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Summary

A successful technique for self-pollination of Eucalyptus
regnans was developed. Of 14 trees examined 13 were de-
finitely self-fertile to some extent. However, the numbers
of viable seed set from self-pollination per 100 flowers and
per capsule were on average less than from open-pollina-
tion or cross-pollination and were highly variable from
tree to tree.

In a field trial comparing four selfed families, four open-
pollinated families and one outcrossed family the growth
of the selfed families was not significantly different from
the others until after two years. By 13 years the selfed
families were suppressed and many trees had died, in
contrast to the vigorous growth and high survival of the
outcross. The growth and survival of the open-pollinated
families were intermediate between the outcross and the
selfed families. Implications for the eucalypt breeder and
plantation grower are discussed. It is suggested that the
results support the contention that the mixed breeding
system of this species is maintained by selection against
inbred trees through self-thinning of the stand.

Key words: Eucalyptus regnans, self pollination, self fertility, in-
breeding depression.

Resumé

On a développé une technique réussie pour l'auto-polli-
nisation d’Eucalyptus regnans. Sur 14 arbres étudiés, 13
étaient nettement autofertiles dans une certaine mesure.
La quantité de semis par 100 fleurs et par capsule produite
aprés l'auto-pollinisation était cependant en moyenne
moindre que celle résultant de la pollinisation ouverte ou
de la pollinisation croisée, et variait considérablement d’'un
arbre a l'autre.

Au cours d’'un essai pratique dans lequel on a comparé
quatre familles autofécondées, quatre familles a pollini-
sation ouverte et une famille outcross, la croissance des
familles autofécondées ne différait pas significativement
avant I'Age de deux ans de celle des autres groupes. A 13
ans les familles autofécondées étaient supprimées et beau-
coup d’arbres étaient morts, ce qui contrastait a la crois-
sance vigoureuse et au taux élevé de survie de la famille
outcross. En ce qui concerne la croissance et le taux de
survie, les familles & pollinisation ouverte occupaient une
position intermédiaire entre les familles outcross et les
autofécondées. On discute les implications pour les sélec-
tionneurs d’eucalyptus et les exploitants des plantations.
On propose que les résultats soutiennent la thése que le
systéme a sélection-mixte de cette essente se maintienne
par une sélection dépendante de la densité contre des arb-
res consanguins pendant les premiéres phases végétatives
du cycle vital.

Zusammenfassung

Ein erfolgreiches Verfahren zur Selbstbestidubung von
Eucalyptus regnans wurde entwickelt. 13 von 14 unter-
suchten Biumen waren mit Sicherheit bis zu einem gewis-
sen Grad selbstfertil. Allerdings war die Zahl der lebens-
fihigen Samen pro 100 geselbsteten Bliiten und pro Kap-
sel im Durchschnitt niedriger als nach freier Abbliite oder
Kreuzung, aber die Unterschiede von Baum zu Baum wa-
ren sehr hoch.
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In einem Feldversuch mit vier Selbstungsfamilien, vier
aus freier Abbliite hervorgegangenen Familien und einer
Kreuzungsfamilie war das Wachstum der Selbstungsfami-
lien in den ersten 2 Jahren nicht signifikant von den ande-
ren Familien verschieden. Nach 13 Jahren waren die Selb-
stungsnachkommen aber im Vergleich zu dem kréiftigen
Wachstum und der hohen Uberlebensrate der Kreuzungs-
nachkommen unterdriickt und viele Bidume davon abge-
storben. Das Wachstum und Uberlebensprozent der aus
freier Abbliite hervorgegangenen Familien lag zwischen
den Selbstungs- und Kreuzungsfamilien. Folgerungen fir
die Eukalyptusziichter und Plantagenpflanzer werden dis-
kutiert. Diese Ergebnisse scheinen die Behauptung zu un-
terstiitzen, daBl das gemischte Breeding-System dieser Art
durch die Selektion gegen ingeziichtete Biaume auf dem
Wege einer natiirlichen Liuterung erhalten wird.

Introduction

To develop sound breeding strategies it is necessary to
understand the reproductive biology and breeding system
of a species. The consequences of inbreeding are parti-
cularly important as they influence choice of breeding
population size and seed orchard design.

