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Population Hybridization in Scotch pine (Pinus sylvestris L.)"):
II. Combining Ability Comparisons

By H. D. Geruorp and Y. S. Park?)

(Received 8th November 1985)

Summary

Three-year height and needle length of interpopulation
hybrids of Scotch pine (Pinus sylvestris L.), generated by
three sets of modified matings, were evaluated in three nur-
series in Pennsylvania. For both characters, particularly
in the 7 X 8 factorial polycross experiment, females, males,
and female X male interactions were significant sources of
variation indicating the differences among both general
and specific combining abilities. The rankings of general
combining abilities of populations estimated from males
were similar among different sets of matings, and they are
expected to be consistent in population hybridization. Al-
though a few large estimates of specific combining abilities
were found, the differences among the population hybrids
were accounted for mainly by general combining abilities
of parents. The use of general combining ability seems
reasonable in breeding of interpopulations of Scotch pine,
just as in conventional breeding systems.

Key words: Scotch pine, population hybridization, combining abi-
lity, nested population diallel cross, factorial poly-
cross.
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Zusammenfassung

Nach einem modifizierten Kreuzungsplan in drei Grup-
pen erzeugte Populationshybriden von Pinus sylvestris L.
wurden im Alter 3 auf Hohenwachstum und Nadellange hin
untersucht. Fiir beide Merkmale, besonders im 7 X 8 fak-
toriellen Polycross-Experiment, waren die Miutter, Viter
und die Miitter X Viter-Interaktionen signifikante Ursa-
chen der Variation, welche Unterschiede zwischen der all-
gemeinen und der spezifischen Kombinationseignung an-
zeigten. Die Ringe der allgemeinen Kombinationseignung
von Populationen, errechnet nach den Véitern, waren in
den verschiedenen Gruppen des Kreuzungsplanes dhnlich.
Es wird erwartet, daB sie bei der Hybridisierung von Popu-
lationen konsistent sind. Obwohl einige groBle Schitzwerte
der spezifischen Kombinationseignung gefunden wurden,
erwiesen sich die Unterschiede zwischen den Hybrid-Popu-
lationen im wesentlichen als durch allgemeine Kombina-
tionseignung der Eltern verursacht. Bei der Kiefer scheint
die Nutzung der allgemeinen Kombinationseignung fiir die
Erstellung von Hybridpopulationen bedeutungsvoll zu sein,
wie dies auch aus der konventionellen Ziichtung bekannt
ist.

Introduction

Scotch pine (Pinus sylvestris L.) is an important timber
species in northern Eurasia. In the northern United States,
it is used mainly for ornamental and Christmas trees. The
importance of genetic improvement in the economic traits
of the species has been recognized by tree breeders and
nurserymen to meet demands of markets (Scurum et al,
1975). Population or provenance hybridization could be a
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feasible method for developing desirable genotypes because
large genetic variation in several characters exists among
the populations of Scotch pine (WrigHT and Buty, 1963; Ger-
HoLD, 1959; King, 1965a, 1965b; SteiNER, 1974), and controlled
pollination among most of populations can be performed
with relative ease (Karrrart et al., 1975). Possible benefits
of an hybridization program may include heterosis, combi-
nation of desirable characters, and a wide range of adapta-
tion.

A successful hybrid breeding program depends on genetic
information, such as general (GCA) and specific combining
abilities (SCA) and other genetic and environmental com-
ponents of variability, as reported in a previous paper,
(Part I) (Park and Geruorp, 1985). In this paper, we include
extended information on general and specific combining
abilities which was obtained from additional hybrids that
were produced by two sets of “factorial population poly-
crosses’” as well as those from the “nested population diallel
cross” in Part I. The mating design used to produce the ad-
ditional hybrids was a combination of factorial and poly-
cross designs to obtain genetic parameters for populations
and individual females. The parents included in these ex-
periments are considered as a fixed set of breeding mate-
rials, and general and specific combining abilities of the
parental populations and seed parents are estimated and
compared.

