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Summary

The effect of self pollination (zelfing), cpen-pollination (OP)
and coniroiled cross pollination {cutcrossing) on progeny of 11
Euealvptus globulus ssp. globulus seed parents was examined
from seed set to 43 months after planting. Selfing severely
depressed seed set and field growth relative to outcrossing. No
effect was found on germination percent and rate, nursery and
field survival nor the proportion of plants possessing adult
foliage or flower buds. Inbreeding depression for height first
securred between germination and 8 menths after planting but
seeurred later for diameter. There was a trend for inbreeding
depression to increase with age. The performance of OP fami-
lies was intermediate between self and outcross treatments but
was only significantly different from outcrossing for volume at
43 months after planting. Selfing alsc appeared to increase
variation between and within families relative to outcrossing.
The results are discussed in terms of the biology and genetics
of the species and the relevance to tree improvement programs.

Kev words: inbreeding depression, selfing, genetic variances, open-pol-
lination, progeny iesting, tree bmprovement, Fuealypius globulus,
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Intreduction

A knowledge of the effects of inbreeding can be important in
tree improvement programs. On the one hand, potential genet-
ic gains may be compromised by Inbreeding depressicn
(MESKIMEN, 1983; GrIFFIN, 1989); on the other hand, employing
inbreeding offers benefits not otherwise available {BARKER and
1iEBY, 1974; GULLEERG and Kang, 1985; LINDGREN, 1975, KanG
and NIENSTAEDT, 1987; GRrIFFIN and COTTERILL, 1988; NAMKOONG
et al.. 1988). Theory also predicts that inbreeding may change
the distribution of variation within a population [ROBERTSON.
1652 WEIR and COCKERHAM, 1977), vet this effect has received
littie attention in forest trees (e. g SORENSCN and WHITE, 1833).

The reproductive system of eucalypts offers ample opportu-
nity for self pollination {GRIFFIN and Hanp, 1979; FLDRIDGE ef.
al., 1983). The effects of selfing in eucalypts have been reported
to include reduced seed ser (Hobagsow, 1978a; Pryor, 1978;
GRIFFIN ef af., 1987; Porrs and Savva, 1988a; SEDCLEY and
SmrrH, 1989; SEoeLEY et al. 1988; Tissirs, 1989), decreased
germination percent {ELDRIDGE, 1978; ELDRIDGE and GRIFFIN,
1983}, increased {requency of abnermal phenotypes (FODGSON,
1076b: PoTTs et al., 1987), depressed field growth and vigour
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{Hopasoy, 1976h; van WyK, 1981; ELprIDGE and GRIFFIN, 1883;
PovTs et ¢f., 1987; GrirrIN and COTTERILL, 1988) and decreased
nursery and feld survival {ELpRIDGE and GrierbIN, 1983; PaTTs
et al., 19871,

in this paper, the effects of inbreeding in E. globuius LaBiiL.
28p. globulus are examined from seed set up to 43 months after
planting in the field. The species is widespread in the lowland
forests of Tasmania (JOrRpaAN ef of., 1993) and is important in
breeding programs, both in Australia and internationally
(VOLKER ef, af., 1950), However, with the exception of seed sot
(Porrs and Savva, 1988b), the conseguences of nbreeding on
the performanee and genetic variance in this species have not
been reported.

Materials and Methods

Crossing design and fechnigues

In late 1986, 4 pollination treatments {assisted outcrossing,
assisted self pollination, unassisted self pollination and unas-
gisted open-pollination), were undertaken on 11, mainly orna-
mental, trees of £. globulus ssp, globulus prowing near Hobart.
The ornamentals were of unknown origin and most were grow-
ing in a linear roadside planting at the Hobart Airport. There
were at least 4 to 5 ssp. globulus trees within 100 m of each
female allowing the opporsunity for natural outcrossing,
although this may have been less than that expected in natural
stands. The assisted ouleross and the assisted self pollinacion
treatments were undertaken by emasculating anthers at the
stage of operculum lift prior to the stigma becoming receptive
and then isolating with a Teryviene bag tsee TIBBITS, 1989). Six
to 3 days afier emasculation, when the stigmas were receptive,
bags were brielly opened and pollen appled to the stigmas
with a mateh stick, Pellen was collected at anthesis and stored
at ~18°C in a freezer until required. The pollen used lor assist-
ed outerossing was a poly-mix from 5 parents growing in a
natural population near Prociors Road, Hobart, and was un-
likely to be related Lo the female parents. Unassisted self polli-
nation involved bagging unopened flowers. Flowers for the
unassisted open-pollination (OP) treatment were tagged at the
same lime as the ather pollination treatments.

