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Abstract

To assess the degree of genetic control for intraspecific
crossability in blue and Engelmann spruce, two 20-parent
partial diallel matings, one for each species, were conducted
in the field during the spring of 1983. As measures of cros-
sability, percent germinated and percent ungerminated-
but-full seed were determined for the individual crosses.
Best linear unbiased prediction (BLUP) was used to esti-
mate the individual fixed and random effects of the mixed
model, and restricted maximum likelihood (REML) methods
were used to estimate general combining ability (GCA),
specific combining ability (SCA), maternal effects and er-
ror variances. Engelmann spruce exhibited slightly higher
intraspecific crossability than was observed for blue spruce.
Viable seed yields from selfed crosses were approximately
50 percent less than control-pollinated biparental seed
yields. Nonadditive sources of variation exerted major ge-
netic influence in the production of viable seed in both
species, and maternal effects were very important in the
production of viable seed in blue spruce, but not so in En-
gelmann spruce.

Therefore, to maximize production of viable seed in seed
orchards of both species, parents with desirable traits
should be selected on the basis of specific cross combina-
tions which produce proportionately high amounts of viable
seed.

Key words: Picea pungens, Picea engelmannii,
selfing, maternal effects.

partial diallel,

Zusammenfassung

Um den Grad der genetischen Kontrolle fiir die intra-
spezifische Kreuzbarkeit bei Picea pungens und Picea en-
gelmannii einzuschétzen, wurden fiir beide Arten im Friith-
jahr 1983 partielle Kreuzungsdiallele mit je 20 Eltern
durchgefiihrt. Als MaB fiir die Kreuzbarkeit wurde der
Prozentsatz gekeimter und ungekeimter, aber voller Samen
bestimmt. Zur Schiatzung der fixen und zufilligen Effekte
in dem zugrunde liegenden gemischten Modell, wurde die
Methode der Best Linear Unbiased Prediction (BLUP) an-
gewendet, und die Restricted Maximum-Likelihood-Meth-
ode (REML) zur Schitzung der allgemeinen und spezifi-
schen Kombinationseignung (GCA und SCA), sowie der
Mutterbaumeffekte und von Fehlervarianzen.

Bei Picea engelmannii zeigte sich eine etwas bJhere in-
traspezifische Kreuzbarkeit als bei Picea pungens. Bei
Selbstungen war die Ausbeute an lebensfidhigen Samen um
annidhernd 50% geringer als bei kontrollierten Kreuzungen
zwischen verschiedenen Partnern. Bei beiden Arten waren
nicht-additive Effekte (Dominanz) die wichtigste geneti-
sche Variationsursache. Mutterbaumeffekte waren sehr
wichtig fiir die Bildung lebensfihiger Samen bei Picea
pungens, nicht dagegen bei Picea engelmannii.
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Um die Produktion an lebensfidhigem Samen in Samen-
plantagen mit beiden Baumarten zu maximieren, sollten
deshalb auf Grundlage der spezifischen Kreuzungskombi-
nation Eltern mit erwiinschten Eigenschaften selektiert
werden, die eine angemessene Ausbeute an lebensfihigem
Samen produzieren.

Introduction

Phenotypic improvement of a trait requires an under-
standing of the genetic control governing the character of
interest and how the environment influences its expression.
Only then can appropriate selection and breeding methods
be applied to the population or individuals to bring about
the desired gains. In forest irees, as in all commercially
important plant species, there is a wide variety of traits
for which improvement is desired. In conjunction with these
efforts, the improved plant material must be propagated
either sexually—via seed—or asexually—via vegetative
propagation—in large numbers for commercial use. There-
fore, an important trait is how easily can individuals, se-
lected on the basis of yield or some other trait, be propagat-
ed, and what is the genetic control of the propagation trait.

