allowing easy access to
the micropyle chamber, (Allen 1963)., Three different pollina-
tion methods were used. dry, wet and dry-wet. Dry pollination
was carried out using a hypodermic syringe (Figure 3), as
described by Cumming and Righter (1948), Duffield (1950), Orr-
Ewing (1956/b) and Ching (1960). In wet pollination the pollen
was diluted to about 100 times its volume with tap water and the
suspension was applied to the seed conelets by means of a

De Vilbiss atomizer (Allen and Sziklai, 1962) (Figure 3).

LR ATt
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Figure 3. De Vilbiss atomizer for wet pollin-
ation (above) and hypodermic syringe
for dry pollination (below).
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The dry-wet pollination method consisted of distribution of
the pollen on the seed conelets with a hypodermic needle and
thén spraying immediately with distilled water using three
squirts from a De Vilbiss atomizer.“ When the dry and dry-wet
poliination methods were used the density of pollen grains
attained was 80-100U per square millimeter. The wet pollination
technique resulted.ip the applicétion of only about one-tenth

as many pollen grains.

334 Protection of cones'

isolation bags were replaced by fiver-glass screens to
protect the developing conelets from insect damage. In 1962
the exchange of bags was carried dut on Mayv29. The screens
were 16-17 centimeters wide and 30 centimeters long, with 1.5
millimeter openings. The screens prevented insect damage in

almost every case, except when overwintering Dioryctria spp.

eggs were enclosed in the isolation bags and later, in the

screens., This was very rare, however.

335 Collection of cones and extraction of seeds

The branchlets with tags, écreens, and cones, were cut off
with clippers at the end of the growing season (September 6,
1962)., At this time in some instances a féw seeds had already
been shed within the bag, and to prevent the loss of seeds,
theiscreens were opened in the laboratory. Cones from each
cross were stored in separate boxes and placed in a room having
a southérly aspect. Within a few days the cones opened and all

the seed was extracted, dewinged, and cleaned by hand. The seeds
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were separated then into two classes by weight - filled seed
and empty seed - using 7 milligrams as the lower limit for a

"f11led" seed.

34 Characteristics of Pollen Conelets

The variables of the pollen coneleﬁs on the four trees
were assessed. These included the number of microsporophylls
in a pollen conelet, the number of pollen grains in a micro-
sporophyll and the diameter of individual pollen grains.

‘The samples for microsporophyll and pollen counts Were
taken in early March, in the crown on the south side of the
trees. Five conelets were selected at random from each tree,
.and three miérosporophylls were prepared for pollen counts. A
stereomicroscope was used, with 1lOx oculars and 2x Objectives.

For pollen grain measurements both fresh and étored pollen
grains were used from eleven samples . (Table 3).

Table 3. Pollen samples from different years (+ sampled,
- not sampled).

eraf of Trees

collection A B E - 11
1958 + + - -
1961 + + : + -
1962 o+ + + +
1963 - - + +

Permanent mounts of pollen grains were prepared, using cotton
blue, as described by Cole (1958). The slides were used after

48 hours, by which time the penetration of stain was complete.
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A random sample of 100 bollen grains was measured for each of
the eleven samples. A compound binocular microscope equipﬁed
with 8x oculars, a 45x objective and an ocular micrometer was
used to determine the me;surements; Only completely circular
pollen grains were selected and one measurement was recorded,

including the entire exine.

35 Cone Measurements

To study intra-tree variation, 6 samples of 100 cones each
were collected in 1963 fréh.the top, middle, and lower portions
of the crown, on-the sogth and north sides of tree E. A total
~of 600 cones were lncluded in the investigation. The length
and width of the cones were recorded to 0.1 mm, using two.
calipers, one set for length and the other for width. The width
Was:measured.on»the closed cone; to simulaﬁe the closed condi-
tion aftef extraqtion'of the seeds, the cones were boiled in
ﬁater for_approximately one hour. The measurements were taken on
the widest part of the cones, which is usually'at one-third of
the cone length from tﬁe'bese.

To stddy the inte;—tree variation in length and width of
the cones; cones were measured from 1959, 1961 and 1962
collections (Teble L).

Table 4. Cone and seed samples from different years. (+sampled,
- not sampled).

?ear of , ' . Trees

Collection A B E . 11
1959 - + + | o]
1961 + + ‘ + -

1962 + + + | ¥
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The measurements were carried out as described under the

intra~-tree variation.

36 Seed Measurements

Only tﬁé intra-tree variation was studied on tree E in
1963. Fifty undamaged, winged seeds were §elected randomly
from cones collected from top, middle and lower portions of the
south and north side of the'crown. Measurements were taken
from the abaxial surface,‘and included seéd léngth and width,
and wing length and width to‘O.i mm. (Figure 4). |

7

»l
Ls = length of seed y
Ly Wg = width of seed - ‘
: Ww Lw = length of wing i
Wy, = width of wing

S

: ~  Figure 4 Definitions of seed and wing measurements
taken on tree E in 1963 B , 2

The width measurements were taken at the widest part of the seed

or wing. The tip of the seed was excluded from the length

measurements since this part of the seed is very fragile and
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frequently missing in cleaned seed.

To study the germination potential of seeds from the
different portions of crown segments, 400 seeds were randomly
selected from each area of crown., Indented germination pads
were used as base sheets, and 50 seeds were mounted on each pad
with a2 very light application of rubber cement (Figure 5).

X-ray photographs were then made of these preparations.

Figure 5. Seeds mounted on indented pads for X-ray
photography.

A General Electric, rotating anode, medical diagnostic
X-ray unit was used. This machine operates between 40 and 100
kilovolts and between 25 and 200 milliamperes. Using the lowest
X-ray output of 40 kilovolts and 25 milliamperes and 1/20th of a
second exposure from a distance of 18 inches on Kodak Industrial
Type M film,Athe radiographic contrast was not good, due to the
inability of the unit to operate below 40 kilovolts. However,
it was still possible to distinguish the endosperm from the
embryo, and thus sort the seed into classes, as was done by
Simak. and Gustafsson, (1953); Gustafsson and Simak (1956);
Simak (1956); Klaehn and Wheeler (1961); Berryman and Stark
(1962); Hagner (1963). The following classes were used:
Endosperm:

1. Seed completely empty.

2. Shrunken endosperm in horizontal or vertical position.
Length less than 1/3 of the total seed length, or the
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shape is rounded, occupying the middle part of seed
cavity.

3. Megastligmus larva inside.

4, Endosperm fills out most of .the seed cavity. A narrow
but a well seen empty space exists between the endo—
sperm and the seed coat.

5. Endosperm fully occupies the .seéd cavity.

Embryo:

1. Embryo absent.

2. Part of the embryo is visible. The total length of
visible part is less than 50 per cent of the length

of the seed.

3. Same as 2, but the visible part is between 50 and 75
per cent.

4, Same as 2, but the visible part is more than 75 per cent.

37 Germination Tests '

As mentioned earlier, the seeds were separated into "filled”
and "empty" élasses by weight. Germination tests were based
only on the '"filled" seed class, using the method described by
Allen and Bientjes (1954). Germination tests from the. 1958 and
1959 crosses were made on both stratified and unstratified seeds
but as it was observed that unstratified seeds revea;ed differ-
ences 1in germination<behaviour_m&re ﬁarkedly,.tests of strati-
field seeds were discontinued. The duration of the germination
test was 40 days, the incubation temperature was a constant
259 C. Light was not applied, except for a shbrt period every
day, when the germinated seeds were removed.

The germination per cent was calculated by multiplying the

number of gefminated seeds during the 40-days period by one

hundred and dividing by the total number of seeds. In calculat-
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ing the germinative capacity in addition to germination per

cent, the number of viable seeds still remaining at the end of
the test period was included. The number of days required to
reach 50 per cent of the germinative capacity was also recorded.

This point 1s recorded as R5O in the tables.

38 Progeny Tests

381 Progeny tests in greenhouse and nursery

In 1959 the crosses of trees Bx 4, Bx E, E x A, and
E x B, produced larger numbers of seeds than resulted in 1958.
Open-pollinated seeds were also available from trees B and E.
After germination tests were completed the germinants were
planted individually in paper cups containing sterilized sand

and were placed in the greenhouse on February 6, 1960, (Figure

6).

Figure 6., Germinants from 1959 crosses planted
individually in paper cups.

The seedlings were grown in these cups for approximately eight
weeks., During that period the seedlings were watered to pre-
vent drought. After one week of hardening in the cold frame,

they were then transplanted into the nursery on April 1ll. The
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seedlings were spaced 6 inches apart in rows 12 inches apart.
The following characteristics were determined for each
seedling: | |
a) The color of hypocotyl (on March 2, 1960) using the
" following arbitrary classes, asSuming multiple factor inheri-
tance:
green (GGG)
green-red {GGR)

red-green (GRR)
red (RRR)

(I I R |

==

b)  The number of cotyledons (on April 5, 1960).

¢) Hypocotyl length to the nearest millimeter (on April 5,
1960). |

d) The bud conditién on July 9, July 30, and September 3,
1960, July 30, 1962, July 9, July 30 and September 3, 1963. The
fdllowing classification was used:

bud small, dark red, brown or light green,

bud well developed, dark red or brown,

bud swollen, tip light reddish,

bud scales open partly, needles are visible,

needles longer than the bud, and twisted,
needles longer than the bud, and straight

oUW -
L I T R T I |

e) The current shoot growth in millimeters on June 5, 1960.
June 7, July 23, August 30, 1962, June 7, July 23, August 30
1963.

f) The total growth for each year was measured on September 30,
for the years 1960- 63 irclusive.

g) The total height in September 1963.

At the end of the 1963 growing season, three random samples
of four seedlings each wefe selected out of the six progenies

to test thebcorrelations among the following nine independent

varlables (X3-Xg) and five dependent variables (¥1-¥5):
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Independent variables were:

X1 -~ color of hypocotyl,

Xo - length'of hypocotyl,

X3 - bud condition on July 30, 1960,

Xy - " ) oo 1062,

Xg - ! " oo 1963,

Xg - current year shoot growth to June 6, 1962,

X7 - " " " K from June 6 to July 23, 1962,
Xg - " " " 'ﬁ to June 6, 1963,

Xg - ! ! " " from June 6,t0 July 23, 1963.

t

Dependent variables were:

Y] - total height growth in 1960,

Yo - " " " " 1961,
Yy - " y " " 1962,
Y - " " " " 1963,
Yé_-'tﬁtaluheight on September 30, 1963.

382 Progeny test in igrowth ¢hambers

Crosses had been carried out on the three Douglas-fir
trees, A, B, and E,mpreviously, but iﬁ-was not until 1962 that
a complete polyallél cross was attempted. In that year tree 11,
a late flushing and late flowering tree was included in the
polyallél cross (Table 5) to widen the ranée of characteristics.
Tree 11 also represented a different, but unknown Coastal

provenanée from trees A, B, and E, and its effect was tested,
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Table 5. Crosses required for complete polyallél crossing.

Seed Pollen parent

parent A B E 11

A Ax A A x B : AXE A x 11
B Bx A B x B Bx E B x 11
E E x A Ex B E x E E x 11
11 11 x A B 11 x 11

11 x B 11 x

of the 16 possible combinations, many of the self-pollinations
did not result in enough viable seed for complete testing of
progeny, therefore, in order to keep the anaiysis balanced,}all
self-pollinations were eliminated from the analysis.

The\séeds were germinated at 25° C. without stratification
and light. A maximum of 20 seeds was germinated from each
cross, but in four cases, wh?re the number of filled seeds was
less than 20, all available seeds were used. Six average germin-
ants were later transplanted into a plastic container (100 x 100
x 135 mm,) filled with vermiculite to a depth of 130 mm. (Figure
7). Subirrigation with Hoagland's solution was provided daily.
Two environmental conditions were established in Percival
PGC-78 growth chambers. One chamber was set for 10 hours of
continuous illumination (short day), and the other for 15 hours
(long day). The light intensity was 3500 foot-candles. In both
chambers a temperature of 25° C. was maintained during the
illumination period and 15° C; was maintained during the dark
period. - Although the relative humidity was not controlled it was

in close correlation with the temperature changes; 50-60 per cent
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Figure 7. Germinants from 1962 crosses planted
in plastic containers, filled with
vermiculite.
relative humidity occurred during the illumination period and
80-100 per cent during the dark period.

A modified randomized-block design was used. Each cross
was represented by 6 seedlings grown in one container in each
chamber. The containers were placed randomly on the shelves
of the growth chambers and every 10-14 days were rearranged
randomly to further reduce biases that might have been caused
by variations in the distance from lights, observation windows,
or circulation fans.

The progeny test in the two growth chambers commenced on
February 25, 1963, and terminated July 6, 1963, a period of 132
days. The seedlings were then examined for the following

characteristics:
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a) length of root (LR) to 1.0 mm.,

b) - length of hypocotyl (LH) to 1.0 mm,,

¢) 1length of epicotyl (LE) to 1.0 mm.,

d)‘ length of branches (ILB) to 1.0 mm. ,

e) number of bréhches (NB),

f) number of cotyledons (NC),

g) 'diameter_of root collar (DRC) to 1.0 mm.,
h) g;een weight of roots (GWR) to 0.1 g.,
1) green weight of shoots (GWS) to 0.1 g.,
j) dry weight of roots (DWR) to 0.001 g.,
k) dry weight of shoots (DWS) to 0,001 g.,

1) 1light transmittance of chlorophyll (TC).