Table 1. — Mating schemes used in producing population hybrids.
I. Nested population diallel cross (diailel).

Males (pollen mixture)

212 250 262 269 316 318 556

Females FRA GER GEO ENG FRA BEL ITA
212 FRA 1% 1 X X X X X X
212 FRA 2 1 X X X X X X
250 GER 1 X I X X X X X
250 GER 2 X 1 X X X X X
262 GEO 1 X X I X X X X
262 GEO 2 X X 1 X X X X
269 ENG 1 X X X I X X X
269 ENG 2 X X X I X X X
316 FRA.T X X X X I X X
316 FRA 2 X X X X 1 X X
318 BEL T X X X X X I X
318 BEL 2 X X X X x I X
55 ITA1 X X X X X X I
556 ITA 2 X X X X X X I

II. 7 x 8 factorial polycross

Males (pollen mixture)

212 250 262 269 316 318 556 243

Females FRA GER GEO ENG FRA BEL ITA GRE
201 NOR X X X X X - X X
238 FRA X X X X X X X X
240 FRA X X X X X X X X
214 TUR X X X X X X X X
242 YUG X X X X X X X X
268 sco X X X X X X X X
245 SPA X X X X X X X X

III. 8 x 2 factorial polycross

Males (pollen mixture)

Females 213 TUR SPA

221 TUR
242 YUG
250 GER
262 GEO
269 ENG
318 BEL
246 SPA
261 GEO

54 D6 BE K B X X
R MM KX

a Abbreviations consisting of MSFG number and first three let-
ters of country of origin followed by tree number.

I Intrapopulation cross.

— Missing cross.
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Materials and Methods
Plant Materials

Hybrid plants used in this experiment came from a set
of “nested population diallel crosses” and two sets of
“factorial population polycrosses” in 1969 and 1970 (KARRr-
FALT et al., 1975), involving a total of 18 populations. The
nested population diallel cross (diallel cross) involved seven
populations, as identified by Michigan State University
designations, 212 from France, 250 from Germany, 262 from
Georgian S.S.R., 269 from England, 316 from France, 318
from Belgium, and 556 from Italy (Table 1). The seven seed
parents of the 7 X 8 factorial population polycross (7 X 8
polycross) represented seven populations, none of which
was included in the diallel cross. These populations were
201 from Norway, 238 from France, 240 from France, 214
from Turkey, 242 from Yugoslavia, 268 from Scotland, and
245 from Spain (Table 1). The population males, represent-
ed by a pollen mixture from each of 8 populations, were
the same as those used in the diallel cross with the addition
of 243 from Greece. Detailed information on these popu-
lations is found in Wricnt and ButL (1963). A pollen mixture
contained equal volumes of pollen from three to nine in-
dividuals. Controlled pollinations were performed factori-
ally using the “minibag technique” (Geruorp, 1968) at
Michigan State University’s Kellogg Forest. Details of these
pollination procedures are described in Part 1 and by KARrgr-
FALT et al. (1975). A total of 55 hybrid families was produc-
ed by these matings; one cross failed to produce enough
seedlings for the experiment. The number of seedlings
grown per hybrid family varied because of accidental los-
ses in the greenhouse and some mortality after transplant-
ing in the nurseries.

The other set of population hybrid families was obtained
by an 8 X 2 factorial population polycross (8 X 2 poly-
cross). Eight female parents, each representing a different
population, were mated in 1970 with two pollen mixtures.
The female populations were 221 from Turkey, 242 from
Yugoslavia, 250 from Germany, 261 and 262 from Georgian
S.S.R., 269 from England, 318 from Belgium and 246 from
Spain; and the male populations were 213 from Turkey and
a Spain Guadarram Mountains population growing near
the Pennsylvania State University (Table 1). Four of these
populations, 221, 246, 261, and the Spanish population used as
a male were not used in any previously mentioned matings.
A total of 14 families resulted; two crosses failed to produce
sufficient seeds or seedlings.