Bxperimenial design and measurement

Seed set

The number of flowers for each pollination treaiment was
counted immediately afier applying the tfreatment. Mature
capsules were harvested 12 months after pollination and the
numbers of viable (filled} and inviable (collapsed) seeds per
capsule were counted. The number of viable seeds per pollinat-
ed flower, the number of viable seeds per capsule, the total

number of seeds [viable+inviable; per capsule and the ratio of

viable seeds to total seeds (seed viability) were caleulated.

Germination and nursery survival

Controlled germination tests were undertaken at 22°C with
seeds that were classified on appearance as viable. Seeds from
the 2 self pollination treatments (assisted and unassisted) were
pooled into a single cross type, selfing. Each day the number of
newly germinated seeds was counted. From this information,
the daily cumulative number of germinated seeds was caleulat-
ed. Germination capacity was calculated as the percentage of
viable seed that had germinated by 25 days after the start of
the germination tests, The rate of germination was quantified
as the time taken (o reach 10%, 50% and 90% of germination
capacity by knear interpolaticn. Germinants were planted into
pots in a greenhouse and survival within each family was

recorded at 4 months after germination when plants were
transferred outdoors for hardening.

Field Trial

A field trial was established in 1988 with heaithy 7 month
old plants from the nursery. Thers were five blocks. Within
each block, OP and ocuteross progenies were planted in a differ-
ent sub-block to the selfs so0 as to eliminate competition effects
between progenies from markedly different cross types. Within
each sub-block, families were allocated randomly to plots of
three trecs. Trees were planted at 3 m x 3 m spacing. Survival
of each plant was recorded at 2, 8. 19 and 43 months after
planting, and plot survival was calculated as the propoertion of
planted individuals alive per plot. Diameter {3} was measured
on surviving plants at 0.1 metres above ground at 8 and 19
months and at 1.3 m aé 43 months. Total tree height {H) was
also measured at these ages, Conie volume 1/12. 7. D2 H) av 43
months was caleulaied for each tree. The presence of adult
foliage and the presence of flower buds were also ussessed for
each tree at 43 months and expressed as a proportion of the
individuals alive per plot.

Survival up to 43 months after planting

Cumulative survival was examined ab seed set, germination,
4 months after germination and at 43 months after planting by
calculating the number of individuals alive per 100 flowers
crossed. If a family was not present at any of these stages, then
the survival ratio for that stage was set ta zero. The number of
Families present at each stage was also caleulated for each
Cross type.

Statistical Analysis

Several models were used to test the effect of inbreeding on
the trait means (Table 1). The 4 levels for pollination type (PT}
were assisted outcrossing, assisted self pollination. unassisted
self pollination and unassisted OP. For cross type (CT), there
were 3 genetically different treatments; outerossing, OF and
selfing {the progenies from assisted and unassisted sell pollina-
tion being combined into 1 cross type). I an entire level of a
fized effect (pollination type or cross typel was missing for a
temale for a trait, all families for that female were excluded for
the analvsis of that trait. An analyeis of variance was under-
taken with the GLM procedure in the statistical package S5AS
(SAS, 1988} to test the assumplion that the residuals were nor-
mally distributed, check the assumption of homogeneity of resid-

‘whle 1.~ Models used in the analvses of inbreeding effects in Eucalvp-
tus globulus ssp. glopulus. (PT = pollination type ifixed;, Female =
female parent jrandom|, Rep = replcation, block jrandom|, CT = eross
type fixed).