Most conifer species, if self-pollinated, set some seed but
the resulting progeny show inbreeding depression for early
survival and growth rate (LiBBy et al. 1981). However under
normal conditions where mixed self and outcross pollina-
tion occurs lack of viability of inbred zygotes may still
lead to a high effective crossing rate. For example Pinus
radiata D. DonN is a self compatible species (Pawsey 1964)
but Moran et al. (1980) estimated an outcrossing rate (t) in
excess of 0.90 in a clonal seed orchard of this species. For.
practical purposes the conifer breeder and seed orchardist
may therefore be able to ignore the effects of the most
severe form of inbreeding, self-fertilization.

By contrast the few eucalypt species which have been
investigated to date appear to be more self-fertile than
conifers under controlled self pollination (Pryor 1951, Gui-
MAarAEs and Kerr 1959, ELpripce 1970, Hopcson 1976).

Eucalypts have also been shown to produce a significant
proportion of inbred progeny under open pollination. Using
six morphological markers Hodgson (1976) estimated self-
ing rates of about 30% (10% to 38%) for 5 trees of Eucalyp-
tus grandis HiLL ex MAmpeN. ErpripGe (1970), using a mar-
ker with ‘curled’ leaves, estimated that 28% of the pro-
geny from the lower part of the crown of a large tree of
E. regnans F. MueLL. were selfs.

Recent studies using allozyme polymorphisms in germi-
nating seed and young seedlings have led to the following
estimates of effective outcrossing rates (t) between 0.69
and 0.84 in natural populations of nine eucalypt species
(MoraN and Berr 1983).

The consequences of such a proportion of inbred indi-
viduals in open-pollinated progenies in terms of crop
productivity and uniformity, or indeed for the breeder
who wishes to screen selections by testing open-pollinated
progeny, will largely be determined by the extent and
variability of inbreeding depression expressed in each spe-
cies.

Silvae Genetiea, 32, 5—6 {1583)



Figure 1. — Pollination of tree no. 184 on a roadside near Jeer-
alang in 1965 using silk organza bags and sleeves.

E. regnans (mountain ash) is an important timber tree
in southeastern Australia (HaiL et al. 1970). Breeding sys-
tem studies of the species were commenced in 1962 near
Traralgon, Victoria, on roadside trees (Fig. 1) scattered
over a distance of 6 km in a continuous natural popula-
tion. This paper reports some early studies designed to
develop suitable controlled pollination techniques, assess
levels of self-fertility in naturally occurring individuals,
and to test selfed, outcrossed, and open-pollinated pro-
genies in the field.

Controlled Pollination Technique

At the time work began (1962) techniques for reliable,
efficient controlled pollination of eucalypts were not well
developed. Kruc and Avrves (1949) had used paper bags in
unsuccessful attempts to self-pollinate seven species in
Brazil. Pryor (1951) found that muslin or organdie bags
had less harmful effects on flower development and ob-
tained selfed seed from hand pollination of emasculated
flowers. Subsequently Guimaraes and Kerr (1959) and Pryor
and Bopen (1962) used bees and blowflies as self-pollinating
agents on bagged, unemasculated, flowers.

During the 1963—66 flowering seasons silk organza and
cotton organdie bags were used for isolating flowers, and
unwoven terylene was tested in 1967. The latter effectively
excluded all pollen (as judged by lack of seed set on emas-
culated bagged flowers, Table 1), but the silk and cotton
bags did permit some contamination. The pore size of the
organdie was approximately 150 u, considerably larger
than the diameter of E. regnans pollen, 20 to 23 u (Pike
1956). Unwoven terylene was successfully used for the first
time in 1967 (Table 1).

Table 1. — Test of contamination through bags. Emasculated
flowers enclosed: O organza or organdie bags (1963—6), T unwoven
terylene (1967).

Material Flowers Mature Seed Seed Seed per
enclosed capsules germinated per capsule 100 flowers
[o] 1110 51 40 0.8 3.6
154 0 1] 0 0

Experience has shown that, where flowers are some
distance from the growing tip, foliage damage is reduced
if the bag is opened at the distal end and applied as a
sleeve. Sleeves of loosely woven cotton fabric supported
by a wire spiral are used in controlled pollination of E.
grandis (vaNn Wyk 1977). Unwoven terylene bags and sleeves
have been used successfully in all subsequent E. regnans
pollination studies (e.g. GrirrIN and Hanp 1979).

Self-Fertility Studies

Capsule and seed yields were determined following three
alternative methods of selfing (A, B, C), cross pollination
of emasculated flowers (D), and open pollination (E). Pooled
results by treatments over all test trees and seasons are
given in Table 2. It should be noted that, because of the
type of bag used, data collected in 1963—66 are subject to
about 5 to 10% contamination (Tables 1 and 2), but such
bias should apply equally to all treatments.