Seeds were sown in mid-March 1974 in styrofoam block
containers. The seedlings were grown in a greenhouse until
June 1974, and then transplanted into nursery beds at three
locations in Pennsylvania: Penn Forest Tree Nursery, Cen-
tre County; Carino Nurseries, Indiana County; and Strath-
meyer Forests Nursery, York County. The seedlings re-
mained in the nurseries until the end of the 1976 growing
season. Measurements on individual tree heights and needle
lengths were taken after growth was complete. Details of
greenhouse, nursery, and measurement procedures were
described in Part 1.

Statistical Models and Analyses

Analyses of variance in height and needle length for the
two factorial population polycrosses were performed using
the model:
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Significance of the sources of variation was determined
approximately by using the conventional F-test although
the data were unbalanced (TieTen, 1974). Once the signifi-
cance of females, males, and(or) female X male interac-
tions was found, combining abilities were estimated.

The GCA of an individual parent is defined as the aver-
age performance of the progeny of a parent in a series of
matings, and it is expressed as the deviation from the over-
all mean. For example, estimations of GCA for both females
and males based on mean of the crosses (Z;;) were:
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where

ie xd‘) = estimated general combiring atility of i:h female (male),

number of males (females) in the factorial population
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polycross,
Z. = total mean performance of ij:':1 posulaticn crosses summed
over males (females), and
Z = overall mean of mean performance.
The standard error of the estimates was calculated assum-

ing no covariances between plot means and overall mean.
For example,

1 -
S'E'(Gig) = Pt Var(ZL) + Var(2),

S'E'(Gig) = standard error of GCA estizate of i"h
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where

female,

\lar‘(Zj ) = variance for ith female total over all males, and
Var(Z) = variance of overall mean,

The variance for ith female total was calculated as the sum
of plot mean variances over all males, i.e.;
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where nij = number of observation for ijth cross mean, and

o: = error variance from analysis of variance.
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where Z.. = total cross means, and

p () = number of males (females).

The SCA of cross is defined as the average performance
of a cross between two particular parents after subtracting

GCA of the two parents. Therefore, once GCA of the ma-
ternal and paternal parents are estimated, SCA of a cross
may be estimated as:

S,,=2,,-6C G, a-Z ®)
13 i3 ig e
where
sij = estimated specific combining ability of 1th female and
Jch population cross,
ZU = mean of ijth cross,

Gig (Gjad = estimated general combining abilities of it'h female

th male), and
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overall mean of the means of all crosses.

The model and results of analyses of variance involving
the nested population diallel cross were presented in Part
I. General combining abilities of populations, females, and
males (pollen mixture) were estimated using means of the
crosses. The population general combining ability (Gj),
excluding intrapopulation progenies, was estimated as:
®

1 1
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where

estimated general combining ability of 1P population,

[2)
.

number of populations,

o
[

total mean performance of im population summed over all

males (females), and
Z.. = total of all mean performances.
The general combining abilities of females (Gig) and males (GSG‘) were

estimated as:

where
Gig (cid‘) = estimated general combining ability of ith population

female (male), and other terms defined as previously.

The standard errors of estimates were calculated in a
similar fashion as previously mentioned for GCA. An esti-
mated combining ability value was declared significant if
its absolute value exceeded twice the standard error, as
95% of the t - distribution fell within approximately two
standard deviations.

Resulis

As reported in Part I, there were significant general
combining ability effects both for height and needle length
in the nested population diallel cross set.

In the 7 X 8 polycross experiment, all sources of vari-
ation, except for needle length among replicates, were sig-
nificant (Table 2). In the 8 X 2 polycross experiment, nur-
series, replicates, and females were the significant sources
of variation for both height and needle length, while nur-
sery X cross interactions were significant only for height.
There was no difference between the two pollen mixtures.

The mean height of population hybrids produced by the
nested population diallel cross ranged from 218 mm (556
ITA X 262 GEO, abbreviations consisting of MSFG num-
bers and first three letters of country of origin) to 378 mm
(269 ENG X 318 BEL).