Trait Model
Seed set (13 Y=+ PT + Female + ¢
{ermination, {2) Y = 4+ Rep + CT + Femaie + Rep.CT + Rew Female

Field dismeser, height. + CT.Female + Rep.CT.Fernaie + ¢

velume

Narsery suarvival, (Y =+ CT + Female + ¢

Cumulative sorvival

Field Survival, Buds, i) ¥ =+ Rep + CT + Female + Rep.CT + Rep.Female

Adult foliage (43 months) + CT.Female + &

Variatiop within each £5) Y = U + Rep + Female = Rep Female + ¢

cross type




ual variance and test the significance of the factors for each
model. The response variable was transformed to an opiimal
scale if the residual variance was not normally distributed or
exhibited a trend against the fitted vahies. The transforma-
tions examined were logarithmic, square roct, sguare and, for
proportions, arcsin. For unbalanced designs with missing fac-
tor combinations, it was not possible to test contrasts with the
GLM procedure. Therefore, to specifically tesi the difference
between assisted self pollination and assisted outcroszing for
seed set, and between selfing and outcrossing for the other
traits, a GLM analysis was undertaken with the data restrict-
ed to the respective pollination treatments or cross types.

Best linear unbiased estimates of pollination treatment or
cross type means and standard errors of the difference between
estimates were caleulated using Restricted Maximum Like-
lihood (REML) in Genstat (GENSTAT, 1991) and a test for the
least signifieant (p « 0.05) difference between effects was con-
structed, Relative inbreeding depression due to self pollination,
for seed set, and selfing for the other traits, was calculated as:

1D = [(0utX - SelfyOutXi+ 100, 1)

where OutX and Self were the mean estimates of assisted out-
crossing and assisted self pollination or selfing and outerossing
respectively {GRIFFIN and Correrits, 1988). Inbreeding depres-
sion due to open-pollination was calculated by replacing the
mean of self pollination {or selfing) with the OP mean.

The effect of inbreeding on the variation within and between
families was examined for diameter, height and volume at 43
months using medel 3 (Table I) within each cross type. The
significance of each factor was tested with GLM as detailed
above. Variance components and their respective standard
errors were estimated and the effect of sach female parent
were predicted (BLUP) using REML. Total phenotypic varia-
tion was obtained by summing the variance components for
female, female x block interaction and the residual.

Results and Discussion
Inbreeding depression

Seed set, germination and nursery survival

Of the 44 possible mating combinations oniy 1 assisied self
poltination and 1 assisted outcrossing pollination treatment,
from different females, failed to produce any seed. All seed set
traits were significantly affected by pellination type (Thble 2,
The contrast of assisted self pollination against assisted out-
crossing was highly significant (p < 0.01) for all traits except
the number of capsules per flower and total seeds per capsule
(Table 2 and \3). Assisted zelf pollination resulted in significant-
ly less viable seeds per flower and per capsule ip < 0.041, ID =
T4%3, less total seeds per capsale {p < 005, ID = 7%} and

Tuble 2. — Probabilities for the signifieance of the effect of pollination treatment and female
parent on 5 seed set traits, and the effect of pollination treatment when analyses were re-
stricted to assisted self pollination and assisted outernssing (Selfy, v Outiyg). (Transforma-

tions are shown in parentheses).

Source of Variation

Seed Set Traits Pollination Female (Selfys v
ransformanon Treatment OutX g0
Capsules/flower {mnone) 0.0t 0.01 0.03
Viable seeds/flower flnfx+ 4]} (.08 .00 0.00
Viable seeds/capsule flrfx+ 1]} 0.00 0.00 0.00
Total seeds/capsule flnfxs i} 0.04 0.03 0.02
Viable seeds/total seeds (i) 0.00 0.60 0.00

Table 3. - Back transformed pollination treatment means and inbreeding depression dueto
sssisted selfing for 5 seed traits. (Selfys = assisted seif pollination, OutXy; = assisted out-
crossing, Selfyy = unassisted self pollination, OPy, = unassisted open pollination, lines con-
nect means which were not significantly different at the p < 0.05 level, * = p < 6.05, ns = not
significant. and ID = relative inbreeding depression due to assisted salf pollination}

