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The mating system of Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] was examined in two
genetically similar seed orchard blocks with the aid of allozyme polymorphisms at six loci. The
pollination environment (time of pollination and length of pollination season) of one block was
manipulated by means of an overhead water spray cooling treatment. The cooling treatment
temporarily delayed the pollination season in the treated block by 12 days relative to the untreated
one. In addition, the length of the pollination season in the cooled block was shorter than the
uncooled one by 12 days (18 vs. 30 days). The rate of inbreeding was significant in the uncooled
block, while a perfect outcrossing rate was obtained for the cooled one. This difference was
attributed to the low outcrossing rate obtained within the lower crown of the control block. It was
concluded that the observed significant selfing in the uncooled block was caused by the first-
pollination primacy that permitted related pollen to out-compete unrelated pollen in the extended
pollination season. A shorter pollination season produced a dense pollen cloud of related and
unrelated pollen, hence, early zygotic selection favoured unrelated embryos. An extended pollina-
tion season, on the other hand, permitted related pollen to succeed in pollination and fertilization
without any challenge by unrelated pollen. Controllable variation in the rate of inbreeding reported
in this study could be useful to improve the genetic quality of seed produced from seed orchards
and consequently to maximize genetic gains from selections.
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Introduction

The mating system, the union of male and female
gametes and their genetic relationship, plays an impor-
tant role in determining subsequent population struc-
ture and the dynamics of variation over generations
(Wright, 1921). Due to its evolutionary and ecological
significance, plant mating systems have been the
subject of extensive theoretical and empirical work (cf.
Schemske & Lande, 1985, for review).

Coniferous forest tree species are wind-pollinated
(Adams & Birkes, 1990), among the most genetically
heterozygous of plants (Hamnck et a!., 1979), and
often display strong inbreeding depression (Franidin,
1970). Seed orchards represent the link between the
ongoing tree breeding activities and operational
reforestation programme through the production of
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genetically improved seed crops. The extent to which
orchard seed has both a high genetic quality and a
broad genetic variability has been termed 'genetic
efficiency' (Adams, 1983; El-Kassaby Ct a!., 1984).
High genetic efficiency is dependent upon the attain-
ment of panmictic equilibrium through random mating
(i.e. reproductive synchrony and equality among
orchards' genetic entities) and reduced levels of self-
fertilization and pollen migration from extraneous
sources.

Pollen migration (i.e. contamination) from extra-
neous sources reduces the genetic quality of seed crops
and causes a reduction in the expected genetic gain.
The manipulation of reproductive phenology develop-
ment of seed orchard trees by overhead cooling has
proved to be effective in reducing pollen migration (El-
Kassaby & Ritland, 1 986a). The cooling resulting from
the water spray and evaporation causes floral bud burst
to be delayed for a period of up to 2 weeks after local
pollen release, hence avoiding pollen introgression
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from outside sources (Silen & Keane, 1969; Fashler &
Devitt, 1980; Fashler & El-Kassaby, 1987). It has also
been observed that reproductive bud development
progresses at a faster pace after the cessation of the
cooling treatment and that the length of the pollination
season is substantially shortened (El-Kassaby et al.,
1984; Fashler & El-Kassaby, 1987).

The shorter pollination season obtained following
cooling may improve panmixis by making crossing
possible among previously asynchronous clones
(Fashler & El-Kassaby, 1987). Shortening the pollina-
tion season increases the overlap of pollen release and
ovule receptivity dates within crown and among related
and unrelated genotypes (Fashler & El-Kassaby, 1987).
This reduction in the pollination season might affect
the apparent outcrossing rates in two possible
opposing directions. The first is to increase inbreeding
levels within crown and among related genotypes
(Erickson & Adams, 1989). The second is to increase
the outcrossing rates caused by reducing the amount of
assortative mating between related individuals and/or
by increasing the pollen competition between related
and unrelated pollen.

This paper reports the results of a study of the
mating system comparison between two genetically
similar 13-year-old Douglas-fir [Pseudotsuga menziesii
(Mirb.) Franco] seed orchard blocks. We asked whether
the manipulation of the pollination environment alters
apparent outcrossing, and whether this affect is
influenced by the position of the female strobili in the
crown.

Materials and methods

Orchard description and blocks sampled

Two genetically similar blocks from a 6 ha, full-sib
Douglas-fir seed orchard provided material for this
study. The orchard population consists of 110 full-sib
families originating from controlled crosses conducted
among grafts of 67 'plus trees' selected from natural
stands on southern Vancouver Island and the south
coastal mainland of British Columbia. Trees within the
orchard's 14 blocks were planted in 1975 as 2-year-old
seedlings in a systematic design (i.e. each family
appears in the same position relative to other families
within every block) using 4 x 6 m spacing.