The transmittance of chlorophyll was measured using the
method described by Madison and Anderson (1963). One gram
sample of needles was extracted in a 20 ml. methanol. The
needles were_éollected from the middle portion of the shoot and
were cut into approximately one mm, lengths to provide better
penetration of methanol., A Beckman colorimeter was used, with
a filter to pass wave lengths of about 440 miilimicrons. An
extract of needles of open-pollinated progeny from treé E was
used as thé standard. The readings were obtained in per cent

and later on were transformed to arc. sine. values for analysis,

39 Statistical Analysis

The statistical analysis was completed in every case., When

it was feasible the IBM 1620 electronic computer was used. The
processing included analysis of variance, Duncan's multiple

range test, derivation of correlation-coefficients ¢ * .
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and the multiple regression analysis. Kempthorne (1957),

Snedecor (l957),iand Steel and Torrie (1960) were consulted
concerning the statistical analysis, and the reader is referred
to these sources for detailed discussion. Only one part of the
statistical analysis will be discussed 1n more detail, namely
that part which 1s connected with the heritability estimation.
The individual seedling:records were used in the calcula-

tion, which is based on the following mathematical model:

Xijk = m + asi + bpj + 08pij + eijﬁl

L Owing to the difficulty of Greek letters the
denotations were marked with Latin letters.

where: xijkis the observation of the k-th offspring of‘a Cross,
in which the seed (female) parent belonged to the i-th
tree, and the pollen (male) parent belonged to the j-th
tree.
i is the humber of trees used as seed parent,
» is the number of trees usedvas pollen parent,
k 1is the number of seedlings from each cross,
1’ is the number of selfings from polyallel cross,
m - is the samplé mean,

d%_denotes the etfect of the i-th seed parent,
bg denotes the effect of the j-th pollen parent,

cSP . denotes the 1lnteraction of the i-th seed and the
1j j-th pollen parent,

eijk is the error term.

The expected mean squares (MS) were derived from analysis
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of variance (Table 6) and the component of variance was calcu-
lated using the'following forms for each analysis.
Table 6, Analysis of variance and component of variance using

individual seedlings from a polyallel cross of
Douglas-~fir.

Source of 1
variation DF MS Components of variance
Seed 1-1 MS 52 + kS°_+ kj S°
s e sSp s
_— 2 2 al
Pollen Jj=1 MSp - Sg kSsp-+ kilSp
-1)(i-1)-1" : 2 2
S x P (1-1)(j-1)-1 MSg S2 + kSZ
S1r_ % 3 .l (k_l) 2
Residual 1jk-1j-1 MSe Se
Total
where: DF refers to the degrees of freedom,

MS denotes for mean squares,

82 1s the genetic component of the seed parents,
is the genetic component of the pollen parents,

s2 is the genetic component from interaction of
seed and pollen parents,

Sg is the residual variance, which cannot be
allocated to the other three terms.

When the mean square of the seed-pollen (S x P) interaction
was less than the mean square of the residual varlance 1its
component of variance was considered as non-existent. To obtain
more accurate estimates of the résidual variance, their sums of
squares and dégreég of freedom were pooled ahd a new residual

mean square was calculated. Consequently when the mean square
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of the seed or pollen pareﬁt was less than the mean square of
the residﬁal and the interaction, it was considered to be non-
existent. Instead of calculating negative heritability
coefficients, which have no meaning, %he*heritability value was
recorded as zero. The heritability coefficient was calculated
for the seed and pollen parents separately, by dividing the
genetic-variance components of each parent with the phenotypic

variance, using Hattemer's (1963) formula:

for seed parents:

g2
s
52
H s - _
< P
2 SSP Se
Ss+ ‘o
i ik
2
.S
2 p
for pollen parents: h P =
2 2
2 S sp S e
Sp-)-ﬂ +
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4 RESULTS AND DISCUSSION

41‘Phenological Differences

Of the 24 Douglas-fir trees obserﬁed on Campus during the
past four years, only the four included in the polyallel cross
were analysed in detail. The relative consistency of vegetative
bud flushing was observed (Table 7) and significant tree-to-
tree differences were demonstrateé (Table 8).

Table 7. The average date of vegetative bud-flushing
) in 1959, 1960, 1961 and 1963.

Designation of trees

Year A B E - I Average
: in days from January 1, as day 1

1959 150 143 148 157 149.5
1960 140 132 136 154 140.5
1961 148 141 W4 155 147.0
1963 146 139 139 153 . 144.3

Average 46.0 138.7  141.7 1s4.7

Table 8. Analysis of variance of the average time
_ of vegetative bud-flushing, and Duncan's
multiple range test.

Source of variance ar MS F Signif.

Years 3 59.53  13.49 *
Trees 3 193.70 43.92 o
Residual 9 4,41 -

* % Significant at 1 per cent confidence level.
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Duncan's multiple range test:

" Trees ' Years
B K A 11 1960 1963 1961 1959

138.7 141.7 146.0 154.7 140.5 144.3 147.0 149.5

Flushing occurred earliest in tree B (May 15) and latest
in tree 11 (May 31) during the four years. The difference was
16 days on the average. It should be mentioned that a few trees
out of the 24 observed on the U.B.C. Campus, flushed earlier
than tree B,and also a few of them were later flushing than
tree 11. Criffith (1963) noted a maximum difference of 5 weeks.
between early-and late-flushing trees among the 154 trees ob-
served at the University Research Forest, near Haney, B.C.
Early-flushing tree B appears to be subject to greater variation
(sD= % 4.79 days) than the late-flushing tree 11 (sD=* 1.73 .-
days). |

Although the years are also significantly different, the
difference between the earliest (1960)_and the latest (1959)
_flushing_years on the averageAis-only 9 days. Since the trees
all stand within folr hundred:«yards of each other in a very
similar envirenment, it is safe to -conclude that the consistency
of vegetative'buq flushing ie under strong genetic control and
most likely is highly heritable.

Although observation of flowering charaeteristics was not
systematically carried out, notes on isolation and pollination
(Table 9) reveal that the times of flowering and flushing are

not necessarily correlated.
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Table 9. Average data of pollin-
ation in 1961 and 1962.

Designation of Days from
trees January 1

A 101

B 96

E 99

11 98

Tree 11 is latest in flushing, 154.7 days after
Japuary 1st (Table 7), but earliest in flowering (Table 9). .
| Ripening of pollen flowers started a few days before
the first ovulate flowers reached the fully receptive stage.
This slight protandry was also observed by Orr-Ewing (1956/a)
\and Stoate et al. (1961). Simultaneous matufation:of thé
male and female flowers (synacme) dominated the large paft

of the flowering period, and would allow self-pollination.

42 Results of Controlled Pollination

421 Number of cones obtained

Of 302 isolated ovulate conelets, 201 developed into

cones (Table 10).
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Table 10. Number of ovulate conelets ilsolated, pollinated
and screened and the number of cones collected

in 1962.

‘Mother " Number of conelets or cones iLost cones
tree isolated pollinated screened collected lost per cent
A 81 79 53 y7 34 42
B 72 69 Ly 40 32 4y
E 60 59 53 47 13 - 22

11 89 83 83 67 22 25

Total 302 290 233 201 101 33

101 conelets (33 per cent) were lost during the first part of
the growlng seaéon: This 1s quite similar to the results that
Orr-Ewing (1956) obtained in 1952 and 1954 when he recorded a
38 per cent loss. The losses were largest on tree B (44 per
cent) and tree A (42 per cent). The other two trees, 11 and E,
however exhibited only 25 and 22 per cent losses respectiveiy,
indicating the wide variation in this characteristic (Figure 8).
Among the different pollination methods, in the éase of )
cross pollination (Table ll), the dry method resulted in the
largest mortality of the cones (49 per cent), followed by the
dry-wet method (34 per cent). The lowest mortality occurrea in
phe wet method (19 per cent). Only the wet pollination method
was used when selfing in which the loss of conelets was 24 per

cent at the end of the growing season.



Figure 8- Changes in the number of ovulate conelets on four Douglas- fir trees at U-B-C-
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Table 11l. Number of ovulate conelets isolated and cones
collected using the various pollination methods in

1962,
Method of Number of ‘ . Iost
pollin- conelets pollinated . - cones collected cone-.
ation. e on trees .
- Per -
A B E 11 Total A B E 11 Total Lost . .
Cross :
CDry 15 17 12 20 65 2 7 6 18 33 32 49
Wet 22 19 11 21 73 20 16 9 14 59 14 19

Dry-Wet 18 15 19 15 67 7 7 17 13 44 23 34

Self .
Wet 23 18 17 27 85 18 10 15 22 . 65 20 24

Total 79 69 59 83 290 47 40 47 67 201 89 31

The result may emphasize the importance of relativg
humidity at the time of pollination and after. In the case of
dry pollination, increased temperature inside the isolation
bags, assoclated with decreased reiative humidity may have
imposed a strong moisture stress on the developing flowers
which,in turn;may have resulted in abortion of the conelets.
When the wet pollination method was used,the accumulated water
within the bag may have decreased the number of aborted ovulate
conelets by maintaining lower temperature and higher relative
humidity within the bag. The high susceptibility to heat
injury of Douglas-fir was also mentioned by Duffield (1950),
who noted that the loss of cones was much higher than in most

species of pines,

422 Number of seeds.obtained
The controlled pollination resulted in 201 cones. After

extraction, immature and shrivelled seeds were eliminated, and
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8,004 seeds were obtained; 2,142 of these were filled

(Table 12).

Table 12, Totél number and filled seeds from artificial
pollination in 1962,

Mother Number o f

tree cones total seeds/cone filled filled
seeds seeds/cone
A I ¢ 1,823 38.78 288 6.13
B 40 1,660 41,50 630 15.75
E L7 2,392 50.89 100 2.1Z
11 67 2,129 31,77 1,124 16.77
Total 201 8,004 39.82 2.142 10.66

\ -

The total number of seeds per cone varied between 31.77
on tree 11 and 50,89 on tree E, with an average of 39.82. The
number of filled seeds per cone was lowest on tree E with 2.1l2,
ahd highest on tree 11 with 16.77, averaging 10.66.

The wet pollination method, using only one-tenth as many
pollen grains as the dry pollination method, resulted in a
lower»nﬁmber of filled seeds per cone on trees A, B and 1l.v
The seed production per cone on tree B was 19.00 when dry, 19.38
when wet, and 26,71 when dry-wet pollination methodg were used.
.This shows clearly that using water as a transferring agent will
allow the pollen grains to come close to the lips of the

integument with a larger chance of contact than in the case of

dry pollination. (Figure 9).



Figure 9, Position of pollen grains <4 hours

C)L

after wet pollination,

Specific gravity of the pollen grains in Douglas-fir is
larger than one, and the pollen could sink close to the integu-

ment of the ovule, when wet pollination is applled and water

is accumulated between the ovuliferous scales and the bracts.

(SN

That water also does not interfere with the stigmatic inner

surface of integument during the pollination

@)}
1

rocess was found

by Allen and Sziklai (1962). Silen and Krueger (1962) indicated
that rain during pollination period could not cause a major
reduction in Douglas-fir seed set over a broad elevational Zzone.

To further investigate seed production, artificial pollination

'a

was separated into cross- and sel

b

-pollination groups, and wind-

pollination was also included (Table 13).



50

Table 13} Total humberanﬁ:filled seeds per cone from cross-,
self- and wind- pollination in 1962.

_ Number of seeds per cone from
Mother Cross - self ST wind
tree pollination s ] -
total filled total filled total - filled

A 38.76  9.65  38.83 .4 37.13 2.02°
B 42,17 21.00  39.50 .00 23.00 1.83
E 53.44  2.69  45.47 .93 32.74  4.07
11 35.31 21.91- 24.55 6.27 30.61 4.26
Average 42.42 13.81 37.09 1.91. 30.87 3.05

Since the dgvelopment of segd does not depend on pollin-
ation; the total number of seeds ﬁer cone shouid not differ
greatly on the same tree. as a result of different pollination
methods. Although the different average values among ﬁhe total
numbef of seeds did nof differ signifiéantly, wind-pollination
resulted in énly 30.87 seeds per cone, compared.to self- (37.09)
arid- to cross-pollination (42.42):

Considering that coastal Douglas-fir cones contain 35-40
cone scales, the maximum number of seeds per cone could have
'been 70-80 seeds. From various pollinations on six trees
Ofr-EwingA(1956Za) obtained from 27.6 to 60.7 seeds per cone
with an avefage of 47. .Helexcluded "the flat and misshapen
seeds, which are often found at the tip and base of the cone'.
Garman (1951) reported 44 seeds per cone from natural seed |
production on Vancouver Island. Robinson (1963)'stuéying the

variation in seed characteristics of 183 individual trees of
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coastal origins, found an average of 19.3 with a maximum of
63.5 seeds per cone. Kozak (1963) calculated the average.
number of seeds per cone on 97 trees on the U,B.C. Reséarch
Forest at 17.8.

The low number of:sseeds per cone in the case of wind pollin-

ation may be attributed to the damage‘caused by Contarinia

oregonensis, Foote. The seeds become fused with the scale and

are ﬁot released from the cone (Hedlin 1958). This may explain
the low number of seeds in cones collected from open pollinated
trees during years when cones were scarce and insect damagé was
'eitensive.
The number of filled seeds per cone from cross pollination

(13.81) is significantly different from self- (1.91) and from

wind-pollination (3.05) (Table 13). Compared with wind-pollin-
ation, cross-pollination increased the number of filled seeds
on tree A 4,8 times, wheréas on tree 11 and tree B, filled seeds
were increased 5.1 times, 11.4 times respectively. However, the
wind-pollination method produced more filled seeds than cross-
pollination on tree E, probably because the controlled pollin-
ation took place too late in 1962. In 1961, when this was the
only tree to produce flowefs, it produced 32,0 filled seeds per
cone in the case of wet cross-pollination, in éomparison to 5.4
seeds per cone with wind-pollination. Application of artificial
pollination in seed production areas, and especially in seed
orchards, has obvious potential valﬁe in tree improvement
programs.