The data in Table 2 indicate that the percentage of
flowers developing into mature capsules is apparently
little affected by pollen source but on average a higher
yield of viable seed per capsule is obtained from outcros-
sing compared with self pollination. Treatments A (2.3
seeds/capsule) and D (4.3 seeds/capsule) most directly bear

Table 2. — Seed set from self- and cross-pollination. Data combined
from four seasons of pollination, 1963 to 1967.

E

Treatment A 8 C D

selfed selfed selfed, flies crossed open-

emasculated not emasc. not emasc. emasculated  pollinated

Number of trees
providing data 4 11 6 3 4
Number of bags 19 85 19 19 -
Flowers 402 2500 943 321 937
Mature capsules
per 100 flowers 20 15 13 15 18
Seed germinated
per mature capsule 2.3 2.8 4.0 4.3 2.8
Seed germinated w2 » % -

per 100 flowers 47

on this point (Table 2). Open-pollinated seed yield in the
trees sampled was similar to that from selfing.

Among the three selfing treatments hand pollination (A)
resulted in lower seed set than that which occurred when
un-emasculated flowers were bagged and allowed to pol-
linate through the action of gravity and wind movement
(B). Support for the proposition that pollen can move with-
in a bag of un-emasculated flowers comes from the occasio-
nal observation of pollen on leaves in the lower crown of
E. regnans trees. Evidently pollen of this species can fall
under the influence of gravity in some weather conditions.
A possible explanation for the low seed set for treatment
A is that the hand pollination was not carried out at the
optimum receptivity stage for each flower (GrirrIN and
Hanp 1979), whereas in treatment B variation in develop-
ment rate of individual flowers (GrirriN 1980) would ensure
that pollen would be present when all but the last stigmas
were receptive.

The technique developed by Pryor and Bopen (1962)
using blowflies (Calliphora auger F.) (treatment C) as pol-
len vectors inside isolation bags, appeared to result in
some increase in selfed seed set. However, subsequent
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Table 3. — Variation between trees in seed set following self-polli-
nation of 14 E. regnans trees. Data combined from 4 seasons of

pollinations, 1963 to 1967, and from self-pollination treatments
(A, B, C Table 2).
Tree No. of No. seasons No. of Mature Viable seed yield
number bags self flowers capsules|
attempted enclosed per 100 | Total per per per gram of
flowers capsule 100 flowers seed + chaff
181 20 4 941 3 12 0.9 3 160
182 6 2 202 42 24 0.3 16 S0
183 6 2 184 7 12 1.0 7 150
la4 18 4 810 20 280 1.8 34 170
185 6 2 159 0 0 - - -
186 2 1 50 2 4 4.0 8 570
187 6 2 185 34 14 1.1 28 200
188 4 1 166 10 18 1.5 17 130
189 16 3 520 39 975 4.7 180 420
191 16 3 679 3 46 3.1 10 410
192 16 2 475 7 240 6.9 51 720
193 20 1 458 6 45 1.5 10 130
194 4 1 101 9 4 0.6 4 60
195 1 1 25 28 5 0.7 20 60

work confirmed that treatment B was quite adequate for
determining relative self fertility of individuals in this
species, and for obtaining adequate seed for genetic stud-
ies. This treatment (B) is extremely simple as no emascu-
lation is required and each bag is only handled twice: for
application and removal. The additional trouble of obtain-
ing and inserting pollen-free flies is therefore not justified.

The average germination per gram of seed plus chaff
was 280 from self-pollination (A, B, C combined), 327 from
open-pollination (E) and 445 from cross-pollination (D).
Although on average selfing led to reduced seed yield,
wide tree to tree variation was evident (Table 3).

Of the 14 trees tested four yielded more selfed seed per
capsule than the open pollinated average of 2.8 seeds (Ta-
ble 2) and are considered highly self fertile, while nine
produced lesser quantities of seed. Only one tree (185)

a

181) left and self-pollination (193 X 193) right at 9 years.

produced no capsules or seed. Although selfing was at-
tempted in two seasons the tests were not considered suf-
ficient to clearly indicate that tree 185 was completely
self-sterile.
Growth and Survival of Selfed Progenies
To evaluate the consequences of selfing on subsequent
growth and survival of progeny, selfed, controlled outcross
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lang, Victoria (latitude 38° 27’ S, longitude 146° 28’ E, alti-

and open-pollinated seedlots were raised. Because of prob-

-lems in the nursery only four selfed fam

tude 600 m) in August 1969 on a high quality E. regnans

ies were avai-

ili

site with an annual rainfall of approximately 1300 mm. The
nine families were laid out in a randomised complete block

lable for planting, together with four open pollinated seed-

lots from the same parent trees and one outcrossed fami-
ly (193 X 181) (Table 4). The trial was planted at Jeera-

th six-tree row plots at a spacing of 2.7 X 24 m

ign wi

des
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(1490/ha) and four replications. Each tree was fertilized
with 50 g urea six months after planting and initial sur-
vival was excellent. At six months only 5 of the 216 seed-
lings had died (Table 4). After 9Y/: years the three tallest
trees in the trial averaged 27 m.