Poilination Type

Selfyn Selfzs OutXas OPyn D

transtormation
Capsules/flower none 0.4 0.4 0.5 0.7 B s
Viable seeds/flower finfx+1]) ] 1.2 4.3 4.7 T4 "
Viabie seeds/capsule finfx+.]) 1.4 2.1 8.4 7.0 74 %*
Total seeds/capsule {Infx+1]) 1.3 32 9.8 9.9 67 To*
Viable seeds/total seeds (x¢) 0.6 0.6 0.8 0.9 25 %"
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Figure 1. - Survival{percensi of planted seedlings at 2, 8, 19 and 43 months after plantingin
the field for outeross {at planiing, n = 68}, open-pollination {OP)in = 861 and self(n = 64} cross

types.

lower seed viability {p < .001, ID = 25%). The severe effect of
selfing an the number of viable seeds per flower and per cap-
sule is compurable 1o the selfing depression for the same traits
in E. gunnii {73%, Porrs and Savva, 1988a), E. nitens (T3%,
TIBBITS, 1989) and E. ovata (76%, Porrs and Savea, 1988a), but
lezg than that for E. morrisby: (90%, POTTs and Savva, 1988a),
E. grandis 187 %, Hopcson, 1976h) and E. woodwardii 195%,
SEpGLEY, 19891, and greater than that reported for K. urnigera
157%. Potrs and Savva, 1988al, E. regnans (7% to 47%,
ELDRIDGE, 1970; GRIFFIN ef al, 1887; SEnGLEY ef al., 1989} and
E. urophvila (11%, ELDRIBGE. 1978). The total number of
iviable+inviable) seeds per capsule most likely reflects the
number of fertilised ovules. Thus selfing in ssp. globulus
appears to result in both fewer fertilised ovules (total seeds per
capsuler and an increase in the rate of abortion of fertilised
oviles (ratio of viable seeds to total seeds),

No significant differences were ohserved between the effect
of assisted outcressing and unassisted open-pollination en seed
set (Tuble 3). However, this comparison may confound the
genetic alfect of different pollen type louteross versus a mixture
of outeross and inbred) with {i} mechanical damage to the
flower due to the emasculation and bagging procedure in the
assisted oulcrossing treatment {GRIFFIN ¢f af., 1987; TBBITS,
1989} and (i) differences in poilen load. Between 10% and 30%
of the seeds in OF families of eucalypts are expected to origi-
nate from self pollination (GRIFFIN et al., 1987; MORAN ¢ al.,
1989}, However, hecause OP seed yield per capsule was high
relative to outcrosses, OP zeed yield seems to be more influenc-
ed by the absence of emasculation or bagging damage than by
the genetic constitution of the polien. The influence of emasecu-
lation damage on seed yield may be reduced as controlled polii-
nation techniques are improved. The seed yield from assisted
and unassisted self pollination also did not differ significantly
for any seed set trait (Tkble 3). Although this suggests that dif-
ferences due to mechanical damage may be negligible, this
result could also be due to an increased pollen load counteract-
ing emasculation damage in assisted self pollination.

In contrast to the strong effect of selfing on seed set, there
was no significant effect of cross type on germination percent,
number of days taken to reach 10%, 530% or Y0% of total ger-
mination, nor on the proportion of germinants alive 4 months
after germination.

Survival and growth in the field trial

Survival was high for all cross types (Figure 1) and there
was no significant effect of ¢ross type on survival to 43 months
after planting. However, there was a clear trend with time for
the difference in survival between the OPz and outcrosses to
dacrease, and the difference between the outerosses and seifs to
increase. NLDRMGE and GRIFFIN (1983) found that in K. reg-
nans, significant inbreeding depression for mortality did not
anse until 5 years after planting. In E. gunnii, POTTS ef gl
(1987) reported significantly lower survival of progenies from
selfing relative to those from ocuteressing in the nursery and
after one vear in a feld trial.