Self-pollination gave the lowest average number of filled
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seed per cone, (1.91), and the range varied between zerd énd
6.27., Orr-Ewing (1956/a) indicated a wider range, between

0.37 to 13.82, and pointed out that self-pollination might
result in the same number of filled seeds as in cross-pollin-
ation. On the other hand; certain self combinatibns might pro-
duce only empty seeds, as on tree B. Self-pollinations were
attempted in previous years on tree B, but filled seeds were
never obtained. It 1is logical to assume that deleterious

mutant recessive genes have accumulated.in Pseudotsuga. Since

this 1s an outcrossing species, the appearance of these genes

i$ hidden by the corresponding dominant alleles. In the case

of self-pollination (inbreeding) these genes could arrive at

the homozygous condition, and their effect be clearly expressed
~in the seeds or progeny. It is also possible to assume that
some of these recessive genes are lethal and are able to block
fertilization, or destroy the embryo shortly after fertilization

takes place,

43 Variation in Pollen Conelet Characteristics

The number of microsporophylls in a pollen conelet from
all four trees varied .between 61 and 96, with an average of 77.
The number of pollen grains per microsporophyll averaged 306

and varied between 254 and 336 (Table 14).



Table 14. 'Average number of microsporophylls in a pollen conelet and
average number of pollen grains in a microsporophyll in

1962,
Designation Averag e number of
of mother microsporophylls pollen grains pollen grains
tree in a conelet in a micro- in a conelet
sporophyll
A 96 336 32,256
B 75 ‘ 254 19,050
E 76 301 22,876

11 ' 61 333 20,313

Average 77 306 23,624

€g



'Table 15. Pollen size frequencies by years.
Tree Year _Space s _on A} he filar micrometert
30 31 32 33 34 '35 36 37 38 39 40 41 U4z 43 44 45 U6 47 Total
number o f pollen grailns '
A 1958 14 12 26 19 17 100
A 1961 11 16 21 27 16 5 1 100
A 1962 1 1 11 21 27 25 10 3 1 100
B 1958 1 4 6 17 16 18 19 9 8 2 100
B 1961 1 2 5 9 22 18 23 13 6 1 100
B 1962 2 2 6 8 22 12 13 9 11 8 2 1 100
E 1961 2 0 6 8 22 18 18 13 9 3 1 | 100
E 1962 4 9 16 15 20 17 5 7 1 1 5 100
E 1963 1 5 17 13 19 15 1 4 3 3 3 3 2 1 100
11 1962 4 10 25 18 16 10 15 2 ' 100
11 1963 1 1 7 18 18 17 9 10 6 9 3 1 100
Total 1 7 45107 148 190 172 120 116 /72 49 30 1&_ 13 9 2 1 1100

1

One space on the micrometer equals 2.6 microns.

un
=
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" Tree B, which yielded the lowest number of pollen grains
(Table 14), produced iarge pollen (Table 16), On the other
hand, tree A{ with_the.smallest polien produced theAlargest
number of pollen grains 1in a ma1e>cone1et.

Frequency distributions (Table 15) were worked out and
frequency polygons were drawn (Figures 10-13) from the pollen
measuremenf data. The most probable distribution was tested
by using the I.B.M., 1620 computer program of Kozak and Munro
(1963) (Table 16).

Generally the frequency distributions of pollen diameter
were best fitted to the normal curve. The negative binomial and
the Poisson cgrveé were alsobsignificantly different at—the 5
per cent probability level in the same number of cases as the
normal curve, For examplé, the frequency distribution of
tree A in 1961 was significantly different from the normal curve
but fitted the negative binomial and Poisson curves. In this
sample the smaller pollen grains lost Viability during the
storage and were not measured. The skewed frequency distribu-
tion‘(Table 15 and Figure 10) fitted better the negative
binpmiél and the Polisson curves,

The diameter of p6llen grains varied considerably between
trees, from 91.08vmicrons (tfee A) to 99.19 microns (tree B).
Since tree B was also the earliest f}owering of the four trees
investigated (Table 9), the correlation between the days to 0
flowering fromeanuary'l, and diameter of pollen grains was
tested. The correlation coefficient was r%-0.916, which is signi-~

ficant at the 5 per cent probability level, To test the correlation
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Figure I0- Frequency polygons of pollen diamﬁeters on tree A
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'Figure 12-. Frequency polygohé of pollen'diometers on -tree E -
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Table 16.

measurements.

Mean values, standard deviations and chi square values of pollen

Mother Values in spaces - Chi square values
tree Year on micrometerl Normal Banomial Negatiw Poisson< daf
Mean SD binomial
A 1958  35.52 1.61 7 48 ** 8 9 4
A 1961 34.51 1.55 15% 115%* 8 8. 6
A 1962 35.06 '1.47 8. 17 %% 60%* 19%*% 6
Average 2spaces) 35.03
Average (microns) 91,08
B 1956 36.80 1.96 3 3g%x 4 4 7
B 1961 37.03 1.75 4 21** T 10 T
B 1962 40,61 2.56 10 22U%%* 11 15 10
Average gspaces) 38;15
Average (microns) 99.19
E 1961  37.22 1.95 8 T5¥** 17* 11 8
E 1962 34.97 2.37 31%* 2,598%x 19% L6* 8
E 1963 35.74 2.79 26%* 6, TQ3%* 11- 45 11
Average 2spaces) 33,98 _ . ]
Average (microns) 93.54
11 11962 35.32 1.78 1% 51 ** 13* 13% 5
11 1963 36.20 2.35 , 15 114%% 11.- 11- 9
Average (spaces) .35.76
Average (microns) 92.97
1

One space eguals 2.6 microns

2 Degrees of freedom {(df) for Poisson distribution

*

%* %

are one more than the given value.
Significant at 0.05 probability.

Significant at 0.0l probability.

85
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further, ffee‘i, which is the earliest flowering tree on U.B.C.
Campus and was not used in the polyallel cross, was included
in thé calculation. This tree flowered 89 days after January
1,.and showed an average pollen diameter of 104.88 microns,
based on two years' (1961 and 1963) Qbservations. The
correlation coefficient was r= -0.967, significant at the
lAper cent probability level. The early-flowering trées
exhibited a larger polien size and consequently a larger volume,
which in turn may withstand adverse climatic conditions better
than the smaller pollen. The adaptive significance of such
correlation may Seem evident and,coincides with a'somewhat
similar adaptation observed by Covas and Schnqck (1945). They

found in the genus Glandularia of the family Verbenaceae, that

the size of pollen grain is closely related to the distance
which the pollen tube must pass through from the stigma to the
ovule. A longer style was correlated with a larger pollen
grain, and they suggested thé existence of adaptatibn in provid-
ing the pollen tube with sufficient food to reach its destin-
ation. The correlation between pollen size and flowering time,
although based only on three years'data, deserves further
investigation. A larger number of trees representing a wider
range of phenological.differences would reveal more about such

assumed correlation.
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44 vVariation in Cone Characteristics

441 Intra-tree variation

L4411 Cone length

Cone length of tree E from the 1963 collection shows a
significant difference between aspects (Table 17). Cones on
the south side of the tree were longer (69.59 millimeters)
compared with those on the north side (65.56 mm). The three
positions (top, middle, and lower) did not significantly
affect cone length, although an explicit trend was observable
(Figure 14), The length of the cone tended to decrease from

the lower portion toward the top portion of the crown.

[ [

[SOUTH TREE E-1963 B | NORTH  TREE E-1963
" TOP PORTION OF THE CROWN j F TOP PORTION OF THE CROWN I

‘"& ‘”! i ‘tit
MIDDLE PORTION OF THE CROWN MIDDLE PORTION OF THE cmwr\ ‘
LOWER PORTION OF THE CROWN LOWER r—ORTIﬂN OF THE CROWN

TR

Figure 14, Five selected cones from the south and
north sides and from the top, middle
and lower portions of the crown of
tree E, in 1963.
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vTable 17. Average cone lengtps on tree E in 1903.

Pdrtion of the Cone length in millimeﬁers‘
crown Side ol tree
South . North
Top 68.82 To62.47
Middle 69.15 66.83
Lower 70.80 67.37

Averfge ~ 69.59 65.56

4412 Cone width

The width of the cone showed a larger variation at the
three crown positions and aiso on the two aspects than did the
length, being highly significantly different in both cases
(Table 18). A trénd exists similar to that:obseryed in respect
to-lenéths of cones. Aéhe average width of theﬁéone on the
north side of the tree‘(16.56 mm. ), wa;-smallef than on the
south side, (18.07 mm.). The width also decreased frém the

lower portion of the crown towards the top portion.

Table 18, Average cone widths on tree E in 1963.

Portiori of the Cone length in millimeters

© erown .~ Side of Tree
North South
Top. . 16.95 115.88
Middle . 18.32 16.67
Lower 18.94 A 17.14

Average 18.07 16.56
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442 Inter-tree variation

4421 Gone length

The lengths of the cone did not differ significantly
over the years or between trees, Differences between trees
however were close to the 5 per cent level of significance.
Tree '11 produced the longest cones with an average of 70.2 mm,
The éhoftest cones were measured on tree A (Figure 15), with
an average of 63,9 mm, Trees B and E were represented with
66.7 and 67.9 mm., average cone lengths, respectively, The
year-to-year variation was negligible: 68.5, 67.5, and 66,0 mm.
in 1959, 1961, and 1962 respectively.

4422 Cone width
There was greater variation in cone width than in the length
(Table 19). Highly significant variations were found for years

and also for trees,

Table 19. Analysis of variance of the cone width and Duncan's
multiple range test.

Source of variation ar MS F Signif,

Trees 3 128,71 43,48 * %
Years 2 33.56 11.34 * %
Residual ol 2,96 o
Total 99

*¥ ¥ Signifieant at 1 per cent probability

Duncan's multiple range test:

Trees Years
E A B 11 1961 1959 1962

18.3 20,1 20,1 24,0 19.2 20.3 21l.2




(@)
e

—_— e r

TREE —A- UB C CAMPUS | TREE -B- UBC CAMPUS
* 1961 |, ' 1959 g
[ | 2 S 4 o] | |
o] 1962 |, l96

»

%%!it

@62'1

4*#%*5?

9 r 9

Li44f¥¥¥$¥

PO S

N pE—

TREE ~I AMPUS TREE — 1]~ UEBC CL\MPUS‘*T
1959 g o 1959 |,

l36| T‘ 1962

ii§§§¥

—{em

® ©

was oo

- NuwdOrO~NDO

0
e binal

|
g

"
-
-

Pnotographs of five selected cones from the four
Douglas-fir trees for the years of 1959, 1961,
and 1962. Cone on the left represents the maxi-
mum size of the sample, on the right the minimum,
and the three cones at the middle of each row
the average sized cones.
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The widest cone was on tree 1ll, and the narrowest on tree E.
Trees A and B showed the same width (20.1 millimeters), and
wére significantly different from tree E and from tree 11l.

The values for different years show significant differ-
ences. The widest.(21.2 mm.) cone was produced in 1962, and
the narrowest in 1961 (19.2 mm.). Tusko (1963) reported an
average cone width of 21.02 millimeters, based on a collection
of 264 trees from 28 coaét and interior provenances in 1959.
Willet (1963), reported an average cone width of £1.6 milli-
meters based on measurements from 348 tfeesfcollected from 30
provenances in 1962.

The strong effect of years on the width of the cone, and
the lesser effect on the length of the cone may indicate that
the "range of reaction" (Pauley 1954) may v;ry considerably even
in the cone characteristics. The width of cone appears to be
more plastic or genetically '"loosely controlled" than the
length of the cone. In other words, the environmental factors
affect the width of the cone more noticeably than they do the
length of the cone. Similarly the width and length of seeds
seem to be under loose genetic control, as they showed varia=
tions accérding to aspect and position in the crowﬂ. Tusko
(1963) supported the presegt findings by describing a strong
correlation.between the width of the cones and certain environ-
‘mental factors such as annual precipitation, mean aqnual

temperature, elevation and site class.,
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45 Variation in Seed Characteristics

451 Intra-trée”vériation

4511 Total number of seeds _

The total number of seeds differs significantly between
south and north sides of the crown (Table 20).
Table 20. Total number of seeds from top, hiddle and lower

parts of the crown, on the south and on the north
side of tree E, in 1963.

Portion of the crown Number of seeds from 100 cones Total

South North
Top 3,805 2,888 6,693
Middle 3,578 2,482 6,060
Lower 3,630 ' 2,008 5,638
Tofal 11,013 7,738 18,391
Total number of
seeds per cone 36.71 25.20

The top portion of the crown produced the largest number of
seeds (6,693) and the number decreased towards the lower portion,

where the total number of seeds was 5,638,

4512 Number of filled seeds

To evaluate the number Qf f;lled seeds, 2,400 seeds were
X-rayed, half»of them from the South and the'other-half from
the north side of the crown. Each_poytion_of the crown (top,
middle and lower) was representéd'by 400 seeds. Empty seeds
were more numerous on the south side than on the north, the

remalining endosperm and embryo classes on the north were repre-
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sented with larger numbers (Table 21-22).

Table 21. Number of seeds in endosperm and embryo classes,
on the south side of tree E, in 1963

Portion of Endosperm and embryo classes* Total
the crown 1 2 3 4. 5%

Top 322 2 62 11 3 400
Middle 311 2 71 5 11 400
Lower 304 3. 8 - 1 3 400
Total 937 4 222 17 17 1,200

Table 22, Number of seeds in endosperm and embryo classes,
on the north side of tree E, in 1963.

