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Introduction

The development on an effective breeding program foi
a given species depends upon information on the inherit-
ance mechanisms of its economically important characters,
particularly the relative importance of additive, dominance
and epistatic genetic variances (BeLLmann and AHrens 1965)
These variances can only be obtained from experiments
based on controlled crosses with specific mating designs
(Comstrock and Rosinson 1952). One of these designs, the
diallel cross, is particularly useful for this purpose when
a complete evaluation o variance components is desired
including those due to selfing, maternal, and reciprocal
effects (CockerHam 1963), and when the number o parents
can be limited as in theoretical studies, as contrasted to a
program of crossing and progeny testing resulting from
established seed orchards (Hinkecmann and Stern 1960). In
a complete diallel, a set of p parents is crossed in all com-
binations, leading to p? progenies, but the selfs and re-
ciprocals may be omitted (Grirring 1956). I n a reduced cross
o this kind efficient estimates o heritability and degree of
dominance can be obtained from 840 parents (Pepberson
1971).

This paper reports results from a complete 7 X 7 diallel
in black spruce, one of the most common species in the
boreal forests of North America, which is utilized and re-
generated on a large scale. Variance components are given
for all sources of variation, phenotypic and genetic corre-
lations and heritabilities are calculated, and breeding im-
plications discussed.

Materials and Methods

In May 1970 seven 16-year-old treesin a Petawawa plan-
tation from the Lake Simcoe-Rideau Region in Ontario
(HiLLs 1959) were crossed in all combinations using standard
methods. Little insect damage occurred and all cones were
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harvested in September 1970. Seed set was low in the
selfings but some full seed was obtained from all 499 com-
binations; the average was 13 seeds per cone and the range
144 seeds.

Following stratification of the seed for three weeks, a
greenhouse experiment was established in March 1971. The
randomized block design consisted generally of 10 "Nippon"
paper pots per plot, 6 replications, and 2 environments;
about one-tenth of the plots in the last replications of each
environment were not sown because of insufficient seed.
The greenhouses were illuminated for 16 or 18 hours,
respectively, and kept at temperatures ranging from
18—30°C. Forty-eight of the 49 seedlots germinated and
mortality was light. After three months the seedlings were
established in a nursery experiment with 12-tree plots in
2 rows, 5 replications in randomized blocks, and 2 environ-
ments with only minor differences in soil. This experiment
was terminated in the fall of 1972.

In the greenhouse experiment, the cumulative number
of germinated seedlings was counted every second day
from the 8th to the 18th and again on the 21st day after
sowing and expressed as the germination rate index (BArt-
LeTT 1937). The germination percentage calculated from the
number o seeds sown and germinated until the 21st day
was transformed by arcsin (Steec and Torrie 1960). The
number of cotyledons of the first five seedlings in each
plot was counted when germination was complete. The
height o all seedlings in each plot was measured at the
end of their greenhouse growth period. In the nursery ex-
periment, height and survival o the seedlings were re-
corded in September 1972.

Plot means of the six measured characters were then
analysed using the least-squares method by means o the
computer program prepared by Scuarrer and Usanis (1969).
Sources of variation and degrees of freedom are given in
Table 1. Because of insufficient seed and mortality, 56 plots
were missing in the greenhouse experiment and 4 in the
nursery experiment. The computer program provided for
automatic calculation of missing-plot vaiues and subtrac-
tion of degrees of freedom.

Table 1. — Sources of variation and degrees of freedom in the analyses of variance’)

Source Degrees of freedom')
Description Abbreviation Derivation?) Greenhouse expt. Nursery expt.

Environment ENV e—1 1 1
Replication REP e(r—1) 10 8
General combining ability GCA p—1 6 6
Selfing SELF P 7 6
Specific combining ability SCA p(p —3)/2 14 14
Maternal effect MAT p—1 6 6
Reciprocal effect REC P—1)(p—2)2 14 13
Gen. comb. ab. X Env. GE e—1D@PE—1 6 6
Error ERR 467 375
Total 531 435

1) Degrees of freedom for SELF, REC and ERR reduced by missing plots and complete absence of certain families.
) e, r, and p refer to number of environments, replications and parents, respectively.
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The analysis was based upon the random model (model
IT), assuming that we are dealing with random samples
from the parent population, so that inferences are made
about parameters in this population. Approximate F tests
were then made by dividing the mean squares of general
combining ability by those of specific combining ability,
and the remaining mean squares by the error mean squares
(GrrrrING 1956, p. 471). Since the mean squares and variance
components for the selfing were exceedingly lerge and
dominated some of the analyses, they were excluded from
most subsequent computations to obtain results compar-
able to those of other workers who avoided this complica-
tion by omitting the selfs in their crossing scheme.