Many of the commercially important characters in forest
trees are under polygenic control (WricHr, 1976). Therefore
long-term gains are best realized through breeding pro-
grams and mass selection techniques which utilize the ad-
ditive genetic variance associated with these traits (Har-
LAUER, 1Y81). Because of this, most forest trees in North
America are propagated by seed rather than vegetatively.
Also, vegetative propagation is not yet feasible on a com-
mercial scale for many important forest tree species, espe-
cially among conifers (Timmis and Rircuig, 1984; BongGa,
1981). In addition, because it takes so long for many tree
species to reach commercial maturity (from 20 to 200
years), a variety of genotypes is generally more desirable
than a monoculture (TicersteDT, 1974).

The objectives of this study.were to (1) assess the genetic
variation and control of intraspecific crossability in blue
and Engelmann spruce, and (2) generate full-sib progeny
for future studies on the inheritance of a wide variety of
traits in both species. The information on intraspecific
crossability is desirable for two reasons. It will serve as
a reference for studying the interspecific crossability be-
tween blue and Engelmann spruce (Ernst et al., 1986). Also,
it will provide information important to seed orchard se-
lection and management techniques for the two species.
Blue spruce is one of the most widely planted horticultural
conifers in the world (Hanover, 1975), and Engelmann
spruce is a commercially valuable timber species in the
Rocky Mountain region of North America (Fowier and
Rocsng, 1975).

Best linear unbiased prediction (BLUP), as developed by
Henperson (1973) and described by Mao (1982), can be view-
ed in practice as an extension of generalized least-squares
(GLS)—or more specifically, best linear unbiased estimation
(BLUE)—techniques which allow for simultaneous estima-
tion of fixed effects and prediction of random effects. While
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BLUE is applicable only to fixed model analysis, BLUP
was developed for analysis of mixed models which incor-
‘porate a mixture of random and fixed factors. In BLUP,
.a priori variances and covariances—from previous studies
or estimates—associated with the different random fac-
tors are incorporated into the mixed model equations
(MME) used to obtain the solutions. Using a maximum li-
kelihood or restricted maximum likelihood (REML) tech-
nique such as described by Scuaerrer (1976), new variance
and covariance estimates can be obtained from the BLUP
solutions, and the process is repeated until convergence.
BLUP is especially well suited to unbalanced data situa-
tions, which are very prevalent in plant breeding experi-
ments.

Materials and Methods

The Dolores River drainage in southwestern Colorado
‘was selected as the study site because both blue and Engel-
‘mann spruce occur in the drainage, often in close proximity.
Also, previous studies investigating the genetic variability
in morphological and terpenoid characters of blue and
Engelmann spruce have been conducted in the drainage
(HanNover, 1975; Reep and HaNover, 1983; Scuaerer and
HaNovVER, 1985 and 1986).

The Dolores River was divided elevationally into five
species-occupation zones, the middle three zones (2, 3 and
4) comprising the sample area for this study. Zone 2 ex-
tends from 2400 to 2590 meters (m) in elevation and blue
spruce is the primary occupant relative to the occurrence
of Engelmann spruce. Zone 3 extends from 2590 to 2770 m,
an elevationally intermediate zone with respect to the habi-
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tats of blue and Engelmann spruce. Both species occur in
zone 3 and often in close proximity. Zone 4 extends from
2770 to 2960 m and is occupied primarily by Engelmann
spruce relative to the presence of blue spruce. The respec-
tive parents in zones 2 and 4 represent “pure” species sub-
populations and parents in zone 3 represent putative intro-
gressed subpopulations. All parents were readily identifi-
able as to species.

During the spring of 1983, ten blue spruce trees each in
zones 2 and 3, and ten Engelmann spruce trees each in
zones 3 and 4—for a total of 40 trees, 20 of each species—
were selected primarily on the basis of fecundity, accessabi-
lity and climbability to be used as parents in the controll-
ed pollinations.

The partial diallel mating design was utilized in this
study because it is theoretically efficient in regard to the
amount of information per cross and accurracy of the esti-
mates of the genetic parameters (NamkoonG and RoOBERDS,
1974; Peperson, 1972; Gorpon, 1980). Empirical evidence has
also shown the partial diallel design to be generally effi-
cient (CmaupHArey et al., 1977, Anano and Murrty, 1969;
Murry et al., 1967; Kearsey, 1965). It has equal or higher ef-
ficiency and accuracy on a per cross basis than many other
mating designs, including factorial and diallel, provided
the number of half-sib families relative to full-sib families
is maximized (NamxooNG and RoBerps, 1974).