Portion of Endosperm and embryo classes Total
the crown 1 2 3 4 5

Top 271 6 108 4 11 400
Middle 284 - 102 T T 400
Lower 284 - 104 2 10 400

“Total 839 6 314 13 28 1,200

*Fog ggplanation of endosperm and embryo classes see pages 31
an .

4513 Length and width of seeds and sesd wings

Of the four seed characteristics measured, only two, the
length of seeds and the widthofiseeds, varied according to
their aspect on the crown and position in the crown (Table 23).
The seed width was more strongly affected than seed length.
The seed ﬁing characteristics (length and width) did not show

significant differences with respect to position in crown.
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The values from the north side were generally larger than on
the south side, with three exceptions; the lengths of the wing
at both lower and middle portions of the crown, and the widths
of‘the wing at the middle portion éf the crown..

Table 23. Average values of seed characteristics on ‘tree E,in
1963 (in mm.).

Portion o f t he Crown

Aspect Top Middle Iower
Ly Wy ILg W Ly Wy Lg Wy Ly Wy ILg Wy

South 8.30 4.90 7.45 3.75 9.15 5.15 7.65 3.95 8.80 4,90 7.55 3.90
North 8.65 5.15 7.55 3.95 9.00 5.00 7.70 4.15 8.70 5.00 7.85 4.15

AverageB.47 5.02 7.50 3.85 9.07 5.07 7.67 4.05 8.75 4.95 7.70 4.02

The longer wing length of thé seed on the south side may be an
expression of a correlation with the scale length. Although
scale iength was not investigated, it could safely be assumed
that the wider cones have longer cone scales, and it will be re-
called that thé cbnes are significantly wider on the south side
(Table 18). |

| The average values of seed characteristics were lowest at
the top part of the crown, which parallels cone characteristics.
The largest values were observed at the middle part of the crown
with one exception. The length of the seed was largest in the

lower portion of the crown.



68

46 Germination Tests

Allen (1958, 1960, 1961 and 1962) showed that germination
behaviour of Douglas-fir seed differs greatly from lot to lot,
frdm tree to tree, and even within é tree. Specific causes of
all the variatién have not been determined, but effects of seed
maturity, handling, processing, moisture content durihg strati-~
fication, stratification period,'and incubation temperature, as
- well as origin (provenance) and inheritance in general, have
been demonstrated.

In the germination tests on seeds from controlled crosses
all of the above—mentioped_vari?tions in environmental factors
were eliminated or reduced and this helped to bring to light the
heritability varlances. _The R5O values exhibited a large range
of variation (Table 24). Tree A had seeds with slow germination,
taking an average of 21.64 days to reach 50 per cent of the
germinative capaclity, while seeds from tree E germinated faster
and reached R5O value on the average after only 10.9 days.

Trees B and 11 were intermediate with R5O values of 15.81 and
18.86'days respectivély. Thé R5O values from seifing were also
useful, - since the expression of the inherited characteristics
is more clearly observable when the heterozygosity is feduced.
The values from self-pollination were always the largest or the
smallest, depending on the "slow" or '"rast' seéd germinating
characteristics of the tree. Tree A, for eiample,showed 31 days,
the higheét average value, while trée E gave phe lowest average

value, 9.6 days.
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The importance of the pollen parent is also evident from
the crosses. When tree A, which displays "slow" germination
was crossed with tree E, whicﬂ has "fast" germiﬁation, the
seeds from this cross showed the fastest germination of all the
crosses on tree A. ‘Conversely, when pollination was carried out
on tree E, using pollen from tree A, seeds from this cross germ-
inated slower .than seeds from any crosses from tree E. The
average number of days required to reach 50 per cent of the
germinative capacity from reciprocal crosses were also very
close to each other; A x B(20.03 and B x Akl9.54x A x E(14.43
and E x A(12;56l B x E(12.35)and E x B(lO.MOX These values may
indicate that the two parents play a very similar role in the
inheritance of the rate of germination.

Germination per cent was highest in the seeds from tree E
(Table 25) with an average of 91.26 per cent, followed by 76.20
per cent fof tree A, 74.08 per cent for tree B and 42.00 per
cent for tree 1ll. The inheritance pattern of germination per
cent was entirely different from the inheritance pattern of the
rate of germination. When tree E pollen was applied, a high
germination ya}qe was observed in every cross. On tree E no
change in germination percentage was evident in any cross, when
a different pollen source was used. Considering the results of
four years, although number of samples is limited,one can assume
that the germination per cent is inherited on a single factor
basis. Tree E can be assumed to possess the homozygous
dominant condition becaugse.:a_.high germinatioﬁ per cent is

expressed in any cross, when this factor is transferred.
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Table 24. Average number of days to reach 50 per cent of
N germinative capacity (R5O)l from various crosses,
during 1958, 1959, 1961 and 1962 years. Untreated
seeds incubated at 25° C,-

Cross 1958 1959 1961/1 1961/2 1962 Average *SD icv
"Rspvalues : ) - :

A x A 31.0 31.00

A x B 17 .6 23.5 19.0 20,03 4,36 21,76

A x E 13.5 14.8 15.0. 14,43 1.18 8.18

A x 11 : 25,0 25.00

A x open 16.7 | 41,0 21,0 26.23 18.33 69,88

Average ‘ ' | 21.64

Bx B ,

Bx A 30,0 13.7 14.0 22,0 18.0 19.54 9,14 46.77

B x E 13.9 12,0 10,5 13.0 12.35 2.52 20.40°

B x 11 A 17.0 17.00

B x open 12.6 , 13,0 12,80 .28 2.18

Averagé ' 15.81 -

ExE , 9.6 © 9.60

E x A 17.4 9.2 11.8 11.4 13.0 " 12.56 6.07 u48.32

E x B 10.0 7.6 10,2 1.2 13.0 10.40 2.33 22.40

E x 11 - 12.0 12,00

E x open - 12,0 5.2 9.7 10.0 12.0 9.78 6.99 Tl.47

Average 10.90

11 x 11 : B 23.0 23,00

11 x A . 20,0 20,00

11 x B ' 22,0 22,00

11l x E ‘ 12.0 12,00

11 x open 17.0 17.00

Average 18.80

1 Rgo values based usually on one 40 seed sample. Because the
uneven number of filled seeds obtained from the different
crosses in a few cases samples withflO.seeds as minimum were
also included.

Values for 1958 and 1959 crosses obtained from Allen's (1963)
publication.
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Table 25. Germination per centl of seeds from various crosses,
during 1958, 1959, 1961 and 1902 years. Untreated
seeds, incubated at 250 C, '

Y e a'r of ¢cross
Cross 1958 1959 190i/1 1961/2 1962 Average t SD tcv
CP.erheern t '

Ax A 50 50.00 ’

A x B 65 92 85 80.67 19.82 24 .57

A x E 85 g5 90 90,00 7.07 7.85.

A x 11 65 65.00 )

A x open 60 75 67 .50 10.61 15.75

Average 76.20

Bx B 0 : 0.00

Bx A 90 90 _54 25 90 69.80 58.99 84.51

Bx E 90 100 85 90 9l1.25 10.89 11.93

B x 11 85 85.00

B x open 90 90.00

Average 74,08

ExE 92 92,00

Ex A 88 95 90 95 91 91.80 6.23 6.78

Ex B 90 98 . 100 93 71 - 90,40 23.11 25.56

E x 11 | 95 95.00

E X open - 76 100 95 90.33 17.89 19,81

Average 91.26

11 x 11 10 10,00

11 x A 35 35.00

11 x B 25 25.00

.11 x E 75 75.00

11 x open 65 65.00

Average 42,00

1 Germination per cent average values based usually on one 40
Because the uneven number of filled seeds ob-

seed sample.

tained from the different crosses, in a few cases samples

with 10 seeds as minimum were also included.

Values for 1958 and 1959 crosses obtained from Allen's (1963)
publication,
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47 Progeny Tests

471 Progeny test in greenhouse and nursery

Survival of seedlings grown in the U.B.C. greenhouse from
six different families ,established by the 1959 crosses showed

a very interesting pattern (Table 26).

Table 26. Mortality of four crosses and.two open polllnated
families grown in greenhouse in 1960,

No. of - Number of seedllngs

Cross germinants planted lost per cent lost
"Feb. 6 ' April 5 '

B x A 60 45 15 25.0

B x E 30 18 ‘ 12 _ 40,0

E x A 60 52 8 ©13.3

ExB 47 46 " 1 0.2

B open 50 38 12 24,0

E open 4o - 30 10 - 20.3

Total 287 - 229 ' 58 : 20.3

The mortality was highest in B x E_cross (40 per cent) and
lowest in the reciprocal cross, E x B (0.2 per cent). Generallyf
the crosses on tree B gave higher mortality than on tree E, al-
though mortality in the open-pollinated - seedlings from these
two trees did not differ significantly.

The same pattern of loss was observed later in the nursery
during the years from 1960 to 1963 (Table 27). The difference
was even expressed in the open-pollinated progeny. Tree B
mortality was 34.3 per cent, more than twice as large as mortal-

ity on tree E (16.7 per cent). The mortality was heaviest
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Table 27. Mortality of seedlings from four crosses and two
open pollinated families‘in the nursery from 1960-

to 1963.
, Number of seedlings Mortality
Cross Planted - died during percent
April 11 1960 1961 1962 1963 total '

x A 45 10 - - - io 22,2

x E 18 4 - - - 4 - 27.7

X A ‘ 52 4 - - - 4 0.8

x B 46 4 - - - 4 0.9.

open. . 38 10 - 3 - 13 34.3

open - 30 5 - - - 5 16.7
Total 229 3 - 4 - o4 18.6

during the first year (1960). 1In the following years the
mortality was zero or negligible. Only four éeedlings died in
1962. All four were of the progeny of tree B, suggesting that
the mortality was under a certain maternal control, and that
the pollen parent may not have played an important role in the
early survival., _ |
The total growth (;n'milliméters) was énalysed for the six

progenies baéed on the three samples described above and observed
for four years (See appendices:I-VII and'Table 28).

| During the first four_years the cross E x B produced pro-
gen& with th@,lOnéést average yearly height growth (183.1 mm.).
Progeny from the reciprocal cross, B x E only grew 163.6 mm.
(although this is not significantly different). The further
sequence was: B x A (137.7-mm.). The total height showed exaétly
the same sequence (Table 29) for the.progenies, although they

were not significantly different from each’other. Although the
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Table 28. Analysis of variance for helght growth and Duncan's.
- -multiple range test of six progenies from 1959

crosses.

Source of variance df ‘M3 F Signif
Progenies 5 12,241.3 3.68 *%
Years 3 648,607.0 195.51 *%
Blocks 2 3,216.7 0.96 - NS
PxY 15 2,007.0 0.60 NS
PxB 10 11,421.9 3.4 %%
BxY 6 2,087.8 0.62 NS
PxYxB 30 - 1,556.3 0.46 NS
Error 216 3,317.4

Total 287 )

** gignificant at 1 per cent probability level.

‘Duncan's multiple range test.
Height growth of progenies

E x A B open E open Bx A Bx E Ex B
137.7 146.1 149.3 156.2 163.6 183.1

total height of seedlings from E x B cross was 32 per cent
higher than the total.height froﬁ ExA crosé,the differences
between progenies were better revealed when the yearlyiheight
growth.awaé cbmpareq. ‘The absolute size of the seedlings is
easily modified, while hardly less plastic is the amount of

elongation of the stem.
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Table 29. Total height of six progenies
from 1959 crosses on September

30, 1963.
Progenies Height in millimeters
‘E x B T46.9
B xE 661.2
Bx A 648.3
E open 629.0
B open 600.8
E x A 565.2

A?ll Correlation analysis

The coefficients of correlation were calculated for every
pair of the fourteen variables (Appendix I). These coefficients
of correlation are given in Appendices VIII-XIV in a diagram-
matic presentation. The éiosely related variables were assort-
ed into four groups such as hypocotyl, bud, current shoot
growth and yearly growth (including total height).

The‘hypocotyl (X3 - XE) and bud characteristics (X3 - X5)
were not intercorrelated and were not correlated at the 1 per
cent probability level to any other variables (Appendices
VIII-XIV). The bud condition in 1960 (XB) was correiated twice,
in 1962 (Xy). 6 times, and in 1963 (x5) 12 times to the
different current shoot growth and yearly grqwth. The hypo-
cotyl color (X;) and length (X2) did not show any important
correlations. The current shoot growth during the first part
of the growing season in the third (X6-X7) and fourth (X8-X9)

years were also correlated in many cases with the total height
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and yearly grOWth. The first year growth (Yl) was 1in every
case Correléted with the total height at the end of the fourth
year'(Y5). The correlation was significant at 1 per cent level
between the progenies from Bx A, Ex A, Bx E, E x B, and

B open that were tested.