There was significant (p < 0.05) inbreeding depression in
height and diameter by 19 months (Table 4). For height, there
was a marginal difference between szelf and outcross proge-
nies by 8 months after planting but inbreeding depression
oceurred later (19 months: for diameter Figure 2). For both

Tuble 4. - Probabilitiss for the significance of the cross fype and female
parent effects and their interaction on diameter, height and volume at
8, 19 and 43 months. Also shown is the probability for the significance
of the effect of cross type when the analyses were restricted to selfing
and outcrossing {Self v OuiX).

Source of Variation

Traits Cross Femaie Cress Type X 1Self v OutX)
Type Female

Height {cm)

& months .06 .00 0.38 0.10

19 months .03 0.09 0.64 0.04

43 momths 4401 21 .36 0.0z

Dameter (cm)

§ menths 014 0.5 .64 .33

19 manihs .64 0.09 0.52 9.04

43 months .02 19 .49 .04

Volume (m)

43 monrhs .61 011 (.48 .02
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traits, inbreeding depression tended to increase with age. At 43
months, inbreeding depression due to selfing was 26% for
height and 249% for diameter (Figure 2. At 43 months, the
effect of cross type on conic volume was significant (p < 0.05)
and inbreeding depression due to selfing was 48% (Figure 3}
OP progenies were intermediate between the self and oufcross
progenies for all traits at 19 and 43 months, but only differed
gignificantly (p < 0.05) from ocuterosses for conic volume at 43
months. Assuming that the outcross poilen in the open-pollina-
tion treatment was genetically comparable to the pollen used
in the controlled outcrosses, then the relative depression in
OPs is estimated to be 23%. For all traits, no significant effect
was detected for female parent nor the interaction between
eross type and female parent by the GLM analysis of variance.
Tn addition, the significance of the female effect tended to
decrease with time for height (Table 4). The exact significance
of the ANOVA tests for eross type elfects needs to be qualified,

however, as heterogeneity of residual and higher order
variances between cross types was found (Tuble 5 and later
discussion). There was no significant effect of cross tyvpe on the
proportion of plants possessing adult follage or flower buds at
43 months.

The failure to detect a consistent significant effect of inbreed-
ing due either to selfing or open-pollination until the second
vear after planting {19 months) accords with studies of E. reg-
nans 120 months after planting; GRIFFIN and COTTERILL, 1988),
E grondis (1 year after planting, Hoogson, 1976a; van Wyk
16813, and E. gunnii (1 year after planting; Ports ef of., 1987).
The levels of selfing depression observed for diameter, height
and conic volume at 43 months in £, globuius agp. globulus
were substantially greater than those reported for E. regnans
at a similar age (11%, 18% and 37 % respectively; GRIFFIN and
CoTrERiLL, 1988). This iz despite our estimates being in the
absence of competition between cross types whereas cross types

(a)
oo 7 Qutcross
] op
800 4
Self
T 600 4
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5 4004
200
G T 1
1] 10 26 30 40 50
months after planiing
selfing 17%° 2% " 26% ™
OF -2 % I8 3G 08 6 % N3
{b)
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s Ouicross
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Figure 2. - Estimates of cross type means for height (a) and dismeter (h) at 8, 19 and 43 months for
cutcross, open pollination (OP} and self progenies. Relative inbreeding depression due to selfing and
level of significance are indicated below each graph. (Common letters connect means which were not
significantly different at the p < 0,05 level, * = p < 0.05, ns = not signilicant).



were mixed in the E. regnans trials. Assuming a linear rela-
tionship between inbreeding depression and inbreeding coeffi-
cient (F) (e g SEDGLEY and GrIFFIN, 1983), our results suggest
that, for E. globulus ssp. giobulus, every 0.1 increase in the
tevel of inbreeding would be associated with about a 5% reduc-
tion in height and diameter and a 10% reduction in conie vol-
ume ai 43 months. This compares with a 5% decrease in heighe
for Pinus radiate at 36 months iSEbGLEY and GRIFFIN, 1889)
and a general figure of a 10% reduction in growth for the same
change in F far K. grandis (REDDY et af., 1883).