The partial diallel design used in this study incorporated
three intraspecific crosses—including selfs—and three in-
terspecific crosses per parent (Figure 1). During the spring
of 1983, female strobili were isolated before pollen shed.
Also, pollen strobili were collected just prior to anthesis,
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Figure 1. — A portion of the partial diallel mating design layout used to make the con-
.trolled pollinations (showing only the blue spruce intraspecific crosses here). An “X”
denotes an attempted full-sib cross, and selfs are on the diagonal.
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dried and the pollen extracted. Standard pollination meth-
ods for conifers were utilized and the-trees were debagged
following scale closure of the female strobili. The female
strobili on a few of the blue spruce parents were beginning
to close when pollinated, and therefore possible receptivity
differences based on scale closure were recorded. Female
strobili with scales completely open and fully receptive
were scored as 1, strobili with up to 50 percent of the
scales beginning to close were scored as 2, and strobili with
more than 50 percent of the scales beginning to close
scored as 3. The ages of the respective parents were also
determined using increment cores taken from the bole at
a height of one meter.

In the fall of 1983, control and open-pollinated cones
were collected. The control-pollinated cones were kept
separate by isolation bag. The cones were dried and seed
extracted by hand, recording the total number of cones
and the number of cones damaged by insects per isolation
bag. The extracted seed was blown to separate empty and
putatively full seed and both portions were counted and
kept in cold storage (4° C).

During the summer of 1984, germination tests were con-
ducted using a maximum of 30 seeds per isolation bag and
for open-pollinated controls. Blue and Engelmann spruce
seed do not have any special dormancy requirements (Herr,
1961). The seeds were germinated on filter paper discs in
partial light, at a day-night temperature cycle of 27° C and
18? C, respectively. A solution of 2.5 g/l Captan and Benlate
was used to keep the seeds moist and deter fungal growth
during germination. The seeds were observed daily for 30
days, and the number of newly germinated seeds recorded
each day. Upon germination, the seeds were removed and
planted in 5 X 5 X 25 cm plant bands containing 3:1:1
(peat:vermiculite:perlite) soil mix. At the end of the 30-day
germination period, the number of ungerminated seeds
were counted and then dissected to determine the number
of full but ungerminated seed and empty seed. The percent-
ages of germinated and ungerminated-but-full seed were
determined from the germination test (subsample), and
these values were then extrapolated to a total seed basis—
the total number of full and empty seed per isolaion bag—
to serve as the dependent variables in the analysis. Percent
germinated seed on a total seed basis was used as a measure
of intraspecific crossability because it measures the number
of viable seed produced for a given cross. The percentage of
ungerminated-but-full seed was determined primarily to
detect postzygotic abnormalities.

The model equation used to account for the identified
fixed and random factors was:

Y.. = . .. .
ijklmn c+ LlLk + Fl_‘]m + Mkl + (Fika)Jl + Rm + baA

+b C+byD + ®i ik (1)
where: .
Yijkimn = the nth germination record (percent germinat-

ed or percent ungerminated-but-full seed on a
total seed basis) of the cross between the jth
female, found at location i and of receptivity
class m and of age A, with male | of location
k, that record (bag) having C cones and D
(percent) of those cones damaged by insects;
¢ = a constant common to all parents;
= the random effect of female j which resides in
location i and of receptivity class m (j =
1,...,20);

ijm
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M, = the random effect of male 1 which resides in
locationk (1 =1,...,20);

(F;nMp);; = the random interaction effect common to all
records (bags) of the subclass corresponding
to the cross of female j(from location i and of
receptivity class m) and male 1 (from location
k);

L;Ly = a subclass effect combining the fixed effects
of the location of female j, the location of male
1, and the location interaction (i,k = 1,2 or 3
for zones, 2, 3 and 4, respectively);