471z Regressién analysis

From ﬁhe regression analysis computed for the nine (Xl-X9)
independent vériables, against the first year growth (Yl), it
was observed that the nine variables account for 99 per cent of
the total variation in B x A, 93 per cent in B x E, and 96 per
cent in E open. The same nine independent variables accounted
xfor 99 per cent of the variation in total height (YB) in the
case of Bx A, Bx E, Ex A, E x B, and E open, and for o8 pér
cent of the total variation o6f tThe total height in the case of
B open. For study of the total height, the indépendent.vari—
ables were eliminated one by one, in order of the least signifi-
cance, until one or two variables remained. At least 90 per
cent of the‘variation was still accounted for by these remain-
ing variables. The equations indicating thé relationship

between the total height and the variables are:

Cross B x A: Y5 = -76.25+ 2.49 X7 +5.22 Xg R = 0.922
Residual variance 3,142.79.
Cross B x E: Y5 = 42,45, 96.96 X + 3.77‘X6 R2 = 0,961

Residual variance 1,086.51,.
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Cross E x A: Y5 = 42 .45 + 96,96 X5 + 3,77 X6 R = 0,908
Residual variance 2,743.81. '

Cross E x B: Yy =347.22 + 6.4L X, "R = 0.941
Residual variance 2,601.91 '

B open: Y5= 15.64 + 1.96 Xg + 3.47 X4 R = 0.929
Residual variance  3,142.79. '

E open: Y5 = 239.25 +5.88 X, R® = 0.921

Residual variance 6,552.65.

where: Y5 total height. on September 30, 1963,
X5 bud condition on July 30, 1963,

Xg current year shoot growth to June 6, 1962,

X7 " " " " from June 6 to July 23 1962,
- Xg " " " " to June 6, 1963,
Xg S " " " to July 23, 1963,

and N = 12,

It is evident from the multiple regression analyses, that
more than 90 per cent of the variation in the total height at
the end of the fourth year is determined by the shobt growth
in the first part of the growing season during the third and '

the fourth year. Thevshoot growth, between June 6 and July 23,
’duriﬁg the third year (X7), alone explained 94.1 per cent of

the.variation in the total height in the progeny of E x B cross,

and 92.1 per cent in the progeny of E open. This variable also
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1s important imn B x A and E x A crosses, where in connection
with Xg in the first, and with Xg in the latter it accounted
for 92.2 per cent and 90.8 per cent of the variation in the

total height.

472 Progeny test in the growth chambers

When assessing the c&mbining ability and calculating the
heritability estimétes of different parental lines, the poly-
allel cross is often of value. Evéry possible recippocal
combination will allow identification of those parents which
combined well with the others in the productién of proggnies
exhibiting desirable characteristics and calculation of the
genetic gain achieved by cross breeding. The combining ability
of the parental line can be assessed after analysing the data
by using analysis of variance, and completing with the Duncan's
multiple range test, The heritability estimatlon could be
calculated by estimating the components of variance, as mention-
ed earlier,

Assessments of the combining ability and calculations of
the heritabillity values were carried out separately on the
progénies from the long-day and from the short-day treatments.
The foliowiné characteristics of the 132-day-old progenies,
from 1962 crosses were evéluétéd: length of root, hypocotyl,
epicotyl and branches, number of branches and cotyledons, dia-
meter of root collar, green and dry weight of roots and shoots
and finally thellight transmitténce of'chlorophyll.extraction.

These are presented in this sequence on the following pages.
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4721 Length of root
Tree 11 showed the bestkcombining ability as a seed
parent and as a pollen parent tree B was the best. However,
there was no significant difference between the trees in the
seed or in the pollen line. The heritabillty estimation
calculated as 12 per cent was assessable only for the pollen

parents.

a) Average values (in millimeters)

Seed P.o 1.1 e n parents Avérages
parents A B B 11
A 348,3 291.3 292.0 310.5
B 297.7 318.0 283.3 299.7
E 263.7 306.7 299.0 289.8
11 329.0 316.7 297.3
Average 206.8. 323.9 302.2 291.4
b) Analysis of variance
Source DF MS F Signif.
Seeds - 3 1,110.3 0.46 NS
Pollen 3 1,823.4 0.76 NS
S x P 5 1,491,.5 0.62 NS
Residual 24 2,373.7 -
Total 35
c) Components of variance

- 2 2 _ _ 2_

Ss = =-32.36, Sp =27.66, Ssp 294,05, Sr— 2373.73

d) Heritability estimates

2 _ - 2 _
hf = ¢ hp._ 0.12
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4722 Length of hypocotyl

The values were not significantly.different from.each
other, Tree 11 as a seed parent and tree B as a pollen parent
produced the longest hypocotyl. The hebitability value for the
seed was 23 per cent, Sinée the components of variance were
negative for the pollen parents, zero heritability was shown.

a) Average values (in millimeters)

Seed Pollen parents Averages
parents A B E 11

B 21.% 26.7 25.0 24 .4

E 24.7 30.0 26.3 27.0

11 32.0 26.3 29.0 29.1
Average ~ 26.1 28,8 26.9 26,3

b) Analysis of variance

Source DF MS - Signif.
Seeds 3 33,8 2.78 ' NS
Pollen 3 13.2 1.08 NS ‘
S x P 5 25.9 2.13 NS
Residual 24 12,1

Total 35

c¢) Components of variance

s§ = 0.662, S5= -1.061, Si= 4.591, S2 =12.166

d) Heritability estimates

2 2 '
hg = 0.23 hp= o}
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4723 Length of epicotyl

Tree 11 exhibited the best combining ability as seed and
pollen parent. Tree B produced seedlings with the second
longest epicotyl length, while the progenies from trees A and
E were in both instanges the shortest. The heritability-
value-was 36 per cent for the seed parents and zero for the
. pollen parents.,

a) Average values (in millimeters)

Seed Pollen parents : Averages
parents A B - E 11
A 159.0  114.3  135.3 136.2
B 129.3 147 .3 225.3 167.3
E 126.0 158.3 186.7 157,0
11 224 .3 209.3 165.7 199.8
Averages 159.8 175.5 142.4 182.4 -
b) Analysis of variance
Source DF MS F Signif.
Seed 3 6203.8'< 4,33 *
Pollen 3 2782.5 1.94 NS
S x P 5 3992.7 2.79 NS
Residual ' 24 1430.7
Total B 35 ‘
Duncan's multiple range test
Seed parents
A E B 11
136.2 157.0 - 167.3 189.8
c¢) Components of variance
2 _ 1q 2 _ 2 _ 2
Ss.— 184,25, Sp = -100,85, Ssp._ 854,01, Sr = 1430,72

d) Heritability estimates

hg = 0.36 h3= @



4724 Length of branches

As seed parent treetproduced seedlings with the longest
branches when as a pollen parent gave seedlings with shortest
branches. The inheritance seems to‘be_under strong genetic con-
trol with the seed parent playing a more important role in the
inheritanoe of the branch length than the pollen parent. The
values were 72 per cent for seed and 58 per cent for male -

parents.

a) Average values (in millimeters)

Seed Pollen parents - Averages
parents A B E 11

A : 100,0 53.3 106.3 ) 86.5

B 82.7 T 107.7 120.0 103.4

E 112.7 161.3 126.7 133.5
11 130.7 121.7 109.3 120.5

Averages 108.7 127.7 90,1 117.7

b) Analysis of variance

Source ‘DF M3 F Signif,
Seeds ‘ 3 3764 ,0 9.45 . *%*
Pollen 3 2292,0 ' 5.75 *x

S x P » 5 955.2 2.39 NS
Residual 24

Total 35 -

¢) Duncan's multiple range test

See e d parents
A: B 11l . E
-86.5 103.4 120.5 133.5

Pollen parents.

E A 11 B
90,1 ‘ 108.7 117.7 127.7
c) Components of variance
s2 = 209.06, s2= 111.ko0, 2, = 185.73, s2 = 398.03

d) Heritability estimates
hg = 0.72 h§ = 0.58
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4725 Number of branches

Trees Qland 11 as seed parents produced progenies with
the largest number of branches but trees A and E did not differ
from them significantly. As pollen parenté, progehies from
tree 11 produced the largest; while seedling from tree E had
the lowest valges. ‘The heritability values were 23 per cent
ﬁo? pollenvpaygnts and zero for seed parents. |

a) Average values

Seed " Pollen parents Averages
parénts A B E 11 7

A | 18,3  11.7  18.6 . 16.2
B 14,6 16.7 19.3 16.9
B 17.3 16.7 16.0 16.7
11 19.7 16.7 14,3 '
Averages 17.2. 17.2 14,2 18.0

b) Analysis of variance

Source DF MS F Signif,
Seed 3 0.88:. 0.15 NS
Pollen 3 25.11 4,38 *
S x P 5 19.33 3.37 NS
Residual 24 5.72
Total . 35
Duncan's multiple range test .
-Pollen parents
E A-B 11
14.2 - 17.2 18.0
c) Components of variance
2 2 2 SR
Sg =-1.537, S5 =0.481, SZ = 4.537, S%= 5.722.

d) Heritability estimates

ne = g he = 0,23
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4726 Number of cotyledons

" Tree B as a seed and pollen parent produced seedlings with

the largest number of cotyledons, while A and E gave seedlings

with the lowest number. The heritability vaiue is 42 per cent

for pollen and zero for seed parents.

a) Average values

Seed Pollen parents Average
parents A B E 11
A 7.0 5.7 607 6.“‘
B 6.7 6.3 7T 6.8
E 6.7 7.0 6.0 6.5
11 6.3 7.3 6.3 6.6
Averages 6.5 7.1 6.1 6.8
b) Analysis of variance
Source DF MS P Signif,
Seed 3 0.324 0.64 NS
Pollen 3 1.583. 3.16 *
S x P 5 0.916 1.83 NS
Residual 24 0.500
Total _ 35
Duncan's multiple range test

Pollen parents

E A B 11

6.1 6.5 6.8 7.1
c) Components of variance

s = -0.049, S5 = 0.055, S3p =0.139, = 0.5

d) Heritability estimates

2 = 2_
hy = & hg = 0.42
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4727 Diameter of root collar

?reevll produced seedlings with. the largest values for
root collar diameter both as seed and as pollen parents. Tree
B as a seed parent and tree E as a pollen parent produced seed-
lings with the smallest diameter of the root collar. The herit-
ability estimations in both cases were negative and were record-

ed as zero.

a) Average values (in millimeters)

Seed Pollen parents Averages
parents A B E 11

A 2.6 2.3 2.9 2.6

B 1.9 2.3 2.6 2.2

E 2.1 2.5 2.6 2.4

11 3.2 2.8 2.2 2.8
Averages 2.5 2.6 2.2 2.7

b) Analysis of variance

Source ‘ - DF ‘MS F 4 Signif.

Seed _ 3 0.529 1,78 NS
Pollen 3 0.347 1.17 NS
S x P 5 0.537 1.81 NS
Residual ou 0.296

Total 35

c) Components of variance

85 = -0.00069, S§=-0.01587, S§,=0.08038, S§ =0.29641

Sp
d) Heritability estimates
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4728 Green wéight of shoots

Tree 11 produced the largest values in both instances,
not being significantly different from the other three trees,
when the values of seed parents were compared, but when the
averages of the pollen parents were tested, tree 1l signifi-
cantly differed from A and E. The heritability values are in
general agreement with number of branches and'branch length
characteristics,'showing only the pollen effect of the parent
with 22 per cent value, and no effect of the seed parents.

a) Average values (in grams)

Seed Pollen parents - Average

parents A B E 11

A 5.1 2.8 5.5 - 4,47

B 2.4 4.8 6.2 4,48
3.9 4.5 6.8 5.08

11 6.6 6.0 4.7 5.75

Averages 4,31 5.20 4,13  6.16

b) Analysis of variance

Source — DF Ms - F Signif.

Seed 3 3.43 2,14 NS

Pollen 3 7.64 4,76 *%

S x P 5 5097 3072 *

Residual 24 1.60

Duncan's multiple range test
i Pollen parents

E A B 11
4,13 4,31 5.20 6,16

c) Components of variance

S§ =-0.2117, S8 =0.1389, S2p=1.456, S2 = 1.602

d) Heritability estimates

2 _ 2
hp =g, he = 0.22
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4729 Dry weight of roots

Tree 11 as seed parent and tree B as pollen parent
showed the best combining ability. The heritability values were
calculated as 35 per cent for seed and 60 per cent for pollen
parents. |

a) Average values (in grams )

Seed Pollen parents Averages

parents A . B E 11

A CoTLLan 04451 0.293  0.399 © 0.381
B 0,242 0.335 0.369 0.315
E 0.258 O.411 0.477 0.3382
11 0.435 0.440 0.393 0.422
Averages 0.312 0.434 0.340 - 0.415

b) Analysis of variance

Source - DF - .MS F Signif,
Seed 3 0.017 1.29 " NS
Pollen 3 0.031 2.24 NS
S x P 5 0.010 0.75 NS
Residual 24 0.013 ‘
Total 35

¢) Components. of variance

-0.00113, SZ=0,01371

8§ = 0.00062, S§ =0.00171, SZ;=

d) Heritability estimates

hs = 0.35, hg = 0.60

o
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47210 Dry weight of shoots

Tree 1l produced the largest dry-weight values in both
instaﬁces, while tree B as a sgéd parent and tree E as a pollen
parent were represented with the lowest vaiues. Thé herit-
ability estimatiopE_were 9 per cent for seed and zero for

pollen parent.

a) Average values (in grams )

Seed - Pollen parents’ Averages

parents A B - E - 11

A I 1.171  0.709  1.256 | 1.045
B | 0.549 1.158  1.125 0.941
E 0.904  1.055 1.526 1.162
11 1.707  1.406  1.152 1.421

Averages ~ - 1,053 1.210 1.006 1.302

b) Analysis of variance

Source DF - MsS F Signif.
Seeds 3 0.38 2.79 T NS
Pollen 3 0.17 1.24 NS

S x P 5 0.36 2.65 *
Residual : 2u 0.13

Total 35

c) Components of variance

s = 0.,0015, S5 =-0.0159, 85,=0.0152, 8% =0.,1362

5 p

d) Heritability estimates

h§ = 0.09, hp = @
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47211 Light transmittance of chlorophyll

Extract from tree 1l transmitted more light, having a
vligﬁter color thén tree E, which gave the lowest transmitted
light value when seed parents were compared, When the pollen
parents were evaluated, the. sequence was exactly reversed; the
solution from tree E was lighter than solution from tree 1ll, The
heritability values were the highest and very similar to each

other as 98 per cent for seed and 97 per cent for pollen parents.

a) Average values (in arc. sine)

Seed Pollen parents Averages
parent A B E 11

A - 49,603 43,040 47,103 45,451
B 49,213 ' 48,430 45,763 47.935
E f 46,166 47,293 46,720 46,726
11 49,413 49.550 49,556 49,800
Averages 48,264 48,962 49,157 46,528

b) Analysis of variance

Source ~ DF MS F : Signif.
Seed 3 14,58 10,81 * %
Pollen 3 12.87 9.54 * %

S x P -5 -1.00 -0.74 -NS
Residual 24 1.34

Total 35

Duncan's multiple range test

Seed parents

E : B . A 11 ‘
46,726 47,935 48,451 49,800
P61l 1L en parents
11 A B E
46,528 45,264 48,962 49,157

c¢) Components of variance
2 _ 2 ' 2 -
SS = 3.41, S5 = 2.98, S 0.94

d) Heritability estimates

2
hg

= 0.98, hS = 0.97
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473 Progeny tests in the growth chambers., Short day treatment
4731 Length of root

Tree 11 as a seed, and tree B as a pollen parent produced
the longest root, while the shortest averages were calculated

on tree B as seed and Tree A as pollen parents.
ability values were zero for seed and_8 per cent for pollen

parents.

a) Average values (in millimeters)

The herit- . .