The intermediate performance of OP progeny suggests that
there was a considerable proportion of selfs or other forms of
inhred progeny in QP families. The ntermediacy of an OF
family between self and cutcross progeny from the same parent

volume

self op OUICrDsSs

Cross type

inbreeding 48 % * 23 g =

depression

Figure 3. - Bstimates of cross type means for volume at 43 menths for
outerass, open-pollination (OP) and zelf progenies and relative inbreed-
ing depression due to selfing and open-pollination. {All cross types
differed at the p << 0.05 level, * = p <0.05).

has been used by some authors o estimate the outcrossing rate
of an individual (tHobasoN, 1978b; GRIFFIN et al., 1987; GRIFFDN
and COTTERILL, 1988). This approach, however, compares the
additive effects of a fernale parent when outerossed with sever-
al males to the mean of the self family which may include both
additive and non-additive effects. Neverthelesz, thiz method
may give reasonahble estimates if the effect of inbreeding
depressicn is farge relative to additive effects. Population esti-
mates based on cross type means may also be reasonable if the
outcross, self and P populations are represented by a large
number of female parents. Our results for volume suggest that
the average outcrossing rate in the OP families was 56%. This
compares to 48% and 78% caleulated using the means for
height and diameter respectively. The presence of a considera-
ble proportion of zelf progeny is not unexpected. Restricted
movements of the insect pollen vectors would favour high fre-
quencies of sell pollination as well as matings with possibly
related neighbours. However, the frequencies of selfs in the OP
families of this siudy are probably higher than would be
ohtained frem OF families collected from native forests as
many of our females were relatively isolated being ornamen-
tals. In addition. our estimate of the average selfing rate may
be inflated ag the OP seedlings were growing in direct competi-
tion with the cutcrosses, whereas the selfs were in a less com-
petitive environment.

Survival from seed set to 43 months after planting

The main deleterious impact of selfing occurred at the seed
set stage (1D = 72%), although the difference was not signifi-
cant in this instance, probably due to pooling the two self polli-
naticn treatments into the single ¢ross type, selfing, The accu-
mulation of inbreeding effects resulted in a significant depres-
sion in survival of the self progenies by the nursery stage of
80% (Figure 4). While never significant, the mean number of
individuals per 100 cutcrossed flowers was less than for OP at
all stages, effectively due to greater flower abortion in the con-
trolled outcrosses (see earlier discussion and Tuble 5). At 43
months after planting, 82% of self. 91% of outcross and 100%
of OP families were surviving. In addition to the loss of an out-
cross and a self family at seed set {see earlier discussion), a
second self family wag lost 4 months after germination.

3 500 -
w] ” 5
s 2
z ] ) =
= 300 - &
5 200
E 100 - =
=z ]
E 0
viable seed germinans seedlings plants
Stage in life cycle
Significance of
cross type effect 0.05 0.05 0.03 0.03
F e
D 72 % 08 N%IS 50% " 80 %

Figure 4. - Back transformed means for the number of individual per 100 flowers from seed

set Lo 43 moenths after planting for Euvcalyptus globulus ssp. gichulus for open-pollination

outeross () and self (M) cross types. The probability for the significance of the cross type
effect and relatve inbreeding depression due to selfing (ID) on the back transformed scale
are also shown. ‘seedlings = 4 months after germination, plants = 43 months after planting;

* = p < (.05, ns = not significant).



Thiz study confirms the view that, although seif pollination
is relatively frequent (GRIFFIN and Hann, 1979; GRIFFIN et al,
1987) and seed dispersal is restricted (PorTs, 19901, the breed-
ing system of eucalypts is generally outerossing and is main-
tained by severe selection againsi inbreds at seed set and in
the field (PHnLIPS and Brown, 1977; POTTS ef al., 1987; GRIFFIN
et al., 1987). Similar to that reported for conifers (Koski, 1873;
Parx and FOWLER. 1984}, in E. globulus ssp. globulus thereisa
severe impact of inbreeding at seed set, but the effect of genetic
toad on germination and early survival appears to be masked
and only becomes evideni again afier field planting. During
early field growth, genetic effects may be obscured by maternal
and nursery effects. However, at later ages Inbreeding effects
may be re-expressed as these effects diminish, stresses (induc-
ed by a harsher field environment and competition) on individ-
ual plants develop, and ontogenetic differences accumulate.
The decline with age of the affect of female parent for height
may reflect the deecline in the importance of maternal effects
with age. Quteross and self progenies were segregazed in this
study specifically to aveid competition. Thus, the deleterious
affect of selfing on survival and growth is underestimated com-
pared to situations in which self and outcross progenies are
randomly mixed. Under the latter condition {e. g. ELDRIDGE and