It was assumed that epistatic components of genetic vari-
ance are negligible in the population examined. The vari-
ance component for general combining ability (o,.,?) then
estimates one-fourth of the additive genetic variance (5,2,
and the component for specific combining ability (o4.,?)
one-fourth of the dominance variance (op?). Genetic cor-
relations were directly calculated and printed by the com-
puter from the GCA covariance component of two char-
acters in the numerator and the square root of the product
of their GCA variance components in the denominator
(KrieBeL et al. 1972). This was done separately for the green-
house and nursery experiment. Phenotypic correlations were
derived for both experiments at the same time from mean
values of each family obtained from sums over all replica-

Table 2.- Variance components, standard errors, and heritabilit

tions and environments. The variance components of the
analysis were not suitable for this purpose because the
number of families and replications differed in the two
experiments and the results could not all be analysed by
the computer at the same time. These phenotypic correla-
tions are the ordinary product-moment correlations which
can be tested for significance in the usual manner, but no
such test is available for the genetic correlations (pers.
comm. from Prof. K. HINKELMANN).

Results

The major results of the analyses are reflected in the
following statistics:
1) Variance components (Table 2) indicate the great in-
fluence of selfing, particularly for germination percent,
survival percent, and second-year height. The error vari-
ance component for these characters is also very large.
Environment and replication effects are notable for ger-
mination rate, first-year and second-year height.
2) The significance of the approximate F values and the
percentage contributions to total variance of the major
sources of variation (selfing excluded) (Table 3) indicate
that they may be ranked in this order: general combining
ability (significant for 5 characters, largest percentage con-
tributions), maternal effects (significant for 5), reciprocal
effects (3), and specific combining ability (2). Thus GCA
is most important and SCA least.

les on family basis of the six characters.

Source Cermination Germination Cotyledon First-year Survival Second-year
rate percent number height percent height
ENV (a-inv) 0.2380 + 0.3049 0.7778 + 1.5031 0.0457 + 1.1393 1.52k2 + 1.3525 -0.Lh96 + 0.7338 0.4600 + 0.8906
REP (qfep) 0.7173 £ 0.3296 3.2211 + 2.0360 0.0423 + 0.1211 0.7094 + 0.2954  -1.4323 + 0.8300 2.9058 + 1.3890
GCA (gica) L2445 + 0.1293  L.702W 4+ 6.2573  1.3575 + 0.7363 0.0704 x 0.0488  0.5280 i 3.3592  2.0212 £ 1.75Th
SELF (d'fplf) 0.1855 + 0.1922 170.9125 +95.1583  ©.5565 + C.8969 0.5633 + 0.3090 172.7674 498.804%9  66.6599 +34.0397
SCA (oica) 0.0506 + 0.0435 25.9675 +11.3693  ~0.1690 + 0.130& 0.0118 + 0.0143 5.1744 + L.5007 0.2909 + 0.2696
MAT (‘f;m) €.0117 & 0.0262.  15.8071 + 8.9118 0.3974 * 0.2243 0.0065 + 0.0060 0.7502 + 0.5353  -0,0121 + 0.0749
REC (q“ﬁec) €.1621 + 0.0789 $.2509 + 4.5090  -0.165% + 0.1271 0.00k5 + 0.0119  -5.3492 + 0.9169 0.3868 + 0.2963
GL (Oée) 0.0095 + 0.00k0 0.2L66 + 0.6239 0.0909 + 0,1189 0.0179 + 0.0130 0.1675 + 1.2L05  -0.0783 + 0.0277
ERR ("E*mr) 1.3016 + 0.0850  Th.6352 + 4.8738 10.9707 + 0.716k 0.6184 + 0.0403 135.2932 +10.0726 7.8476 + 0.5735
2 faully G.5820 62.0708 2.3501 0.1535 15.0164 3.4351
MEEN Jom

2 . 022/
n® (family)=’ 0.u42 0.08 0.58 0.46 0.04 0.59

1,

2 ; ! = P L2 2
o? (femily mean) = Foca +a§ oo * Toec

ca

= n? (family) = ol (family mean).

Table 3.~ F values of the analyses of variance i/ end percenta,

2 )
+ dge/e *a;rror/er.