Cooling treatment was applied to seven blocks in the
1985 season commencing in the first week of February
and ending in the last week of March (for a complete
description of the cooling system, see Fashler & Devitt,
1980). The reproductive phenology of the cooled
blocks was temporarily delayed by 12 days relative to
the uncooled block. The pollination season for both

treatments ended on 30 April. Thus, the pollination
period in the cooled part was compacted from 30 to 18
days in the uncooled part.

Sampling procedure

In the autumn of 1985, cone samples were collected
from every cone-bearing tree within two blocks, each
representing cooled (72 trees) and uncooled (77 trees)
treatments. Sampled trees' crowns were divided into
upper and lower sections for cone collection. Each
section contained cone samples from the north and
south aspects. The identity of all cone lots and sub-
sequent seedlots was retained for each tree within
every block.

E/ectrophoresis and estimation of outcrossing rates

Electrophoretic procedures, staining recipes, and
enzyme nomenclature followed methods reported by
El-Kassaby eta!. (1 982b). The enzyme systems studied
were: glucose-6-phosphate dehydrogenase (G6PD);
isocitrate dehydrogenase (IDH); phosphoglucomutase
(PGM); 6-phospho-gluconic dehydrogenase (6PGD);
glucose-6-phospho-gluco-isomerase (PGI); and malate
dehydrogenase (MDII). The genotype of each tree was
inferred for six allozyme loci (G6PD, IDH, PGM,
6PGD- 1, PGI-2 and MDH-3) using the haploid mega-
gametophyte of 40 seeds per tree with 10 seeds from
each crown section. The genotypes of the correspond-
ing diploid embryos of the 40 seeds per tree were
simultaneously derived. The mode of inheritance and
lack of linkage of these loci are reported by El-Kassaby
(1981), El-Kassaby etal.(1982a,b).

For each treatment, multilocus estimates of the out-
crossing rate (t) were estimated using the multilocus
mixed-mating model for megagametophytic conifer
data of Ritland & El-Kassaby (1985). Multilocus
estimates were determined using the entire tree data
and for the upper and lower crowns for each treatment.

Results and discussion

Estimates of the outcrossing rate ranged from a signifi-
cant (0.777) to non-significant (1.065) departure from
complete outcrossing (t= 1.0) (Table 1). The estimates
in Table 1 illustrate the following points:

1 the combined data estimated indicate that the out-
crossing rate in the cooled block is significantly greater
than that in the control block,
2 the observed differences between the control and
cooled blocks is attributable to differences in outcross-
ing rate within the lower crown of the control block
only, and
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3 four of the six estimates of outcrossing rate are
significantly greater than 1.0.

Estimates of outcrossing exceeding unity are
common and have been reported in most mating
system studies. Brown et al. (1985) identified either
disassociative mating or sampling effects within the
context of a valid mixed-mating model as the two
primary causes for obtaining these 'biologically
unreasonable' values. It should be noticed that all the
outcrossing rate estimates obtained for the cooled
block were greater than 1.0 (Table 1). This could be
attributed to the success of the cooling treatment in
increasing the mating probability among the phenologi-
cally more dissimilar individuals.

The complete outcrossing rate estimates obtained
for the two crown strata and the combined estimate for
the cooled block seem surprising. It is expected that
under reduced phenological differences caused by the
compaction of the pollination season, the overall cross-
fertilization may be decreased, since mating is pro-
moted among related individuals and within crown.
Erickson & Adams (1989) called for a comparison
between cooled and uncooled treatments for the same
reason. If selling is expected to be higher in cooled
orchards than uncooled ones, then why did the results
from this study show the opposite? And why was there
a significant difference in the selfing rate between
upper and lower crowns of the uncooled block and not
in the cooled one?

Woods & Heaman (1989) have reported the
presence of a strong inverse relationship between the
number of filled seeds per cone and various inbreeding
levels in Douglas-fir. In their study, a substantial differ-

Table 1 Estimates of outcrossing (multilocus) and their 95%
confidence intervals for seed samples collected from the
upper and lower crown and their combined data from cooled
and uncooled genetically similar Douglas-fir seed orchard
blocks

Cooled Uncooled

Upper crown
Number of trees
Number of seeds

1.039 0.005
69

1258

1.037 0.00 1
76

1424

Lower crown
Number of trees
Numberof seeds

1.058 0.003
70

1285

0.972 0.02 1*
73

1375

Combined data
Number of trees
Numberof seeds

1.065 0.00 1
72

2543

0.977 0.013*
77

2801

*Rejection of the null synthesis that t= 1.00 at P <0.05.