In the first two years the selfed families grew only
slightly more slowly than the open and cross-pollinated
families, but by five years there were large and highly
significant differences between families in survival, height
and diameter (Table 4). By 12Y/2 years the trend to suppres-
sion among the selfs had increased to the extent that there
were fewer than 25% of the trees surviving in three of
the four selfed families, and the cross-pollinated family
was outstanding (Fig. 2). At 12Y/2 years 79% of the 24 trees
planted in the cross-pollinated family were classed as do-
minant or codominant (compared with the stand as a
whole), only one was suppressed and one dead. The four
open-pollinated families-also decline& in cbmparison with
the cross-pollinated family, but not so much (Table 4).

As an index of inbreeding depression the ratio (S-0)/O
was calculated, expressing the difference between selfed
(S) and open-pollinated (O) families. By this index in-
breeding depression was evident in all traits. Inbreeding
depression for survival increased greatly with age. In-
breeding depression for height and diameter did not in-
crease with age, reflecting this variation in mortality —
more suppressed selfs died leaving the larger selfs as sur-
vivors.

There are indications of considerable variation between
parents in inbreeding depression of their progeny. For
survival at 12!/2 years the selfed progeny of tree 189 were
much better than trees 192, 184 or 193 (Table 4). Also the
selfing of tree 189 produced more seed per capsule and per
100 flowers than from selfing other trees (Table 3) or from
the average of crossing or open-pollination (Table 2).

Stem and branch quality of selfs at nine years was on
average less than that for open-pollinated families, but
the differences were not statistically significant.

At 9 and 12Y2 years the proportion of trees in four crown
classes was visually assessed. The combined data for domi-
nant and codominant trees, and subdominant and suppres-
sed are illustrated in Figure 3. The percentages were cal-
culated in relation to the number of trees planted. The
outcrossed family had 79% dominant and codominant trees
at 9 and 12/: years while the selfed families had 20% at 9
years and 13% at 12Y/2 years. The percentage of dominant
and codominant trees also decreased from 9 to 12Y: years
in the open-pollinated families, from 59% to 50%.

The largest diameter tree in the selfed families was 29.5
cm at 12Y/: years, while 30% of the trees in the outcrossed
family and 20% in the open-pollinated families were of
larger diameter than this. '

Discussion

The results presented here of the first investigations of
the effects of selfing in E. regnans have several important
implications for seed collection, breeding programs, and
the population genetics of this species.

The structure and post-anthesis development of the
flower of E. regnans may reduce the chance of autogamous
pollination (GrirriNn and Hanp 1979) but there is certainly
no effective barrier to geitonogamy (pollination between
different flowers of the same tree). A receptive stigma
may therefore receive self pollen and outcross pollen in
varying quantities according to factors such as vector ac-
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tivity, stand structure, heaviness of flower crop, and phe-
nology. A highly self-fertile tree which is physically iso-
lated from other individuals or which flowers out-of-step
with adjacent trees may therefore be expected to produce
a very high proportion of selfed seed, and consequently
progeny with reduced viability and growth rate. Isolated
open-grown trees are particularly attractive as sources of
bulk quantities of seed for plantation establishment, but
losses in productivity due to inbreeding will far outweigh
the short-term benefits of reduced seed collection costs.

The variable levels of self fertility which we have de-
monstrated also complicate interpretation of progeny and
provenance test results. If open-pollinated seed is used
in an attempt to rank families for general combining abi-
lity (e.g. EwpripGe 1972) then the mean performance of
each family will be a function of breeding value and the
(unknown) degree to which it is inbred. The common prac-
tice of assuming that open-pollinated progenies are sets
of half-siblings is obviously inappropriate for a species
with a mixed breeding system, so one must also make
some other assumption about the average degree of re-
latedness of progenies if derived estimates of additive ge-
netic variance are to be unbiased (NamkooNG 1966).