Seed Pollen-parents Averages
parents A B E 11
A 342,0 268.0 323.3 311.2
B 246.3 328.0 353.3 309.4
E 332.3 347.6 . : 359.3 346.4
11 295,0 365.0  417.6 359.2
Averages 291.2 351.6 338.1 346.3
B) Analyéis of variance
Source DF MS F Signif.
Seed 3 5668.4 10,54 *%
Pollen 3 6792.16 12.63 *%
S x P 5 6245,78 11.61 * %
Residual 24 537 .59
Total 35
Duncan's multiple range test
Seed parent
B A B 11
309,2 311.2 346 .4 359.2
‘Pollen .p arent
A B ‘ 11 ' B
291.2 338.1 345.3 - 351.6

¢) Components of variancé

s§ = -48.11, s§= 45.53, SZ,=1902.73, 5% = 537.59
d) Heritability estimates

ng = g, h§ = 0.08



4732 Length of hypocotyl
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Tree A as a seed parent produced the longest hypocotyl

length and the value was not significantly different from the

value obtained from pree 11, but differed significantly from

Tree B and E. As pollen parent B & E gave the highest values.

The heritability values were very similar, 77 per cent for seed

and T4 per cent for pollen p

arents.

a) Average values (in millimeters)

p

Seed Pollen parents Averages
parents A B E 11
A - b4l 34.3 32.0 36.8
B 30.7 32.3 33.0 32.0
E : 30.0 32.3 25.7 29.3
11 32.7  33.7 36.3 34.2
Averages 31.1 36.6 "34.3 30.2
b) Analysis of variance
Source DF MS F Signif.
Seed 3 90.54 8.31" =%
Pollen 3 79.43 7.29 * %
Sx P 5 20.69 1.90 NS
"Residual 2h 10.88
Total 35
Duncan's Multiple Range Test
S eed parents
E .B 11 A
29.3 32.0 34,2 36.8
Poll eﬂn parents
11 ' A ‘ E
"30.2 31.1 34.3 36.6
¢) Components of variance |
‘8§ = 5.82 S5 =4.89 S8p = 3.27 S = 10.89
d) Heritability Estimates
h2 = 0.77 B2 = 0.74
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4733 Length of epicotyl

Trees A and B produced the longest epicotyl length and
the values were significantly different from values observed on
trees E and 11, when seed parents were compared, The average
values did not differ significantly when pollen parents were com-~
pared, The heritability values were calculated as 71 per cent
for seed and zero.for pollen parents.-

a) Average values (in millimeters)

Seed Pollen parents Averages
parents A B E »11

A 91.7  107.3  54.0 88.3

B 86.3 65.3  65.7 T2.4

E 38.0 51,0 55.7 48.2

11 k2.7  51.0 41.3 45,0
Averages 56.7 64,6 71.3 58.4

b) Analysis of variance

Source ' DF b OMS F Signif.
Seed 3 3257.07 14,04 *¥
Pollen 3 436,18 1.88 NS
S x P 5 947.18 4,08 NS
Residual 24

Total 35 ~

Duncan's multiple range test

S eed parents
11 E B A

45,0 - 48.2 724 “84.3

c) Components of variance

SE = 192.49, 8§ = -42,58, S

2 = 238.40, 8% = 231.97

d) Heritability estimates

hE = 0,71, hg =g
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473} Length of branches

Although the length of the branch was not significant in

any instances, the longest branches were produced on tree B as

pollen and tree A as- seed parent, while the shortest length was

observed on tree E as seed and tree 1l as pollen parent. The

heritability estimations were 57 per cent for seed and 19 per

cent for pollen parents.

a) Average values

Seed ' Pollen parents

Average
parents A B. E 11
A 42,3 42,0 38.3 40,9
B 49,7 15,0 by 7 36.4
E 23.3 46,0 25.0 31.4
11 26,0 20.0 0.0 15.3
Averages 33.0 36.1 19,0 36.0
b) Analysis of variance
Source DF MS F Signif.
Seed 3 1119.21 0.89 NS
Pollen 3 597 .36 047 NS
S x P 5 482,78 0.38 NS
Residual 24 1249.63
Total 35

¢c) Components of variance

s§ = 53.03, S35 = 9.55,

d) Heritability estimates

h§.4

o]

2

SSp = 119.27,

= 0.57, hg = 0,19

S = 124.96
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4735 Number of.:branches

Tree A as a seed, and tree B as a pollen parent gave the

highest number of branches. The heritability values were 60

per cent for seed and zero for pollen parents.

a) Average values

Seed » Pollen parents Averages
parents . A B _ . E 11
A 3.7 3.0 0.7 2.4
B 1.7 0.7 1.3 l.2
B 1.0 1.3 : 0.7 1.0
11 : 0.7 0.3 0.0 0.3
Averages 1.1 1.8 1.2 0.9
b) Analysis of variance
Source DF MS F Signif.
Seed 3 6.99 3.99 *
Pollen 3 1.28 0.73 NS
S x P 5 2.78 1.59 NS
Residual 24 1.75 '
Total 35
Duncan's multiple range test
Seed parents
11 E B A
0.3 1.0 1.2 2.4

c) Components of variance

s2 = 0.35,  S2 - -0.12 S2  =0.34 s2 = 1.75

s - . 2 p = . k] sp* L] 2 T .

d) Heritability estimates

2 = ‘ 2=‘
h2 = 0.60, h2 = g
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4736 Number of cotyledons

Tree B, both as a seed and:-pbllen parent, produced the

largest average number of cotyledons, while A as a seed parent

and E as a pollen parent exhibited the lowest average values,

The heritability values were 8 per cent for seed and 57 per cent

for pollen parents.

a) Average values

=

Seed Pollen parents Averages
parents A B E 11
A 7.0 5.7 6.6 6.4
B (a3 6.7 7.3 7ol
E 6.3 7.3 6.3 6.7
11 6.3 7.3 6.3 6.7
Averages 6,7 7.2 0.2 6.8
b) Analysis of variance
Source - DF MS F Signif.
Seed ' 3 0.70 1.79 NS
Pollen 3 1.51 3.87 *
S x P 5 0.64 1.64 NS
Residual 2l 0.39
Total 35
Duncan's multiplé-range test
Pollen parents
B A 11 B
6.2 6.7 6.8 {.2

¢) Components of variance

s2= 0.005, sgé 0.073, S€ = 0.08, 52 = 0.39

Sp

d) Heritability estimates

hE =0.08, h§ = 0.57
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4737 Diameter of root collar

Tree A as a seed parent, and tree 1l as a pollen parent
broduced the largest values. The values from seed parents only
were significant since the diameter of root coliar on tree A
was much larger than on the other three trees, which were very

similaf to each other, The heritability values were calculated

as 71 pef cent for seed and 58 per cent for pollen'parent.

‘a) Average values (in millimeters)

Seed Pollen parent

S Averages
parents A B : .- E 11
A - B 202 200 2.1‘1‘ 2.24
B 1.9 1.8 2,1 1.94
E 1.8 1.8 1.9 1.85
11 2.1 2.1 1.7 1.95
Averages 1.94 "2.05 1.84 2.15
b) Analysis o% variénce
Source DF . MS F Signif.
Seed 3 0.257 3.35 *
Pollen 3 0.163 2.13 NS .
S x P ‘ 5 0,055 0.72 NS
‘Residual o4 0.076
Total 35

Duncan's multible range test

E S e eBd p a Ele nts

1.85 1.94 1.95 2.2k

¢c) Components of variance

sg= 0.106, S8 =0.009,  SZ,

= -0,007, S2 = 0.077

d) Heritability estimates

he = 0.71, he = 0.58
S |9
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4338 Green weight of roots

Tréé 11 as éeed and tree E as pollen pargnts exhibited
the highest values in green weight of root. The heritability
values were similar to each other,_28 per cent for seed and
30 pér cept for pollén pafents.

a) Average values (in grams)

Seed Pollen pa

rents Averages
parents A B E 11
A o, 0.7 1.0 0.78
‘B 0.7 0.9 1.0 0.87
E 0.7 0.8 0.8 0.76
11 0.8 1.0 1.4 1.04
Averages 0.72 0.80 0.99 0.9
b) Analysis of variance
Source DF MS F Signif,
Seed 3 0.150 2,18 NS
Pollen 3 0.153 2.23 NS
S x P 5 0.108 1.56 NS
Residual 24 0.068
Total 35

¢) Components of variance

S§ = -.0035, S5 = 0.0038, S8,=0,0131, S

RN

= 0.0689

d) Heritability estimates

A h%

= 0.28, hg = 0,30
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4739 Green weight of shoots

Treés'A énd B prbduced the largest values as.:seed parents
and were significantly different from tree‘ll, ﬁhich gave the
lowest green weight of:.shoot, The pollen parents were not

significantly different from eéch‘other. The heritability

values were 79 per cent for seed and zero for pollen parents.

a) Average values (in grams)

Seed

Pollen parents Averages
parents A . B E 11
A 1.8 1.6 1.3 1.58
B 1.4 1.0 1.5 1,32
E 1.0 1.3 1,1 1.16
11 1.0 0.9 0.8 0.88
Averages 1.13 1.34 1.14 1.33
b) Analysis of variance
Source DF MS F Signif.
Seed 3 0.759 4.55 *
Pollen 3 0.119 - 0.71 NS
S x P 5 0.120 0.71 NS
Residual 24
Total 35
Duncan's multiple range test
S eed parents
11l E B : A
0.88 1.16 -~ 1.32 1.58

c) Components of variance
S§ = 0.0533, Sp= -0.00001, S8p=-0.0156, S& = 0.1667

d) Heritability estimates

hg= 0.79, h5=¢
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47310 Dry welght of roots

Tree 11 as seed and tree E as pollen parents represented
the highest values in dry weight of root. No significant
difference was fouhd between trees, when they were compared
as seed and polleﬁ parents. The heritability values were 62
per cent for seed and zero for pollen parents.

a) Average values (in grams)

Seed Pollen parents Averages
parents A B E 11

A ’ : 0.332 0.285 0.349 0.322
B 0,283 0,296 0.308 0.296
E 0,292 0.316. B 0.270 0.292
11 . 0,321 0.368 0,492 0.394 .
Averages 0.299 0,338 0.358 0,309

b) Analysis of variance

Source = ~ DF MS F Signif.
Seed 3 0.019 e NS
Pollen 3 0.006 0.84 NS

S x P 5 0.007 0.96 NS
Residual 24 0.007

Total 35

c) Components of variance

S§ = 0.00104, 83 = -0.00007, S5 =

-0,00009; . S5= 0,00783

d) Heritability estimates

hS = 0.62, hy = &
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47311 Dry weight of shoots

Trees A, B, and E produced the largest values in the dry
wéight of shoot, while tree 11 was represented with the lowest
value, when the trees were compared as seed parents. The pollen
parents were not significantly different from éach other., The
heritability values were calculated as 76 per cent for seed am

37 per cent for pollen parents.

a) Average values (in grams)

Seed Pollen parents _Averages
parents A B E 11

A 0,574 0.467 0.480 0.507
B 0.417 0.335  0.453 0,402

E 0.346  0.422 ' 0.353 0.374
11 0.313 0,285 0.257 0.285
Averages 0.359 0,427 0.353 0.428

b) Analysis of variation

Source DF MS - F Signif.
Seed 3 0.075 13.35 | *
Pollen 3 0,015 0.69 NS

S x P 5 0.002 0.10 NS
Residual 24 0.022

Total 35

Duncan's multiple range test

S eed parents
11 E B A

0.285 0.374 0.402 0.507

c) Components of variance

S§ = 0.0061, 8§7=-0.0011, S§p=-0.0067, S§ =0.0224

d) Heritability estimates

. > 2 _
hg - 0076) hp - 0037
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47312 Light transmittance of chlorophyll

Trée 11 in both cases was represented with the lowest
transmittance value, while trees A, B, and E reversed positions
when they were compared as seed anq’as pollen parents. The
heritability values were 65 per cent for seed and 78 per cent

for pollen parents.

a) Average values (in arc. sine)

Seed Pollen parents Averages
parents A B E 11 '

A 49,606 51.550 46.530 49,228
B 47,490 49,060 46,533 47,694
E 46,036 48,836 45,383 46,752
11 45,763 46,913 47,490 - h6.722
Averages 46,763 48.452 49,366 U6,148

b) Analysis of variance

Source . DF ' MS F Signif.
Seed 3 12.45 3.38 *
Pollen 3 21.96 5.96 *%
S x P 5 1.42 0.38 NS
Residual 24 3.68

Total 35

Duncan's multiple range test

S eed parents
11 E B A

46,722 - he.752 47.694 49,228

Pollen parents
11 A B

46,148 46,430 48,452 49,366

¢) Components of variance

s§= 0.919, s8= 1.712, S%,=0.751, S2=3.682

p

d) Heritability estimates

hg = 0.65, h
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48 Combining Ability of Four Trees as Seed and Pollen Parents

Data available from the polyallel crosses permitted an
assessment of the combining ability of the four Douglas-fir
treés, both as seed and as poilen parents. After ranking the
parents for each characteristic evaluated from one, as the
largest to four as the smallest, for long-and for short-day
treatment separately (Tap}e 30) it appears that certain trees
exceéed others in many characteristics. Tree 1l appears to be
the best seed parent in long day tfeatﬁent, since it exhibited
the largest values for the charagtéristics,followed by trees.
E, B, and A. As pollen partner, tree B proved to be the best ,
followed by trees 11, A, and E, Tree 11 as a pollen parent was
not far behind tree B, In a few important characteristics,ISUEh
as length of epicotyl, diameter of root collar,and green and
dry weigﬁt of shoot, the crosses with pollen from tree 11 sur-
passed the crosses with pollen from tree B. |

When the performancé of progenies from the four different
seed trees were comparéd after the short-day treatment, the'
best combining ability was observed on tree A, (Figure 16),
followed by B, 11, and E. Tree 11, which was on the top of the
list after long-day progenies were evaluated, ranked last on
the following characteristics; length of epicotyl and branches,
number of branches; green and dry weight of shoot and trans-
mittance of chlorophyll. As pollen parent,tree B proved to be
the 5est, E second, 11 third and A fourth. Tree 11 was con-
sequently ranked at the lower end of the scale following the

short-day treatment, while it was on the upper end of the scale
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Figure 16, Height of seedlings from tree A
after 132 days, short-day (above),
and long-day (below) treatment,

Ieft to right; progenies from A x B,
A x E, and A x 11 crosses.