R, = the fixed effect of the reeceptivity class of
female j m = 1,2 or 3, as described pre-
viously);

A = the age of female j in yeears;
b, = the regression coefficient corresponding to the

age of female j;

C = the number of cones in isolation bag n of cross
(FimMpji;

b, = the regression coefficient corresponding to the
number of cones in record (bag) n of cross
(FimMydji;

D = the percentage of cones in isolation bag n of
cross (F;,,My); that were damaged by insects;

bq = the regression coefficient corresponding to the

percent of insect-damaged cones in record

(bag) n of cross (Fj,My);;;

the random residual (error) associated with

record Yijklmn*

Cijkimn =

The model equation was rewritten in matrix form to fa-
cilitate the computation:

y=X +Zu +e (2)

where:

y = an a x 1 vector of the germination records, where a
= 91 for blue spruce and 96 for Engelmann spruce
intraspecific crosses;

b = an unknown b x 1 vector containing the different
levels of the fixed factors and the regression coef-
ficients as described previously, where b = 11 for
blue spruce and 8 for Engelmann spruce crosses;

X = a known a x b matrix, its elements denoting the
levels of the fixed factors and the values of the
covariates in the b vector which are associated with
a given y observation (record);

u = an unknown c X 1 vector containing the different
levels of the random factors — female, male and fe-
male x male effects — where ¢ = 98 for blue spruce
and 100 for Engelmann spruce crosses;

Z = a known a x ¢ matrix of ones and zeros, its elements
denoting the levels of the random factors in the u
vector which were associated with a given y observa-
tion (record);

e = an unknown a x 1 vector of random residuals.

The two groups of intraspecific crosses were analyzed
separately.

Assumptions pertaining to the operational model were:
(1) the parents were unrelated; (2) the parents of each spe-
cies were from a single, randomly mating population (and
therefore shared common female, male and female X male
variances for each trait); and (3) the control pollinations
were made at random (no selection). Based on these as-
sumptions, the mathematical expectations of the variances
were:



var |y v 2G R (3)
ul] = |a&' 6 0
e R 0 R

where:

G = Io%, where I is a ¢ x c identity matrix, and ¢ =
0%, 6%y or o%py, corresponding to variances as-
sociated with the female, male and female x male
random effects, respectively;

R = Io% where I is an a x a identity matrix and o? the
error variance associated with the random resi-
duals;

andV = ZGZ’ + R.

The fixed effects and covariates were considered to be
“nuisance” factors because they were included in the model
only to improve the accuracy of the variance estimates
associated with the random factors. Estimation of the
variances was the primary focus of this study.

To solve a set of mixed model equations (MME), restric-
tions must be imposed in order to obtain solutions for the
fixed effects. For this model, the female, male and female
X male (random) effects have unique solutions but the
fixed effects are not individually estimable (unique). How-
ever, certain linear contrasts between the levels of the
fixed effects are best (minimum variance of the estimator),
linear, unbiased and estimable or unique (BLUE) (Mao,
1982).

The solutions for the random factors in mixed model pre-
diction (BLUP) are unique (Mao, 1982). However, nested
predictands are the sum of fixed and random effects in
mixed model prediction—e.g., location i + female j, and
location k + male l—and are not unique. Therefore, direct
comparisons of the female, male and female X male pre-
dictands are possible only within a common location or re-
ceptivity class. If the effects of the nested fixed factors
are accounted for (i.e., adjusted in linear combination),
comparisons of parents or crosses from different locations
or classes are estimable or unique.