For eucalypts it seems necessary to explore alternative
methods of progeny testing. Barker and Liey (1974) dis-
cuss consequences of basing analyses on progeny per- -
formance following culling of plants showing the most
severe inbreeding depression. This technique could per-
haps be applied to open-pollinated progenies or to selfs,
which can be produced quite cheaply by using method B
(Table 2). We will have a better understanding of the op-
tions available following assessment of a more comprehen-
sive series of controlled outcrosses, selfs, and open-pol-
linated progenies planted in 1979.

It is common practice in Brazil and elsewhere to at-
tempt to remove inbred eucalypt seedlings by heavy cul-
ling in the nursery (Guimarags 1961). The gradual progres-:
sive expression of inbreeding depression observed in this
experiment and also reported for E. camaldulensis DeuNH.
(VenkaTEsH and VaksHasya 1977) and E. grandis (Hopgson
1976, van Wyk 1981) suggests that such a procedure is un-
likely to be very effective.

It would be better to reduce the proportion of selfed
seed produced by selection and/or improved seed orchard
management practice. Our data suggest that in E. regnans,
as in E. grandis (HopcsoN 1976), there are opportunities to
select trees which have low self-fertility or alternatively
those which are self-fertile but whose progeny do not
show severe inbreeding depression. The level of outcros-
sing in orchards could be increased by matching flowering
times, establishing more than one genotype at each spot
(Hopbgson 1976) and by ensuring that the orchards are
located where pollen vectors are highly active.

Finally the results shed some light on the question of
the mechanism whereby eucalypt species are able to main-
tain a mixed breeding system (Brown et al. 1975). In the
absence of a net heterozygote advantage, genes for self-
fertility should become fixed in a population (FisHer 1941,
Arrarp et al. 1968), yet the repeated estimates of outcros-
sing rate (t) of about 0.7 to 0.8 across a range of eucalypt
species (MoraN and BeiL 1983) suggest that the system is
in equilibrium. If our progeny test is considered to ap-
proximate a naturally regenerating stand of E. regnans
then the observed mortality rate (Table 4) of selfs re-
presents differential selection against inbred genotypes



during the early pre-reproductive phase of the life cycle.
In nature competitive effects are likely to be even more
severe as our trees had the benefit of a wide spacing during
establishment. AsuronN (1976) quotes estimates of over 2
million germinants per hectare following fire generation
of E. regnans, decreasing to about 40 trees per hectare in a
fully stocked stand at maturity (200 years). In such stands
the probability that any particular genotype will survive
to maturity might therefore be sensitive to very small
differences in competitive ability.

It is important to note that if such selection, coupled
with density dependent mortality (Hareer 1977), is a ma-
jor determinant of population structure, then in a situation
where regeneration is poor or seed widely distributed,
some selfed progeny of E. regnans may be quite capable
of successful growth and reproduction. At age 12Y: years,
13% of our selfs were classified as dominant or codominant
(Figure 3), despite the increasing competition from the
other plots.

Conclusions

The series of observations reported in this paper (to be
followed by as yet unpublished results from more com-
prehensive experiments planted in 1979) suggest that the
eucalypt breeder and plantation grower must consider de-
veloping positive strategies for minimising the deleterious
effects of inbreeding on growth rate. It is suggested that
under natural regeneration conditions selection by self-
thinning of the stand, operating in favour of more vigo-
rous outcrossed individuals, is an important mechanism
for maintaining the mixed breeding system of the species.
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Short Note: Multiple Populations and Sublines

By R. D. Burpont!) and G. NamkoonG?)

(Received 1st October 1982)

Summary

Multiple populations and sublines are two concepts
that have developed in recent years for tree breeding. They
relate to subdividing breeding populations, and are defined
as follows: multiple populations represent different selec-
tion criteria, to ensure that at least one such population
will correspond roughly to any future selection goal; sub-
lines represent replicate breeding populations that can
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be intercrossed to ensure completely outbred offspring at
any time in the future.

Key words: tree breeding, breeding populations, breeding strate-
gy, multiple populations, sublines.

Zusammenfassung

Multiple Populationen und Sublines sind zwei Konzepte,
die in den letzten Jahren fiir die Pflanzenziichtung ent-
wickelt worden sind. Sie lassen es zu, Ziichtungspopulatio-
nen zu unterteilen und werden wie folgt definiert: multip-
le Populationen stellen verschiedene Selektionskriterien
dar, um sicherzustellen, da am Ende eine solche Popu-
lation annidhernd jedem =zukiinftigen Selektionsziel ent-
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