ence in mean filled seed per cone between selfing (1.2
seeds) and outcrossing (31.6 seeds) was reported. If the
inbreeding level in cooled orchards is expected to be
higher than in the uncooled ones, due to the compac-
tion of the pollination season, then it should also be
expected that the amount of inbred filled seed available
for census is higher in the former than the latter. Con-
sequently, higher levels of inbreeding should be
detected in cooled orchards than uncooled ones if a
large sample size is used. In the present study, a large
seed sample size was intentionally used to address this
point (Table 1). A comparison of the average filled seed
set per cone between cooled and uncooled blocks
failed to show any significant difference, indicating that
a reduced seed set, due to the present selfing level in
the orchard, is not a factor (El-Kassaby et a!., 1990a).
Furthermore, a comparison of the germination para-
meters and percentage of abnormal embryos between
the two treatments also gave no significant differences
(El-Kassaby eta!., 1990b).

The amount and type (related or unrelated) of
pollen and pollination timing are all important factors
that affect the reproductive biology of Douglas-fir
(Allen & Owens, 1972; Owens et a!., 1981; Owens &
Simpson, 1982). Douglas-fir, like most conifers, has
ovules that bear several egg cells [4—6 eggs per ovule
(Allen & Owens 1972)]. Most of the eggs are fertilized
by different male gametes generated from different
pollen grains to produce embryos with different geno-
types. Through early competition and selection only
one embryo per ovule reaches maturity. It appears that
the amount of pollen is one of the critical factors affect-
ing the outcome of fertilization. If pollen is in limited
quantity, ovules may contain only one pollen grain and
would not benefit from the competition and selection.

First-pollination primacy in conifers was first
hypothesized by Franklin (1974) and was demon-
strated experimentally for Douglas-fir by Owens &
Simpson (1982) and Webber & Yeh (1987). Webber &
Yeh (1987) have indicated that the effectiveness of the
second pollination is lower than the first pollination,
even when the second pollination occurs 5 mm after
the first pollination. Thus, it is apparent that the
amount and type of pollen and the time of pollination
all affect the genetic make-up of the seed produced.

In cooled orchards, the pollination period is com-
pacted and the pollen production is high. Con-
sequently, an adequate amount of related and
unrelated pollen lands on receptive conelets. There-
fore, competition and early zygotic selection favour
outcrossed over selfed embryos. On the other hand, in
uncooled orchards where the pollination period is
extended (i.e. fewer males contributing at any one
time), related pollen may have the chance to be the first
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to land. Consequently, related embryos can be
produced even after competition and selection. The
same situation applies for lower crowns in uncooled
orchards, where selfed-pollen has a greater chance to
be the first to land due to the relative position of male
and female cones on the tree.

The compaction and delay in the pollination period
following cooling was beneficial in reducing pollen
migration from outside sources (El-Kassaby & Ritland,
1 986a) and in producing a homogeneous outcrossing
pollen pool throughout the pollination season (El-
Kassaby et a!., 1988). El-Kassaby & Ritland (1986b)
have demonstrated that pollen migration from outside
sources has increased the observed outcrossing rate as
every successful contamination event is an outcrossing
rate event. Under cooling, the rate of pollen migration
is minimized and the obtained high outcrossing rate in
the treated block could only be explained by early
zygotic selection that favoured the outcrossed
embryos. In the uncooled orchards, if the rate of pollen
migration is high, then the observed significant
inbreeding is underestimated. In a study designed to
estimate the temporal variation of the mating system
over 3 years (1984—1986) (Y. A. El-Kassaby &
R. Davidson, unpublished observations), it was
estimated that the rate of pollen migration to the stud-
ied uncooled block was very low or non-existent spe-
cifically for the 1985 season, thus providing a unique
opportunity for comparison. Therefore, the observed
significant (P< 0.05) selfing rate for the combined
estimate, and more specifically the lower crown in the
uncooled block, is caused by the selfed or related
pollen primacy. The distribution of male and female
cones in conifers (Sarvas, 1962) suggests that there
may be crown stratum differences in the genetic com-
position of the pollen pool.

The outcrossing rates of several plant species have
revealed marked differences under different environ-
mental conditions (cf. Clegg, 1980, for review). This
study represents the first report on the influence of
pollination environment manipulation on the outcross-
ing rate. The observed significant increase in outcross-
ing rate in the cooled block represents an added
practical significance to the cooling treatment in Doug-
las-fir seed orchards.
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