Table 30, Combining abilities of four Douglas-fir trees. The numbers illustrate
the rank of the parents., Number one .represents the largest, and number
four the smallest value. - - -

Long day treatment

- - T r e e s :
Characteristics 7 A B S 11
: Seed Pollen Seed Pollen Seed Pollen Seed Pollen
1. Iength of roots 2 3 3 1 4 2. 1 4-
5  Length of hypocotyl 2 4 4 1 3 2 1 3
3. Length of epicotyl 4 3 2 2 3 4 1 1
4, Iength of branch 4 3 3 1 1 4 2 2
5. Number of branches 4 3 2 2 3 4 1 1
6. Number of cotyledons 4 3 1 1 3 4 2 2
7. Diameter of root collar 2 3 4 2 3 4 1 1
8. Green weight of roots - - - - - - - -
9. Green welght of shoots 3 3 4 2 2 4 1 1
10, Dry weight of roots - 3 4 4 1 2 3 1 2
11, Dry weight of shoots 3 3 4 2 2 4 1 1
12, Transm, of chlorophyll 2 3 3 2 4 1 1 4
Total , : 34 35 33 17 30 36 13 22
Short day treatment
- T r e e s
Characteristics ' A - -B E _ 11
' Seed Pollen Seed Pollen Seed Pollen Seed Pollen
1. Length of roots 3 - 4 4 1 o 3 1 o
2, Length of hypocotyl 1 3 3 1 4 2 2 L
3. Length of epicotyl 1 4 2 e 3 1 4 3
4, Length of branch 1 3 2 1 3 4 4 2
5. Number of branches 1 3 2 1 3 2 4 4
6. Number of cotyledons 4 2 1 1 2 4 3 3
7. Diameter of root collar 1 3 3 2 4 4 2 1
8. Green weight of roots 3 4 2 3 4 1 1 2
9. Green weight of shoots 1 4 2 1 '3 3 4 2
10. Dry weight of roots 2 4 4 2 3 1 1- 3
11. Dry welght of shoots 1 3 2 2 3 4 4 1
12. Transm. of chlorophyll 1 3 2 .2 3 1 4 4
: 20 40 29 19 37 30 34 31

Total. -

0T
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under long-day treatment. Such a coptrast in performance
between the two treatménts supplies evidence to support the
assumed differencevin provenance of tree 11 from that of.the
other three trees. This result confirms Ieibuﬁdgut's (1963)
statement that different provenances will vary widely under
advérse conditions; whereas if conditions are close to the
optimum, differences will not show up. It also confirms
Nicholson’s (1963) separation of 28 Douglas-fir provenances
using epicotyl 1engthsland number of branches under short-day,
but not under long-day treatment. Tree A exhibited a good
combining ability as segd parent, and the progenj appeared'to
produce highest values in length of hypocotyl and epicotyl,
number of branches, diameter of root collar, green and dry
weights of shoot and transmittance of chlorophyll. The best
pollen parent under short-day as well as long-day tféatment was
~tree B. The combining ability of the parénts provideé evidence
that certain combinations of a polyallel cross even in four
conceivably clbsely relatéd trees_can yield significantly
different positive results in respect to 1l32-days-old progenies.
The polyallel croés in connection with a short testing method,
using growth chambers, seems very useful,‘but will have to be
modified to best fulfil the requirements of forest tree

improvement: .

49, Heritability Values

The narrow-sense heritabllity values calculated for
certain characteristics studied, indicate that they are under

various degrees of genetic control (Table 31).



Table 31, Narrow-sense heritability values for twelve characteristics studied.

Heritability values’

1962 1961

Iong day  Short day " Long day Short day
No. Characteristics Seed Pollen Seed Pollen Seed Pollen Seed Pollen
1. Iength of roots - 0:12’ - 0,08 = - - -
2, ILength of hypocotyl 0.23 -  0.77 O.74 0.09 - - -
3. Length o% epicotyl 0,36 - 0,71 - 0,87 0,08 x X
4, Length of branch 0,72 0,58 0.57 0,19 x S X x b'e
5. Number of branches ‘ - 0.23 0,60 - X X X X
6. Number of cotylédons' - O.42 0,08 0,57 x b X X
7. Diameter of root collar - - 0,71 0.58' X X X X
8. Green wéight of roots. x b 0.28 0.30 x X X X
9. Green weight of shoots - 0.22 0.79° - X X X X
10; ﬁry weight of roots 0.35 0,60 0,62 - X X b X
11. Dry weight of shoots 0.09 - 0.76 0.37 x X X X
12, iight Transm., of chlor. 0.98 0,97 0.65 0,78 «x X x X

— the heritability value was zZero or negative
X no measurements were taken -
underlined values were significant in analysis of variance

90T
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Although the environment differed in the case of short-
and long-day treatment, the length of root, length of epicotyl,
length of branch, transmittance of chlorophyll and the number
of cotyledons showed high consistency in the mode of inheritance
duriﬁg the 1962 éxperiment. The length of root is under a
slight genetic control. The seed parent contribution was nil
when compared to the pollen parent, whicéh results heritability
‘values 0.12 after long-day and 0.08 after short-day treatment
in 1962.

The length of epicotyl appears to be under the control of
the seed parent, while the pollen parent did not play an
important part.

It is recognized that heritability estimations may not
necessarily be reliably made from the first year's growth data,
since the measurements are also affected at that age by the
size of seeds, germination characteristics, and embryo develop-
ment, After the third or fourth year, these effects are likely
tq be partly or entirely eliminated.

When the correlation coefficients between total height of
four-year-old and the shéot lengths of 132-days-o0ld progenies,
using the four available crosses of B x A, Bx E, E x A, and
E x B, were calculated, a sighificant correlation was found
with a value of 0.895 (r.o5é 0.879 and r.o; = 0.959, af - 3).
The first;wﬁarWsA total height growth also showed significant or
highly significant correlation between total heights after one
vear and after four years (Appendices VIII - XIV), of the

same crosses, This may mean that the effect of the seed
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is not well pronounced in the case of crosses, or diminishes
at a very early stage of develop&ent. On the other hand, the
correlation between shoot (epicotyl) length at 132 days and
the total height after 4 years is a useful one, and promises
a certain time reduction in progeny testing in forest tree

breeding, where time is one of the greatest obstacles.

The role of seed parénts in the pattern of inheritance in
shoot length is also important in forestry practice. Seedlings
with rapid juvenile growth may overcome brush competition '
earlier and the new forest stand could be established more
quicklj and surely by using,such séedlihgs. "For instance, seed-
lings from 11 x A crosses had grown to a height of 224.3 mm, at
the end of the 132 day experimental period, while during the
same period seedlings from E x A cross, reached 126{0 mm,, and
thbse from B x A cross, 129.3 mm. In the above-mentioned
crosses the pollen paregt was the same; only the seed parents
were different. By selecting seedlings from 11 x A.crosses,
the increase could be between 73 and 78 per éent in comparisoh
to seedlings from B x A or E x A crosses respectively. Such
trees should be propagated in seed orchards to give a guick
iﬁcrease in seedling height. This might be worthwhile even 1if
we are taking a "calculated risk" in not knowlng the correlation
between seedling and matufe tree height. The length of branch ..
was under strong genetic control, and the seed parent effect

was larger than that of the pollen parent.

The heritability value in the number of cotyledons
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indicated the effect of the pollen parents. This effect is
clearly shown in Table 32, where tree B as pollen parent, having
the highest average cotyledon numbers in every croés with trees
A, E, and 11, increased the average cotyledon number. HBut it is
also ebvious from the table, that although trees A, E, and 11
have very simllar average cotyledon numbers when crossed with
tree B as the pollen parents, the effect on the average cotyle-~
don number is different, varying from 6.88 (B x E), to 7.43

(B x A). This may suggest that besides the additive genetic
variance other genetic variance due to dominance or epistasis

is also important.

The light transmittance of chlorophyll showed the highest
heritability values in the long-day treatment, for instance 0.98
for seed and 0.97 for pollen parent, revealing that the trait is
uﬁder strong addititlve genetic control.

The heritability values for the other characterisﬁics did
noct show consisteﬁcy and varied from zero to 0.76. The values
were higher in the short- than in the long-day treatments,

- probably because‘the residual compohent of variance was

smaller with smaller seedlings. To improve the precision of
the estimation, a larger number of seedlings would be needed,
mostly from the long-day seedlings. Generally, with the
exqeption of the.light transmittance of chlorophyll, the
heritability estimates are moderate, which confirms the assump-
tion of Toda et al. (1959), that in many characteristics the
additive genetic variance is small compared to other variances,

due to dominance or epistasis. ‘The moderate heritability
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values also indicate that selection based on phenotypic‘
values may}not be a reliable indication of the success of such
a breeding program. The writer wholeheartedly agrees with

the statement of Wright.gg al. (1958): "most significant
improvement will come from programs in which every parent is
carefully selected and carefully progeny tested and in which

controlled pollination plays a major part'.



112
5 SUMMARY

The results of a study of variation’and inheritance in
Doﬁglas-fir have been reported. The work wés based on four
trees located on the University of British Columbia Campus in
Vancouver, B. C. All four trees repfesented the coastal variety
of Douglas-fir. Three of them (trees A, B, and E) resulted
from natural regeneration and repreéént the local population,
while the fourth (tree 11) was chosen from a stand planted in
1934, The seed origin of the stock used for the plantation is
not known, but repreéents a different coastal origin than the
previous three trees. Observétions on phenological character-
istics were carried out in 1959, 1960, 1961 and 1963.

Variation ip pollen size and number was lnvestigated.

Cone and seed characteristics were studied within and between
trees, and germination tests were completed on the seeds from
various croSses.

A progeny test in the nursery included four full-sib,
and two half-sib progenies from 1959 crosses.

Anpollyalel cross was completed successfully in 1962 on
the four trees. bAll sixteen combinations were attempted, using
three different pollination methods (dry, wet, and dry-wet).

Yield of cones, number of filled seeds and total number
of seeds were obtained.

Seedlings from the various crosses were grown under con-
trolled environment for 132 days. The combining ability of the

four trees, both as seed and as pollen parents, as well as the
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individual values of the 12 traits studied for crosses were
investigated. The method of analysis used for computing
heritability based on the polyallel cross was described ih
detail using the following twelve traits: lengths of roots,
hypocotyl, epicotyl, and branch, number of branches and coty-
ledons, diameter of root collar,.green and dry weight of roots
and shooté,and finally the light transmittance of chlorophyll,
The data were used to analyze components of varianqg and
obtain estimates of narrow-sense heritability for ail twelve

traits. Some of, the results are summarized as followé:

1. Vegetative bud flushing appeared to be under strong genetic
‘control.' Tree B fiushed its vegetative buds earliest and
tree 11 1étest during the four years observed.- The average
difference was 16 days. Earlieét date of flushing of the
four tpees was in 1960 and the latest in 1959, the average

difference being 9 days. - -

2. Order of flowering is not correlated with tHe'order of

vegetative bud flushing.

3. The diameter of pollen grains varied from 91,08 microns
(tree A) to 99.19 microns (tree B). A highly significant
negative correlation was found between diameter:of pollen
grain and date of flowering., AEarly—flowéring trees possess-
ed larger polien grains and possible adaptive significance

‘to adverse climatic conditions was suggested.



5

114

Cone length varied significantly on. tree E from south
(69.59 mm,) to north (65.56 mm.). Although the difference
was not significant the cone length decreased with height
in tree onlboth aspects. Cbne‘Width decreased similarly

with height in tree crown.