The female, male and female X male predictands cor-
respond to general and specific combining ability estimates
of the respective parents and crosses in the partial diallel
mating design. Under the assumptions that the population
was sampled at random, it is randomly mating, and there
is no inbreeding, linkage or epistasis, the general combin-
ing ability variance (og?) corresponds to one-fourth the
total additive genetic variance (1/4 6,2) for that trait, and
the specific combining ability variance (og?) corresponds
to one-fourth the total nonadditive (dominance) variance
(1/4 op? in the partial diallel mating design (KEMPTHORNE
and CurnNow, 1961). Maternal effects were contained within
the female general combining ability estimate, and there-
fore the maternal effect variance (oygp?) is estimable by
subtracting the male general combining ability variance
from the female general combining ability variance: oyp® =
oGr* — oM™

Variance component estimates were obtained using iter-
ative expectation maximization restricted maximum likeli-
hood (EM-REML) algorithms (Banks et al., 1985) under the
assumption of normality of female, male and female X
male effects. The EM-REML algorithms used were:

3= y'y-bX'y -0z /-1 (4)

32 - @, '3, - 3%r(0))/ ®, - 1 (5)

where gand a were the solutions to the MME. The vector
0; corresponds to the female, male or female X male por-
tion of G used to estimate the respective variances. The C
matrix is the portion of the inverse matrix from the MME
pertaining to female, male or female X male effects. The
value n is the total number of records, and p; is the number
of parents or crosses associated with the female, male or
female X male effects in each set of intraspecific crosses.
The variance estimates were incorporated into the MME,
and new solutions for b and u and variance estimates were
obtained. Iferations were carried out until the estimated
variances changed less than one percent from the previous
iteration.

Results

Viable seeds were obtained from 46 blue spruce and 56
Engelmann spruce full-sib families, out of a total 60 pos-
sible full-sib families for each species. Mean values of the
percent germinated and percent ungerminated-but-full
seeds from open-pollinated and control-pollinated selfed
and biparental collections are given in Table 1. Viable seed
yields for open-pollinated crosses exceeded those for con-
trol-pollinated biparental crosses by a factor of two or
more. Larger yields for open-pollinated collections were
expected because only one pollen parent was used in each
pollination bag and each bag was pollinated only once,
whereas there is a diverse mixture of pollen genotypes over
an extended period of time under open-pollinated condi-
tions. Viable seed yields for selfed crosses in both species
were 80 to 90 percent less than those for open-pollinated
accessions, and approximately 50 percent less than control-
pollinated biparental cross yields. Slightly higher intra-
specific crossability was observed for Engelmann spruce
than for blue spruce among both open and control-polli-
nated collections (T'able 1).

The proportion of ungerminated-but-full seed yields,
compared to percent germinated values, was consistent
across all pollination types for both species (Table 1). There
was only a slight proportionate increase in full-but-un-
germinated seed among the selfed crosses relative to open-
pollinated and biparental crosses.

All variance component estimates converged rapidly
using restricted maximum likelihood techniques. Due to
the small magnitude of the ungerminated-but-full male
general combining ability variance in Engelmann spruce,
iterations for this variance component were terminated
after a change of less than five percent rather than one
percent. The variance component and narrow-sense herita-
bility estimates are given in Table 2. Among the blue spruce
crosses, general combining ability (GCA) variance account-
ed for only one percent of the total variance observed in
percent germination (Table 2). Maternal effects and speci-
fic combining ability (SCA) variances greatly exceeded the
GCA variance for this trait, accounting for 56 and 15 per-
cent of the total variance, respectively. For percent germi-

Table 1. — Mean values of percent germinated (% Germ) and per-

cent ungerminated-but-full (% Ungf) seed on a total seed basis

for open-pollinated (Open) and control-pollinated (Self and Bipa-
rental) collections.

Open Self Biparental
$Germ $Ungf $Germ $Ungf $Germ $Ungf

Species

Blue spruce

43.1 4.9 4.8 1.0 11.9 2.2

Engelm. spruce 48,7 8.0 9.5 2,3 19.7 3.6
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Table 2. — Variance component and narrow-sense heritability esti-

mates for production of viable and abnormal full-sib seed in blue

and Engelmann spruce. Numbers in parentheses represent per-

‘centages of the respective variance components as compared to
the total observed variance for that trait.