Those produced by the 7 X 8 polycross ranged from 160
(214 TUR X 269 ENG) to 371 mm (240 FRA X 318 BEL). In
the 8 X 2 polycross, the means of the hybrids ranged from
169 (252 GER X 213 TUR) to 271 mm (250 GER X SPA).
Overall means for the diallel, 7 X 8, and 8 X 2 polycross
experiments were 288, 254, and 221 mm, respectively.
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Table 2. — Analyses of variance of height and needle length in two sets of factorial population
polycrosses.

7 x 8 polycross

8 x 2 polycross

Mean squares for

Mean squares for

Sources of variation d.f. Height Needle length d.f. Height Needle length
Nurseries (N) 2 1059884% 3040 2 190510% y2u6#*
Replicates in N 3 43139% 107 3 15411% 347
Females (F) 6 16706%* 2680% 7 16401% 826*
Males (M) 7 99456% 2299% 1 863 61
FxM 10® 8797 262% 5 3947 143
N x Crosses 912 9166% 173% 24%  105u9% 165
Error 502 4337 95 108 2235 119

a 1.oss of degrees of freedom due to imbalance in the data.

* Significant at P < 0.05.

The estimated general combining ability values of height
for populations in the diallel cross based on female and
male contributions, ranged from —30.2 (262 GEO) to 20.3
(318 BEL) (Table 3). The lowest and the highest estimates
for females and males were also associated with the same
populations, 262 GEO and 318 BEL, respectively. The num-
ber of relatively large estimates, exceeding twice their
standard errors, were 2 for females, 6 for males, and 4 for
combined estimates.

In the 7 X 8 polycross, estimated GCA of height asso-
ciated with female parents ranged from —42.2 (201 NOR)
to 24.2 mm (242 YUG) (Table 3). Four of these seven esti-
mates exceeded twice their respective standard errors. GCA
estimates among males ranged from —24.1 (262 GEQ) to
28.4 mm (318 BEL), and only two of them were more than
twice their respective standard errors. In the 8 X 2 poly-
cross, GCA of females varied from —51.3 (262 GEQ) to
43.8 mm (250 GER), and four of them were large relative
to their respective standard errors (Table 3).

It may be noted that population 250 GER produced con-
sistently positive estimates across the three sets of matings
while 262 GEO poduced consistently negative estimates.
There were, however, a few inconsistencies between esti-
mates for females and males; e.g., 212 FRA and 316 FRA
had opposite signs between the two estimates.

In the 7 X 8 polycross, the largest specific combining
ability value for height was 77.8 mm (201 NOR X 243 GRE)
and the lowest was —65.7 mm (214 TUR X 269 ENG) (Ta-
ble 5). Among the 55 population crosses, 31 estimates were
positive and 24 were negative, Only five of these estimates
were greater than twice their respective standard errors.
It may be noted that the large SCA effects were associated
in three cases with 318 BEL as the male parent. There were
no significant SCA effects for height in the 8 X 2 polycross
experiment.

For needle length, the means of population hybrids in
the diallel cross ranged from 38 (556 ITA X 316 FRA) to 71
mm (318 BEL X 250 GER), with a grand mean of 52 mm.

Table 3. — General combining ability estimates (and standard errors) for height derived from three sets of poly-
cross matings according to female and male contributions.

Nested population diallel cross

7 x 8 polycross 8 x 2 polycross

Population Female Male Combined Female Male Female
212 FRA? -10.5 (7.0)  23.8 (6.3) 6.6 (5.0) -0.4 ( 9.2)

250 GER 10.5 (6.6) 15.8%(7.3) 13.1%(5.2) 24,3 (12.7) 43.8%(13.3)
262 GEO ~26.0%(7.3) -34.5%(7.3) -30.2%(5.%) -24.1%( 9.5) -51.4%(15.5)
269 ENG 16.8%(6.5) 5.1 (6.9) 10.9%(5.0) -0.6 (12.9) -13.1 (12.1)
316 FRA 6.6 (6.2) -21.8%(6.4) -7.6 (4.8) -2.7 ( 8.3)