2
ges of the major variance components (VC %)',‘/

Com- Germination Germina*tion Cotyledon First-year Survival Second-year
ponent rate percent number height percent height

g VCi F VC% F VC% ¥ veg F veq F VC%
acA 1h.gx*n 52 2.6 8 28.8%*x 7 16.2%%x 75 2.9% 8 29, Tr** 75
SCA 2.0% 11 9.3%%% Ly 0.7 0 1.4 13 1.6 80 1.7 11
MAT 5. 2%k 2 34.6%#x 08 5.9%%% 23 2.T* 7 0.9 12 1.8% 1
REC 3.7*%% 35 3.7*%% 37 0.7 0 1.2 5 0.3 0 1.9* 14
1/

Sigrificance levels: #, 55; *¥ 1%, #**% ( 1%,

e
Negative compouents = ¢
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3) Narrow-sense heritabilities on a family basis (Table 2)
are low for germination percent (0.08) and survival per-
cent (0.04); and high for germination rate (0.42), cotyledon
number (0.58), first-year height (0.46), and second-year
height (0.59). The standard errors for GCA were smaller
than the components themselves in four of the six char-
acters, thus making the heritability estimates fairly re-
liable.

4) There were significant (6% or 1% level) phenotypic cor-
relations (Table 4) between: germination rate and cotyledon
number, germination rate and first-year height; germina-
tion percent and survival percent; first-year height and
survival percent, first-year height and second-year height;
and survival percent and second-year height.

5) Substantial negative genetic correlations were found
(Table 4) between: germination rate and germination per-

The components for maternal and reciprocal effects are
more difficult to interpret. Farconer (1960) classifies ma-
ternal variance as environmental and indicates that mater-
nal influences are one generation out of phase with other
effects. The largest maternal components in this study
were associated with germination rate, germination per-
cent and cotyledon number (Table 3), all characters that are
strongly correlated with seed weights in this species (Mor-
GENSTERN 1969). Probably reciprocal effects are very similar
and both may reflect the health and vigor of a parent
independent of its genetic contribution.

A large additive variance in characters of growth and
size as determined here is in agreement with the genetic
system of black spruce as a pioneer species. Although black
spruce may occupy swamp habitats in the temperate
part of its range thus giving the impression of a climax

Table 4. — Phenotypic!) and genetic correlations (underlined).
Characters Xe Xs X, Xs X
X, Germination rate —0.04 —0.30x —+ 0.50:¢ +0.01 +0.21
—0.56 —0.60 +0.48 — —_
X, Germination percent —0.26 +0.10 +0.3Tu:x +0.12
—0.89 —1.85 — —
X; Cotyledon number +0.07 —0.01 +0.03
+0.12 — —
X, First-year height +0.34x% + 0.46:x:%
X; Survival percent + 0.65%

X; Second-year height

+1.09

1) Significance levels of the phenotypic correlations: *, 5%; **, 1%.

cent, germination rate and cotyledon number; germination
percent and cotyledon number, germination percent and
first-year height. Noteworthy positive genetic correlations
included: germination rate and first-year height; survival
percent and second-year height. Phenotypic and genetic
correlations showed the same trend by having the same
sign in six of the seven pairs of values.

Discussion

The: results of this first diallel cross in black spruce are
consistent in several respects.

A sizable proportion of additive variance is present.
High GCA variance components and heritabilities for ger-
mination rate, cotyledon number and first and second-year
height indicate this. These are all characters of growth and
size not directly related to reproductive fitness, namely the
capacity to leave progeny (LErRNER 1958, FaLconNEr 1960).

Although the overall importance of dominance variance
is smaller, it is present typically in fitness or survival char-
acters. A large proportion of variance contributed by SCA
for germination percent and survival percent reflects this.
These characters also showed much inbreeding depression
(indicated by a large variance component for selfing) and
their heritability is low (T'able 2). Therefore this study agrees
with the general theory that the closer a character is con-
nected to fitness, the more inbreeding depression it will
show, the lower will be its additive variance and its herit-
ability (Farconer 1960, TiGERSTEDT 1967).

species, these habitats are extreme and do not permit
normal species succession. More typical is its behaviour
in its boreal range where it is most frequent and regen-
erates rapidly on open sites, for example, after fire. Levins
(1964) and ReureLpr and Lester (1969) have discussed the
systems of adaptation of pioneer and successionally ad-
vanced species. In the former, additive variance prevails,
heterozygosity is important and a high individual tolerance
of non-optimal environments exists, while the rate of spe-
ciation is low. In the latter, epistatic and dominance vari-
ances are more important, genetic variances within pop-
ulations more limited, isolation more prevalent, and the
rate of speciation greater. Black spruce is a species that
fits into the first category with its predominantly clinal
variation pattern and the small degree of differentiation
between local populations (Morcenstern 1969). — The her-
itability estimate for height growth based on additive vari-
ance obtained here, if expressed on an individual-tree
basis, is also in close agreement with an earlier estimate
obtained from open-pollinated families (MoRGENSTERN 1973).