Variance Camponent

2

Trait? Speciesb GCA SCA Maternal Error h’
2Germ BS 1.890 30.992 118.482 57.796 0.04
1) (15) (56) (28)
ES 3.987 135,299 -0.0(2: 150,086 0.06
(1) (47) - (52)
$Ungf BS 2.642 1.028 -O.BSZ 5.711 1.12
(28) 11) - (61)
ES 0.687 2.712 2.834 15,000 0.12
(3) (13) (13) (71)

2 o4Germ = percent germinated, %Ungf = percent ungerminated-
but-full seed on a total seed basis.

b BS = blue spruce, ES = Engelmann spruce.

€ Not calculated due to small, negative variance components (as-
sumed to be zero).

nation in Engelmann spruce, GCA variance was also much
smaller than SCA variance, each accounting for one and 47
percent of the total variance in this trait, respectively (Ta-
ble 2). The most striking difference observed between the
species was that the variance due to maternal effects was
essentially zero in Engelmann spruce. These results sug-
gest maternal influences are very important in the produc-
tion of viable seed in blue spruce but are not in Engelmann
‘spruce. In both species, sources of nonadditive (dominance)
variance apparently exert a great deal more control over
viable seed yields than do additive sources of genetic varia-
tion, and this is reflected in the very small narrow-sense
‘heritability estimates for this trait in both species (Table 2).

GCA and SCA variances were both relatively large for
percent ungerminated-but-full seed yields in blue spruce,
‘accounting for 28 and 11 percent, respectively, of the total
variance observed in this trait (Table 2). However, GCA
variance was disproportionately large, resulting in a nar-
row-sense heritability estimate exceeding unity. Maternal
effects variance was essentially zero for this trait in blue
spruce. In Engelmann spruce, GCA variance was relatively
small, accounting for only three percent of the total vari-
ance. However, both SCA and maternal effects variance
were moderately large and approximately equivalent in
magnitude for percent ungerminated-but-full seed yields
in Engelmann spruce, each accounting for 13 percent of
the total observed variance (Table 2). In both species, the
number of full but nonviable seed may also be under the
control of nonadditive sources of variation. Only for Engel-
mann spruce was there any evidence of maternal effects in
the production of ungerminated-but-full seed.

Product-moment correlations between the two germina-
tion traits, calculated using parental means or GCA esti-
mates, were somewhat contrasting for the two species (Ta-

Table 3. — Product-moment correlations between percent germi-

nated and percent ungerminated-but-full values when parents

served as females or males, derived using parental means and

general combining ability evaluations (BS = blue spruce, ES =
Engelmann spruce).

Females Males
BS ES BS ES
Parental means 0.46 -0.01 0.24 -0.15
GCA estimates 0.40 -0.30 0.44 -0.33
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ble 3). The blue spruce parents—serving as either female
or male—which produced higher viable seed yields also
tended to produce higher ungerminated-but-full seed
yields. However, for Engelmann spruce there was no corre-
lation between the two germination traits, or possibly a
slight negative association when Engelmann spruce parents
served as males.

Product-moment correlations between male and female
mean responses for percent germination in both species
were also calculated to evaluate the consistency of male
and female parental responses. Both blue and Engelmann
spruce indicated only a slight degree of positive association
between male and female responses on a parental mean
basis (r = 0.28 for blue spruce and 0.23 for Engelmann

spruce).

Discussion

In both blue and Engelmann spruce, the production of
viable seed is primarily under the control of nonadditive
(dominance) sources of genetic variation. A large amount
of the total variance observed in both species for percent
germination on a total seed basis was attributable to SCA
variance, while very little was accounted for by GCA
variance. Therefore, very little gain will be achieved in
the production of viable intraspecific seed in blue and En-
gelmann spruce by using half-sib selection techniques.
Rather, selection must be based on specific cross combina-
tions which show high crossability rates as measured by
germination tests.