318 BEL 12.8 (7.7) 27.9%(6.9) 20.3%(5.4) 28.4%( 9.7) -6.3 (17.6)
556 ITA -10.2 (6.7) -16.1%(6.9) -13.1*(5.1) -9.7 (11.8)

243 GRE -15.2 (10.6)

201 NOR -42,2%(13.6)

214 TUR -27.2 (14.9)

221 TUR 2.8 (14.5)
238 FRA -1.6 ( 8.0)

240 FRA 23.8%( 7.5)

242 YUG 2h,2%( 8.7) -8.5 (15.3)
245 SPA 15.7%( 7.0)

246 SPA 34.,4%(11.,6)
261 GEO -26.2%(12.6)
268 SCO 7.3 (17.8)

Grand mean: 288 254 221

8 Abbreviation of population composed of MSFG number and first three letters of country of origin; e.g., '212 FRA’

is MSFG 212 from France.

* Absolute value of estimate exceeds twice standard error (range 4.8 to 17.6).
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Table 4. — General combining ability estimates (and standard errors) for needle length derived from three

sets of polycross matings according to female and male contributions.

Nested population diallel cross

7 x 8 polycross

8 x 2 polycross

Population Female Male Combined Female Male Female
212 FRA? -2.6%(1.0)  -2.7%(0.9) -2.7%(0.7) -1.8 (1.3)

250 GER 8.7%(1.0) 5.4%(1.1) 7.1%(0.8) 10.2%(1.8) 9.1%(2.4)
262 GEO -1.2 (1.1) -2.5%(1.1) -1.8%(0.8) -1.9 (1.3) -4.2 (2.8)
269 ENG -2.3%(1.0) 4,3%(1.0) 1.0 (0.7) 5.8%(1.8) -2.9 (2.2)
316 FRA -3.9%(0.9) -7.7%(1.0) -5.8%(0.7) -8.5%(1.2)

318 BEL 6.3%(1.1) 3.2%(1.0) 4.7%(0.8) -0.7 (1.4) 7.0%(3.2)
556 ITA -4,9%(1.0) 0.0 (1.0) -2.4 (0.8) 0.9 (1.7)

243 GRE 4.,0%(1.5)

201 NOR -4,2%(1.9)

214 TUR 10.3%(2.1)

221 TUR 1.9 (2.6)
238 FRA -5.7*(1.1)

240 FRA -7.0%(1.0)

242 YUG 9.9%(1.2) 5.8%(2.8)
245 SPA -2.4%(1.,0)

246 SPA -10.1%(2.1)
261 GEO -7.7%(2.3)
268 sCO -1.0 (1.1)

Grand mean 52 48 50

a8 Abbreviation of population composed of MSFG number and first three letter of country or origin; e.g.,

’212 FRA’ is MSFG 212 from France.

* Absolute value of estimate exceeds twice standard error (range 0.7 to 2.8).

The means of hybrids in the 7 X 8 polycross ranged from
32 (238 FRA X 243 GRE) to 85 mm (214 TUR X 269 ENG),
while their grand mean was 48 mm. In the 8 X 2 polycross,
these means ranged from 39 (261 GEO X SPA) to 63 mm
(250 GER X 213 TUR), and their grand mean was 50 mm.
The estimated GCA values combined within populations
in the diallel cross ranged from —5.8 (316 FRA) to 7.1 mm
(250 GER) (Table 4). In most cases the estimates were large

enough to exceed twice their standard error, and rather
consistent with regard to males and females.

Needle length GCA estimates of female parents in the
7 X 8 polycross ranged from —7.0 (240 FRA) to 10.3 mm
(214 TUR), and those of males were —8.5 (316 FRA) to 10.2
mm (250 GER) (Table 4). All the GCA estimates of females,
except the one for 268 SCO, were large relative to their
respective standard errors, and four of eight estimates for

Table 5. — Specific combining abilities (and standard errors) for height and needle length for the 7 X 8 factorial
population polycross.