Variation was less in cone length than in cone width when
the cones from the four trees were compared., The cone
length also varied less than the cone width from year to

year,

The total number of seeds per cone was significantly larger
on the south than on the north aspect. The top portion of
the crown produced the largest total number of seeds per

cone,

Germina@ion per cent'was relatively high when crosses.were
carried out using various pél}en parents with tree E. -Tree
E as a pollen parent'also transmitted this characteristic

to the progeny of every cross. It was suggested that the
genetic control of germination per cent in‘this instance
seemed to indicate control on a singleAfactor basi; énd
that tree E was homozygous.dominant for this charactefistic.

]
The first year's growth was a good indication of the total

height growth at the end of the four years. The shoot
length of the 132-days-old progenies also showed sighificant
positive correlation with the total height at the end of

the fourth year. The total height of the seedlings from
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the E x B cross surpassed the total height of seedlings

from E x A cross, by 32 per cent,

Of 302 seed conelets bagged and pollinated, 10l were lost.
The lossvwas lowest on tree E (22 per cent of the isolated
coneléts), and highest (44 per—cent) on tree B, With one-
tenth of the pdllen grains used in dry pollination, the

wet cross-pollination method proved to be effective. Only
19 per cent of the isolated cones were lost using the wet,
combared to 49 per cent in the case of dry pollination

method.

From the 201 cones collected, 8,004 seeds were extracted.
Of these, 2,142 seeds were defined as "filled", giving an
average yield of 10.66 filled seeds per cone., From cross-
pollination the number of filled seeds per cone averaged
13,81, from wind-poilination 3.05, The lowest number wds
obtained from self-pollination with only 1.91 filled seeds

per cone.

Progeny from a polyallel'cross provided evidence of the
comﬁining ability of the four trees. Tree 1l abpeared to
be the best seed parent, and the second best pollen parent
in a long-day treatment provided for 132 days. The shoot
length of the l32-days-old seedllings averaged 22h.3
millimeters from the cross of trees 11l x A. When the same
pollen parent (A) was used, the shoot length was 126.0

millimeters from trees E x A, and 129.3 millimeters from
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the B x A cros§.' If the best parent combinations were
selected the increase could be between 73-78 per cent ‘in

shoot growth at the end of the 132 days.

The narrow-sense heritability values.appeared to be
moderate in every trait studied with one exception, the
light transmittance of chlorophyll. This trait showed
strong additive genetic control, with heritability values
of 0.98 for the seed and 0.97 for the pollen parent.
populatioﬁs grown under long days, and 0.65 for seed and

0.78 for pollen parent populations under short days,
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Definition of characteristics used in Appendices

.II to VII inclusive,

color of hypocotyl, (in four classes, see page 3U )s

length of hypocotyl, in millimeters,

bud condition on July 30,
it H n 1n 30’

" u " 1 30,

current year shoot growth
1 ) " l‘l n

millimeters,

current year shoot growth
B ] 1 H] n .

millimeters,

1960, (in six classes, see page 34 ),
1962,

1963,

to June 6, 1962 in millimeters,
June 6 to July 23, 1962, in

to June 6, 1963 in millimeters,
June 6 to July 23, 1963, in

total height growth in 1960, in millimeters,

" " " " 1961, " 1 ,
Coon " m " 1962> " " ,
n " 1 " 1963, " n ,

total height on September

30, 1963, in millimeters.




APPENDIX II, Values of the selected characterlstics of four-year-old progenies from B x A
‘eross pollination.

No. X3 Xp ¥3 Xy Xg “ X6 X7 Xg  Xg v, Y Y3 oYyt ¥51
I 3 12 4 1 2 165 63 274 k2 36 196 230 334 808
2 3 21 6 6 2 75 60 226 62 19 177 145 302 664
3 3 12 4 2 2 1k 67 167 65 81 176 210 247 729
4 03 18 5 2 1 111 4o 154 56 47 155 155 222 597
13 15 5 5 2 109 66 184 63 35 140 185 263 638
2 2 13 6 1 2 9% 56 209 @ 28 39 80 172 = 243 553
3 2 13 6 3 1 185 135 245 209 115 256 330 - 470 1184
y 2 5 2 2 8 16 130 21 5 76 108 163 517
1 2 173 1 1 76 21 165 14 25 73 101 194 4o
2 1 73 1 1 75 28 189 61 20 48 103 262 450
3 2 5 2 2 118 62 228 68 65 200 186 314 779
4 2z 12 5 1 1 100 58 123 45 30 63 170 176 451
X 2.33 14.83 4.74 2.24 1,58 111.58 55.99 191116 61,16 A47:33.136.66 .174.58 26.33 648.3

+SD .65 2.85 1.05 1.65 0.51 35.58 30.79 46.46 90.01 28.28 67.10 63.94 83.30 213.28
+CV27.9 19.2 22.2 73.7 32.3 31.9 55.0 24,3 81.8 59.8 49.1 36.6 31.3  32.9

1 ror explanation ofﬂcharacteristics see Appendix I. -

n)
-3



Appendix III. Values of the selected characteristics of four-year-old progenies from B x E
cross pollination.

No. X3 X5 X3 Xy X Xg X7 Xg Xg Yy Yo Yy Yy b5
1 b 22 6 2 2 198 99 214 81 112 200 302 305 - 94l
2 3 14 5 2 1 155 72 198 98 50 154 232 313 763
3 3 12 5 1 3 99 T4 246 106 31 95 208 368 714
4 3 17 5 5 2 95 45 208 45 39 115 150 270 591
1 3 9 6 1 1 98 29 191 80 48 86 130 287 560
2 22 5 2 .2 150 62 233 59 L7 224 215 308 816
3 2 16 5 1 1 120 41 123 54 69 150 168 183 586
n 2 18 5 2 1 112 29 199 37 49 73 147 250 537
1 2 13 .5 1 1 76 26 131 40 22 54 106 180 375
2 2 11 5 2 2 133 28 255 67 67 142 185 341 746
3 1 11 6 3 2 122 85 173 91 71 143 208 280 713
4 1 15 6 1 2 96 4s 158 81 60 120 143 255 593
X 2.33 14.99 5.24 1.91 1.66 121,16 54.58 194.08 69.91 55.41 129.66 191.16 278,33 661.24
tsSp 0.88 4,19 0,45 1,16 0.65 33.69 23.68 41,92 23.08 23.28 50.03 58.76 56,41 15017
+sv 3.8 28.0 8,6 60,1 39,2 27.8 43.4 21.6 33.0 42,0 38.6 30.7T 20,3 227

QcT



Appendik IV. Values of selected characteristics of four- year-old progenies from E x A cross

pollinatlon

No Xy, _':-‘Xg X3 Xy X5 | X6 X7 Xg | X9 Yl Yo Y3 Yy, Y5
1 y cle 4 1 1 76 147 125 16 - 18 112 95 148 385
2 i 17 3 2 1 125 60 164 30 15 72 186 206 496
3 3 4 5 1 2 73 24 124 52 30 75 99 186 Lok
M 3 12 4 6 1 85 18 178 &7 21 76 113 245 467
1 2 12 4 1 2 95 21 143 32 17 80 117 189 415
2 4 14 - 5 2 1 163 62 154 134 91 175 229 300 809
3 3 5 6 2 113 83 214 86 33 132 291 314 788
4 3 12 5 1 2 85 41 161 - 63 27 167 128 238 57z
1 3 4 3 5 2 104 90 305 108 59 102 205 426 806
2 2 18 5 1 1 91 45 . 202 . 62 29 84 150 295 576
3 2 15 4 1 2 120 77 12k 82 24 122 202 218 581
4 2 10 1 1 1 105 57 179 25 18 75 167 213 483
X 2.91 13.66 3.99 2.33 1.49 120.91 49.33 174.41 62.24 31.83 105.99 164.66 2148.16 565.16
¥ SD 79 2.26 1,20 2,05 .52 25,15 26.36 52.34 35.43 22,03 36.43 59.56 75.24 156.57
+

cV 27.1 16.5 30.0 88.0 34.9 20.8 53.4 30,0 56.9 69.2 34.3 36.2 30.3 27.0

621




Appendix V, Values of selected characteristics'of four-year-old progenies from E x A

pollination.

No. X1 X2 X3 Xy X5 X% Xy X Xg Y Y5 ¥3 Yy Y5

1 3 14 6 | 3 3 1700 109 245 135 130 230 289 392 1055

2 3 13 3 1 1 108 32 167 59 4o 121 157 238 609

3 2 12 6 2 3 107 33 212 39 82 124 146 265 629

n 1 12 5 2 1 103 49 145 80 58 144 157 238 609

1 4 200 6 2 3 194 112 293 162 137 168 308 469 1102

2 3 19 5 5 - 2 110 54 245 86 61 149 181 347 757

3 3 14 5 1 1 95 40 261 53 45 75 139 329 602

4 3 14 6 2 1 115 45 140 70 40 106 166 221 547

1 2 18 5 1 3 108 L2 205 71 35 150 156 - 290 649

2 2 13 5 2 2 110 48 205 92 35 132 ° 163 311 654

3 2 14 5 2 3 110 78 287 101 50 133 190 398 785
’4 1 9 6 2 1 166 103 289 189 35 . 175 272 522 1013
X 2,41 14.33 5.2k 2.08 1.99 124.66 62.08 224.50 94,75 62.49 142.24 192.66 335.16 T46.91
tsp 0.90 3.17 0.86 1.08 0.95 32.37 30.13 54,45 45,40 35,88 38,56 60,72 94.98 200,00
&

CV 37.3 22.1 16,4 5,19 47.7 26.0 48.5 24.3 47,9 57.4 27.1  31.5 '28.3 26.8

0fT



Appendix VI, Values of selected characteristics of four-year-old progenies from B open

pollination.

No. =~ X1 X2 X3 X4 Xg X6 X7 X8 Xg Y, Y, Y3 Yy Y
1 4 17 3 2 2 153 82 300 80 24 208 250 385 884
2 4 22 4 1 2 90 22 180 25 24 177 115 216 554
3 3 11 5 2 2 129 37 180 63 50 113 169 256 599
4 3 16 6 6 2 84 20 189 36 43 56 128 237 480
1 3 15 5 1 1 64 9 161 15 18 51 75 187 346
2 3 15 5 1 2 50 26 195 33 38 80 77 240 4
3 3 20 3 1 2 76 66 174 79 60 76 163 266 585
4 3 12 3 2 2 88 22 215 36 32 96 110 261 511
1 3 9 3 1 2 92 . 26 190 22 35 108 122 220 4ou
2 2 16 3 6 1 102 53 183 42 8l 96 165 236 599
3 2 16 6 6 3 93 32 266 139 151 223 230 418 1038
4 - 1 16 5 1 2 99 116 250 47 - 45 62 232 315 670
X 2.83 15.41 4.24 2.49 1,91 93.33 50.91 206,91 51.41 50.33 112.16 152.99 268.83 600.83
+

SD .83 ~ 3.57 l.21 2.15 .51 27.14 40.25 42,68 34,63 36.43 58.75 59,40 69,47 190.76
*+CV 29,3 23.2 28,5 86.3 26,7 29.1 79.1 20,6 67.4 72.4 s52.4 38,8 25.8 317

TET



Appendix VII.  Values of :selected oharacteristics of four-year-old progenies from E open

pollination.

No. X3 X X3 Xy Xg X6 X7 Xg Xg Yy Y5 Y3 Y, ¥

1 4 15 6 6 3 178 165 328 4 135 195 349 345 1239

2 3 17 5 6 2 176 139 310 31 72 154 -~ - 320 352 1013

3 3 20 6 1 1 103 32 126 15 71 59 140 148 438

I 3 14 5 1 1 93 32 110 44 28 148 133 ol5 568

1 3 14 4 6 2 129 68 177 65 29 102 210 252 607

2 3 15 6 6 1 46 21 101 17 28 56 69 178 298

3 3 11 5 1 1 61 20 134 26 31 65 - 85 166 358 .
W)

4 3 12 3 2 1 104 68 212 68 12 117 179 292 612 M

1 2 9 5 3 3. 121 55 103 9% 43 126 180 206 564

2 2 14 6 6 1 128 72 247 128 69 142 210 382 813

3 1 12 5 3 2 103 52 201 69 T7 112 158 280 399

4 1 10 5 2 1 68 ol 1Ly 42 21 76 96 196 399

X 2,58 13.58 5,08 3.58 "1758 109,17 " 66.24 182,75 50.25 51.33 109.67 176.58 256.50 629,00

t SD .90 3,06 .90 2.23 .79 L40.97 44,95 T78.67 36.17 34.80 37.99 85.18 Th.15 27545

&

CV 34,9 22.5 17.7T 62.3 50.0 37.5

67.9

43,0 T72.0 67.8

34.6

48,2

28.9 438
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Appendix VIII.

System of diogrommofié iepresentaﬁon of correlations among char-
acteristics in the progeny of certain crosses as shown in appendnces

IX to XIV inclusive-

hypocotyl - ' bud condition on July 30

color length ' 1960 1962 1963
X, X2 T X3 X4 Xs
Q
\ .
2 . ,
June 6 : : ) .
© 1962 X6.° : ey, 1960 -~
o ' ! °
July 23 e
1962 X7 ° °
o oY, 196!
° 2 Q
= ~
7, (o}
3
“  June 6 X o -
¢ 1963 %8 *Yy 1962 >
. July23 :
. 1963 . X9 o
2 oY, 1963
[»] 4
, g
- © . total height .

Sept-30,1963

Correlated at

| == == == — — <05 probabllity

+ Ol probabllity
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Appendix Xl o E x A
X

‘ Appendix Xl . Ex B
- - X X2 - ‘ X3 = X4

_ .XG' _ | £
v ‘
l
l
.

Xg

I
Xg
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Appendix X | _ B open
X X2 , X3 X4 X5

. o :/,/7

Appendix XIV , E open

X X2 | X3 /X4 /’/ﬁs
—ZT1 7/