In a diallel cross of seven black spruce (Picea mariana
(MiLL.) B.S.P.) parents, MorcensTERN (1974) observed that
SCA variance accounted for six times the total variance
observed for percent germination than did GCA variance.
Morgenstern attributed this to the fact that percent germi-
nation and percent survival, for which similar results were
obtained, are fitness or survival traits, which are less
likely to be controlled by additive sources of variation
(FALCONER, 1960). MoRrGENSTERN (1974) observed in the same
study that for traits related to growth and size—rate of
germination, first and second-year height—additive sources
of variation were of primary importance. In a six parent
diallel cross of flax (Linum usitatissimum L.), percent ger-
mination was also controlled primarily by genes showing
dominance (Gurera and Basak, 1983). However, both additive
and nonadditive sources of variation were important in low-
temperature germination percentages in cucumber (Cucu-
mis sativus L. (WEenner, 1984), and additive sources of
variation were more important than nonadditive sources
in seed yield of tall fescue (Festuca arundinacea SCHREB.)
(Ncuyen and SLEPER, 1983). It is not known why these results
vary, but the species represent a wide array of plant groups.

Maternal influences were very important in the produc-
tion of viable seed in blue spruce, but of no apparent im-
portance in Engelmann spruce. Large maternal influences
in seed germination have also been observed in black spruce
(MORGENSTERN, 1974), Virginia pine (Pinus virgiana MiLL.)
(BramreTT et al. ,1983), and Douglas-fir (Pseudotsuga men-
ziesii (Mirs.) Franco) (Greathouse 1966). FaLconer (1960) has
interpreted maternal effects as common environmental in-
fluences of a given female parent. BramierT et al. (1983)
have further subdivided maternal effects for members of
Pinaceae into the effect of the local environment of the
female parent and the effect of the seedcoat and megaga-
metophyte tissue—both maternally derived—of the ger-
minating seed. The megagametophyte seed tissue in mem-



bers of Pinaceae is haploid and identical in genetic compo-
sition to the female egg nucleus. Therefore, the only pater-
:_ha_l'l influence in the developing seed is through the embryo.
.Whether the observed difference between blue and Engel-
‘mann spruce in maternal influence of seed set is due only
to how each species responds to the local environment or
species-specific responses to seed coat and megagameto-
phyte effects is uncertain. As BramierT et al. (1983) sug-
gested, the only way to test the relative importance of the
two effects would be to replicate given crosses in clonally
derived seed orchards located on a variety of sites. The ef-
fect of local environment only on the production of viable
seed could be assessed by replicating given crosses in
separate seedling seed orchards located on two or more
sites, each orchard made up of the same half-sib or full-
sib families. The magnitude of maternal effects should be
investigated further for seed orchards of blue spruce.

The variance of female parental means for percent ger-
mination in blue spruce was 75 percent greater than that
observed among male responses. In Engelmann spruce the
variance of female means exceeded that observed among
males by 37 percent. The large maternal influences observ-
ed in blue spruce may account for some of the increased
variance observed among females of both species.

Selfing reduced viable seed yields approximately 50
percent relative to biparental controlled crosses in both
blue and Engelmann spruce. This is consistent with other
reports on the effect of selfing in blue spruce (Cram, 1984).
Conifers are generally intolerant of inbreeding, resulting
in reduced levels of seed set and poor survival and growth
of selfed seedlings (FrankLIN, 1970; Suaw and ALLarp, 1981).
While selfed crosses in both species did have lower yields
of viable seed, they did not produce proportionately more
ungerminated-but-full seed relative to the proportions ob-
served among biparental controlled crosses. Therefore re-
ductions in seed set due to selfing in blue and Engelmann
spruce were probably the result of prezygotic incompati-
bility mechanisms that prevented normal fertilization, as
has been reported for other conifers (Fecungr, 1979). Some
loss of seed may occur between fertilization and early em-
bryo development (CecicH, 1979; KossutH and FecHNER, 1973;
AL and Owens, 1972). Both prezygotic incompatibility
and postzygotic inviability have been observed among
members of Pinaceae (FEcHNER, 1979).