GRIFEIN 1983; GRIremN and CoTTERILL 1988), suppression of

inbred individuals by the more vigorous ouicross progeny
waould lead to greater differences between cross types. For the
sarme reason, the estimate of selfing depression reported in this
study will underestimate the differential performance of inbred
and outcross plants within the same OP family that would
seeur in a regenerating natural forest.

Table 5. - The effect of female parent and the interaction between
female parent and block on diameter (cm, height (m) and conic volume
(m™ a¢ 43 months after planting, for the same 6 female parents in three
different cross types, Shown are the significance of the effects (Prff],
variance component estimates i¢° (standard error)] and phenotypic
variation. (degrees of freedom: zelf, Female = &, Female.Block = 16,
Residual = 31; outeress, Female = 5, Female Block = 16, Residual =
37: Open-pollination, Female = 5, Female. Block = 20, Residual = 523,

Self Outcross Open-
poliination
Truit
Sonrce ol PriF] a2 riF] ol Pri¥}
f5.e.) 5.6 (5.}
Diamcter
Female 1.5¢ .04 a 1331 129 3.3
{1.95) (6.79) (1.28)
Female Block .68 3.08 001 8} 0,49
{1 o 1
- (174 (1.26)
{Z.40)
Restdtal 12.78 4.06 .38
| 105543 (1.83)
Phenonpic 1420 TId 10.67
Height
Female .53 G.0:4 1] .58 1] .43
(1.5%) £0.20) 21}
Fenale Rlock | (.61 .28 082 .00 1.83 0.01
(el 043 (047
Rexicual 2.84 87 .66
(0.7t 2 1132
Phenanpic 398 1.69 2.49
Valume
Fenurie .06 0.01 &3 (.82 0.05 0.01
(0.05% [[iAn)] (104
Femaie Block ] 0 0.40 0.14 (.00 0 0.32
D41y {0.073 noh
Residual (h15 0.1} 0.22
004} FHEH .04
FPhenorypic 21 .24 .26

The effect of inbreeding on the variation between and within
families

Partitioning of the variance within each cross type suggested
that the size and distribution of variation between and within
families was affected by the degree of inbreeding (Table 5).
There was no significant variation betwesn females when out-
crossed and the estimate of the variance component was near
zero, whereas the variation between self families was signifi-
cant {p < D.08) for all traits. This differential response appears
to be important despite the failure to detect a significant fe-
male parent x cross type interaction in the previcus analyses
where error variances were pooled. In addition, the average
within plot variation (residual) was approximately 3 times
greater within seifl families than within outcross families for
diameter and height at 43 months, Although the standard
errore on the variance component estimates are large, the
ohserved trend accords with results from other studies. A simi-
lar trend was found in E. regnens for height and diameter at
43 months after planting (GRIFFIN and COTTERILL, 1988). Wi-
COX (1883 — Table 51 reported that the variation was higher
among self than among outeress families for all traits studied
in Pinus rediota. For Pinus sylvesterts, there was also a greater
percentage of phenotypie variation between and within self
than outcross families { LUNDKVIST ef ., 1987

The effect of female parent in the OF treatment, however,
was nob as consistent across traits {Tuble 5). For diameter and
volume, the female parent effect was significant (p < 0.05 and
p < 0.01 respectively) and the variance component estimate
was only slightly less than that for selfing, This further sug-
gests that a large proportion of OP progeny have arisen from
inbreeding, However, the female parent effect was not signifi-
cant and the variance component estimate was near zero for
height. In E. regnans, GRIFFIN and COTTERILL (1868} reported a
highly significant (p < 0.01) effect of female parent on diameter,
height and voiume for OP progeny.