Males
Females 212 FRA 250 GER 262 GEO 269 ENG 316 FRA 318 BEL 556 ITA 243 GRE
Height (mm)
201 NOR 68.9%(23.5) -40.7(72.2) 14.5 (28.7) 52.6 (36.5) 32.9(23.4) - 33.9(52.6) 77.8(43.9)
238 FRA -3.5 (21.6) -23.5(24.2) 13.6 (21.3) 10.6 (23.3) 12.3(21.1) U49.6%(20.0) -39.6(30.1) ~19.4(31.6)
240 FRA 2.6 (22.4) 12.9(25.9) -9.5 (23.1) -33.6 (23.2) -22.6(20.2) 65.2%(20.8) 3.5(23.5) ~18.4(24.2)
214 TUR -16.0 (u44.0) 29.6(27.3) 48.8 (39.2) -65.7 (72.5) -24.8(29.0) 20.2 (52.5) -1.3(44.6) 9.2(34.0)
242 YUG -43.3 (24.0) 12.8(29.3) 13.9 (22.9) 15.0 (26.4) 33.6(29.1) =-9.1 (25.0) 29.7(27.7) -52.6(27.2)
268 SCO 30.1 (22.5) 23.3(26.9) -61.4%(29.3) 17.6 (23.7) -13.2(20.0) 76.9%(22.7) 38.6(22.7) 34.6(23.0)
245 SPA -38.8 (20.4) -14,.3(21.9) -19.8 (21.8) 3.5 (22.3) -18.2(22.4) 37.0 (20.3) 12.4(21.0) 138.2(22.3)
Needle length (mm)

201 NOR  7.0%( 3.3) 16.2(10.2) -0.6 (4.1) 7.4) (5.1) 0.1( 3.3) - 4.6( 7.4) 8.1( 6.2)
238 FRA -0.0 ( 3.0) -5.0( 3.4) 5.4 (3.0) -11.3*% (3.3) 4.3( 3.0) 13.6*%( 2.8) -0.6( 4.3) -6.u( 4.5)
240 FRA -6.6*( 3.2) 1.0( 3.7) 0.2 (3.3) -9.9*% (3.3) 6.5%(2.8) 5.5 ( 2.9) =1.1( 3.3) 4.48( 3.4)
214 TUR 8.4 ( 6.2) =-10.1%(3.8) =-5.4 (5.5) 21.1%(10.2) -8.2 (4.1) -4.3 ( T.4) 6.4( 6.3) -8.1( 4.8)
242 YUG -6.3 ( 3.4) 0.3 (4.1) 0.9 (3.2) =-2.8 ( 3.7) 0.4 (4,1) 10.2%( 3.5) -1.4( 3.9) -1.3( 3.8)
268 sCO -0.2 ( 3.2) 4.8 (3.8) -0.9 (4.1) 0.5 ( 3.3) =-1.1 (2.8) 6.8%( 3.2) -10.6%(3.2) 0.8( 3.3)
245 SPA -2.2 ( 2.9) -7.3%(3.1) 0.4 (3.1) -5.0 ( 3.1) -2.1 (3.2) 11.0%( 2.9) 2.7 (3.0) 2.4( 3.1)

* Absolute value of the estimates exceeding twice the standard error.

— Missing cross.
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males were relatively large. The highest GCA for females
in the 8 X 2 polycross was 9.1 mm (250 GER), and the
lowest was —10.0 mm (246 SPA) (Table 4). Five of these
estimates exceeded twice their respective standard errors.

The range of specific combining abilities of needle length
was from —11.3 (238 FRA X 269 ENG) to 21.1 mm (214 TUR
X 269 ENG) for the 7 X 8 polycross (Table 5). Twenty-nine
of the 55 estimates were positive and 26 were negative, and
the absolute values of 13 estimates were larger than twice
their respective standard errors. Again, there were no sig-
nificant SCA effects for needle length in the 8 X 2 poly-
cross experiment.