For some as yet unknown reason, there was slight ten-
dency for blue spruce parents which produced more viable
seed on average to also produce greater numbers of non-
viable full seed. There was ne such trend—or possibly a
slight reversal-—observed among Engelmann spruce parents.
This species difference is apparently not due to the mater-
nal effects observed to influence seed set in blue spruce, as
the trend was consistent in both species when the parent
served as either male or female. Also, it does not account
for the slightly higher intraspecific crossability observed
for Engelmann spruce, as the proportion of ungerminated-
but-full seed relative to viable seed was the same in both
species for the respective pollination types.
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Summary

Crosses were made between various species of fir in the
spring of 1960 and 1962. Progeny of suecessful crosses were
sown in Connecticut in 1962 and measured for diameter,
height, and crown profile when the trees were 17 years
old. In addition, branch samples were collected for classifi-
cation according to needle tip morphology.

In almost all cases, interspecific crosses grew better than
intraspecific crosses- Crosses between species of neighboring
geographic ranges tended to grow better than crosses be-
tween species of widely separated ranges.

There were growth depressions as a result of selfing, and,
on average, characteristics of selfed progeny were less
variable than those of hybrids. The needle tips of the hybrid
crosses exhibited a range of variability. The most variable
crosses in this respect were those from widely separated
natural ranges.

Key words: Abies hybrids, height, diameter, crown area, needle
tip morphology.

Zusammenfassung

Im Frithjahr 1960 und 1962 wurden mit 10 Abiesarten
intra- und interspezifische Kreuzungen durchgefiihrt. Von
den erfolgreichen Kombinationen, die 1962 in Connecticut
ausgesdt wurden, konnten nach 17 Jahren Durchmesser,
Hohe und Kronenprofil gemessen werden. Zusitzlich wur-
den Zweigproben fiir klassifikatorische Zwecke entnom-
men.

In fast allen Fillen wuchsen die interspezifischen besser
als die intraspezifischen Kreuzungen. Kreuzungen zwischen
Arten, die benachbarte Verbreitungsgebiete haben, tendier-
ten zu besserem Wachstum als die Kreuzungen zwischen
Arten mit entfernten Verbreitungsgebieten.

Als Folge der Selbstung wurden Wachstumsdepressionen
und geringere Variabilitdt der Nachkommen gegeniiber den
Hybridnachkommenschaften beobachtet. Die Nadelspitzen
der Hybridkreuzungen zeigten eine betrichtliche Variabili-
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tdt, wobei die groBte Variabilitdt bei Hybriden aus weit
entfernten Verbreitungsgebieten zu beobachten war.

Schlagwdérter: Abies-Arten, Hbhe, Durchmesser, Kronenfldche, Na-
delspitzenmorphologie.

Introduction

During the spring of 1960 and 1962, control crosses were
made between various species of fir growing in the George
P. Brett Pinetum of Yale University at Fairfield, Connecti-
cut.

The growth characteristics of the progeny surviving in
1981 are presented in this report. This study is part of on-
going research on the cyiological, developmental, and
growth characteristics of this genus. Previous studies dealt
with the staminate flower phenology and pollen formation
in four species (MerceN and LgesTer, 1961a), on the induction
of polyploidy by colchicine in nine species (Mercen and
LesTer, 1961b), crossability (Mercen et al., 1964), and the
karyotypes of seven species (MerceN and BurLey, 1964).

The compatibility between species and species evolution
in the genus Abies have not been widely studied. A search
of the literature provided few references on hybridization
with fir beyond those described by Kragun and WINIESKI
(1962) and by Mercen et al. (1964). A citation by Sien et al.
(1965) showed that there was no significant genetic barrier
to crossing A. procera and A. magnifica where the ranges
overlap in southern Oregon and northern California. KorpeL
et al. (1982) described 8 spontaneous hybrids of A. sp. in-
cluding A. borisii regis MaTTE. (A. alba X A. cephalonica),
and A. nebrodensis MaTTEl (A. cephalonica X A. alba). The
former occurs in the southern Balkan Peninsula and the
latter occurs in Sicily. Kantor and Cuira (1971, 1972) cros-
sed A. cephalonica with pollen of six other species, includ-
ing A. alba, and all crosses were compatible.

Data on total height, diameter at breast height, and crown
area of putative hybrid progeny, along with abservations
on their needle tip morphology, are given in this report.

Silvae Genetica 37, 3—4 (1988)