Among the genetic correlations, those between germina-
tion rate and height growth are of special interest because
they indicate a possibility for early selection. However,
this possibility needs to be confirmed from long-term
juvenile-adult correlations, and correlations with ad-
ditional characters of economic value.

The large amount of additive variance has implications
for the development of a breeding program. For characters
related to growth and yield, in particular, selection is
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promising. Since yield is much subject to environmental
modification, progeny testing is needed. The progenies of
open pollinated mothers are easy to obtain, and tests based
on such families of half-sibs should be effective. To in-
crease the selection differential, the best families should
then be screened for promising individuals, possibly one
individual only per family, to minimize inbreeding in this
new generation of seed producers. In this way a breeding
program can be started rapidly, without the necessity of
establishing seed orchards and making controlled crosses,
both of which are costly and time consuming procedures,
and require more skills and facilities than may be available
in the early phases of a breeding program.
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Summary

A 7 X 7 diallel cross was made in a plantation of black
spruce to evaluate the relative role of additive and domi-
nance genetic variance. Seed from all 49 families was sown
and progeny grown for one season in a greenhouse and a
second season in a nursery experiment. Six characters re-
lated to germination, survival and height were measured.
A general least-squares analysis was made.

The results indicated that for characters related to re-
productive fitness such as germination percent and survival
percent, variance components were large for selfing and
moderate to large for specific combining ability, general
combining ability, maternal and reciprocal effects. Narrow-
sense heritabilities of these characters were low. For char-
acters not directly related to reproductive fitness (germina-
tion rate, cotyledon number, first- and second-year height),
components for selfing and specific combining ability were
smaller but for general combining ability larger. The
heritability of these characters was high. A strong genetic
correlation between germination rate and first-year height
was found. Therefore general combining ability, i.e. ad-
ditive genetic variance, is most important.

The relative role of additive and dominance variance in
controlling character inheritance in black spruce, a pioneer
species, is in good agreement with the fitness theory of R.
Levins. Since all characters related to yield are largely
controlled by additive variance, breeding by selection is
promising, and testing of open-pollinated families a pos-
sibility.

Key words: Combining abilities, heritability, genetic system,
breeding program.
Résumé

L’auteur fit un croisement dialléle 7 X 7 dans une plan-
tation d’Epinettes noires afin d’évaluer le role relatif de la
variance additive et de la variance de dominance généti-
que. Des graines de toutes les 49 familles furent semées et
la progéniture fut produite durant une saison en serre, et
une seconde saison en pépiniére. L’auteur mesura six ca-
ractéres ayant trait a la germination, la survie et la hauteur.
Puis il effectua une analyse générale par moindres carrés.
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Les résultats indiquent qu’en ce qui concerne les carac-
teres reliés a la capacité de reproduction, tels le pour-
centage de germination et le pourcentage de survie, les
composantes de la variance étaient élevées pour les croise-
ments intraspécifiques, et modérées a élevées pour la ca-
pacité spécifique de combiner, la capacité générale de com-
biner, et pour les effets maternels et réciproques. Les
héritabilités, prises dans un sens étroit, de ces caractéres
étaient faibles. Chez les caractéres non directement reliés
a la capacité de reproduction (taux de germination, nombre
de cotylédons, hauteur aprés la premiére et la deuxiéme
années), les composantes pour les croisements intraspécifi-
ques et pour la capacité spécifique de combiner étaient
plus faibles, mais pour la capacité générale de combiner,
elles étaient plus élevées. L’héritabilité de ces caracteres
était élevée. L’auteur trouva une forte corrélation génétique
entre le taux de germination et la hauteur aprés un an.
Par conséquent, la capacité générale de combiner, i.e. la
variance génétique additive, s’avére trés importante.

Le roéle relatif de la variance additive et de la dominance
pour controler I’héritage des caractéres chez I’Epinette
noire, espéce pionniére, va bien de pair avec la théorie
d’aptitude de R. Levins. Vu que tous les caractéres reliés
au rendement sont largement controlés par la variance ad-
ditive, les croisements par sélection s’avérent prometteur
et il y a aussi la possibilité de tester les familles fécondées
a ciel ouvert,.
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