Discussion

The general combining abilities of females and males are
the average contributions of individuals and pollen mix-
tures, respectively, in hybrid combination. The specific
combining abilities, however, represent interactions be-
tween individuals and pollen mixtures on the basis of aver-
age performances of the two “parents”. Since each pollen
mixture contains several individuals, these interactions
are expected to be mainly non-additive effects involving
seed parents and the average effects of populations.

Both females and males were impeortant sources of vari-
ation in the 7 X 8 polycross, indicating that there were real
differences among general combining abilities associated
with both the female parents and the population males.
The estimated GCA values represent ihe additive devi-
ations of the parental means from the overall mean. How-
ever, it should be noted that estimated general combining
ability values of females may contain maternal effects if
they were present. Perhaps the inconsistent GCA estimates
for height of females and males of the 212 and 316 FRA
populations may be accounted for by such maternal ef-
fects. )

Because seven males in the 7X 8 polycross were identi-
cal to males in the diallel cross and four females in the 8§ X
2 polycross were identical to females in the 7 X 8 matings

and parental populations in the diallel cross, GCA esti-
mates resulting from the three sets of mating designs were
compared. The rankings of the estimated GCA values were
similar for both height and needle length, especially when
they were based on males (Table 6). Actual differences in
GCA estimates for populations do not seem particularly
large, especially if allowances are made for different sets
of temales. The GCA estimates for males were based on
pollen mixture of three to nine individuals from the same
population crossed with 14 females in the diallel cross and
seven in the factorial polycross. The estimates for males
may be considered as an average of the population. This
consistency in the rankings indicates that GCA estimates
associated with pollen mixtures are useful in screening
populations for population hybridization. It is evident that
the populations evaluated on the basis of males’ GCA
were different in their genetic make up, and that GCA as-
sociated with populations may indicate their average breed-
ing values.

While GCA estimates for males are very consistent across
the sets of matings, the estimates for females are variable.
The female estimates are based on two and one trees per
population in the diallel cross and factorial polycrosses,
respectively. Therefore, female GCA may not be based on
sufficient number of samples to represent the population.
Significant variation in GCA of individuals, as demonstrat-
ed in Part I, indicaved large differences among individuals
within the populations.

Utilization of specific combining ability in plant breeding
implies breeding for hybrid or clonal varieties, where he-
terosis or desirable combinations of characteristics may be
the major factors under consideration. The interpopulation
specific combining abilities resulting from the present ex-
periment are rather a specific type of interaction between
the seed parents and average effects of males from gene-
tically diverse populations, and may be influenced consider-
ably by the individual genotypes represented in the fema-
les and pollen mixtures. Therefore, inter-population speci-
fic combining abilities based on polycrosses may be taken

Table 6. — Comparisons of rankings (descending order) in GCA of populations estimated from
three sets of polycross matings.

Comparison between

Comparisons among

7x8 vs Diallel Tx8 vs Diallel vs 8x2

Population Male Male Female Combined Male Male Female Combined Female
Height
212 FRA 3 2 6 4
250 GER 2 3 3 2 2 2 3 2 1
262 GEO 7 7 7 7 L] 4 ) ) [
269 ENG 4 ] 1 3 3 3 1 3 3
315 FRA 5 6 ) 5
318 BEL 1 1 2 1 1 1 2 1 2
556 ITA 6 5 5 6
Needle Length

212 FRA 5 6 5 6
250 GER 1 1 1 1 1 1 1 1 1
262 GEO 6 5 3 Ll 4 4 3 4 4
269 ENG 2 2 4 3 2 2 4 3 3
316 FRA 7 7 6 7
318 BEL L] 3 2 2 3 3 2 3 3
556 ITA 3 4 7 5
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only to indicate an average degree of non-additivity on a
population basis.

Some possibilities for utilizing interpopulation specific
combining abilities are indicated from the 7 X 8 polycross
experment. Five population SCA estimates for height were
relatively large, i.e., the absolute values exceeded twice
their respective standard errors; four of these estimates
were positive and were larger than GCA values. Also, three
of the large SCA estimates were associated with the pollen
mixture of the Belgian population. For example, a desirable
SCA for 3-year height growth may be identified by 240
FRA X 318 BEL from the 7 X 8 factorial population poly-
cross. It is not the highest SCA, but the progenies have bet-
ter quality in other Christmas trees traits. One method of
capturing these non-additive effects is to identify desirable
specific combining ability pairs, and then vegetatively pro-
pagate them to produce planting stock. Perhaps, successive
rooted cuttings of juvenile plants as described by Armson
et al. (1980) may be used.

Regardless of these SCA effects however, it is clear that
the largest differences among the hybrid families were due
to additive effects of the two parents in combination, since
a general lack of useful specific combining ability was
found. Therefore, conventional breeding techniques that
utilize general combining ability seem appropriate for
breeding of Scotch pines of different provenances for
juvenile height and needle length.
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Summary

Two important genetic objectives of clonal seed orchards
are the minimization of self-fertilization and the produc-
tion of seed reflecting the genetic diversity of all repre-
sented clones. As part of a study of the mating system of a
clonal seed orchard of white spruce, Picea glauca (MoENCH)
Voss, male and female strobilus production was investi-
gated during two successive years. Within years, one third
of the clones produced the vast majority of the male and
female strobili; clonal means of male and female strobilus
numbers were positively correlated; and the seed germina-
tion rate was negatively correlated with clonal male strobi-
lus numbers. The results are concordant with the hypothesis
that a few clones make a disproportionally large genetic
contribution to the seed crop of a given year, and that
clones which produce the largest numbers of male strobili
also yield seed resulting from higher than average levels
of self-fertilization. Between years, clone means of female
strobilus numbers are negatively correlated, suggesting
that the genetic diversity of the seed crop may be signifi-
cantly increased by combining the seed harvest of the two
separate years. If upheld by genetic marker studies of the
mating system, the results imply that white spruce seed
orchards should be monitored for strobilus production lev-
els, and if necessary, modified mechanically or hormonally
to foster more equitable flowering.

Silvae Genetica 35, 5—6 (1986

Key words: seed orchard, Picea glauca (Moencu) Voss, male stro-
bili, female strobili, mating pattern, gamete produc-
tion, self-fertilization.

Zusammenfassung

Zwei wichtige Ziele von Klon-Samenplantagen sind die
Minimierung der Selbstbefruchtung und eine Samenpro-
duktion, die die genetische Vielfalt aller reprisentierten
Klone widerspiegelt. Als Teil einer Studie iiber die Pol-
lenverteilung bei WeiBfichten [Picea glauca (MOENCH)
Voss] in einer Klon-Samenplantage wurde die Produktion
mannlicher und weiblicher Bliiten wahrend zweier Jahre
untersucht. Jeweils innerhalb eines Jahres produzierte ein
Drittel der Klone den GrofBiteil der méannlichen und weibli-
chen Bliiten. Die Durchschnittswerte der Anzahl méannlicher
und weiblicher Klon-Bliiten waren positiv korreliert, und
die Keimrate des Samens verschiedener Klone war mit der
Anzahl mainnlicher Klon-Bliiten negativ korreliert. Die
Ergebnisse stiitzen die Hypothese, da nur wenige Klone
den genetischen Hauptbeitrag zur Samenproduktion ei-
nes Jahres leisten, und daB Klone, die die hichste Anzahl
ménnlicher Bliiten produzieren, Samen hervorbringen, die
das Resultat iiberdurchschnittlich hoher Selbstbefruchtung
sind. Vergleicht man die beiden Jahre, so sind die Durch-
schnittswerte der Anzahl weiblicher Klon-Bliiten negativ
korreliert, was darauf hinweist, dafl die genetische Vielfalt
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