For height, famale parent means predicted from outcrossing
were better correlated to the female parent means predicted
using self progenies {r? = 0.57) than from OP [amilies
(r® = (1.04) and, while not marked, the correlations for volume
ir? = .25 and diameter (r? = 0.14) were also better than thoze
observed for OP families (r? = 0.02 and r? = 0.04 respectivelyl.
Despite the low number of families idf = 4), the poor discrimi-
nation bektween females following outcrossing, and ne female
parent x cross type interaction for any of the traits (Table 4),
these ohservations are of interest as thev are consistent with
those of GriFFIN and COTTERILL (1988) who also reported that
predicted parent effects for volurne at 45 months from outeros-
ging were better corrvelated with self families (v? = 0.72) than
with OP families (r2 = 0.58). Barxer and LiBBRY (1974} suggest
that the correlation between self performance and outeross per-
formance may be improved by culling the lower 50% of each
self family to reduce the biag that may occur due to the segre-
gation of rarve, recessive, deleterious alleles. However, such an
improvement was not found by GRIFFIN and COTTERILL {1988}
nor this study.

Without a knowledge of gene frequencies and gene acticn it
is not possible to accurately predict how genetic variafion is
partitioned hetween and within self families and the magni-
tude of additive and non-additive components (WEIR and
Cockrrasm, 1977; HalLAUER and MIRaNDa, 19810, Several non-
epistatic models have been used in an attempt to predict the
variation between self and outeross families (Table 6}, although
these may he simplistic approaches as inbreeding induces cor-
relations between alleles similar to that arising from linkage
disequilibrium (Namkoong et al., 1988, p. 163 The assumption



of unly additive gene effects for height, diameter and velume
{as used by GRIFFIN and CoOTTERILL, 1988, to Predict variance
componenis from self families in E. regnanst would appear to
be invalid as the traits in this study exhibited inbreeding
depression (impleating dominance in the gene action). In addi-
tion, this additive model (Model B - Table 6) predicts that
inbreeding will decrease variation within self families relative
to poly-mix outcrossing which is contrary to the results of this
study. The observed increase in variation within self families is
also inconsistent with the dominance model which assumes
equal gene frequencies {Model C ~ Tadle 6, used by WILCOX,
1983, to predict variance components in Pinus rediata) as this
model alzo predicts a decrease in the within self family varia-
tion relative to outcressing. It is important to note, however,
that differences in the residual variation may have been caus-
ed by non-genetic factors. On the other hand, using a model
where a trait was influenced by a single rare (1-p=0} recessive
‘a = d} allele, ROBERTSON (1952) predicted that after 1 genera-
tion of selfing {F = 0.5) there would be an increase in total
genetic variation, the genetic variation between families. the
genetic variation within families and the additive component of
the genetic variation within families. This model seems to fit
with the results of this study and suggests that the increase in
variation between and within self families mav be due to the
expression of rare independent deieterions alleles. Non-additi-
ve effects appear to be an important factor in the genetic varia-
tion: of growth traits for E. globulus ssp. globulus and the
expression of deleterious alleles may be a major component of
these effects. The implcation of deleterious recessive genes is
consistent with LEDIGS {1986} argument that most inbreeding
depression in forest trees is due to the expression of deleterious
recessive gene effects rather than over-dominance.

Table 6. - Summary of non-epistatic models used to predict the addi-
tive (5%4) and dominance (g°p) variation of a randomly outcrossing
population that necurs between and within polymix and self fami-
lies,

source of vartation genetic corpenent reference

A} polymix olicross

hetween families HENTY BECKER { 1984)

within familias 34 624 + aén

addittve model

Biselfing

between families ol FALCONER {1989
within famiiies /2 aa

Ci seifing — dominance model, squal gene frequencies (p=gq =05

oA+ 114 oip HaLbaver and MiRanma (1981

[i2gis + L2 oip

berween famiites

waithin ramilies

Implcations for tree improvement programs

The apparent presence of inbred progenies, particularly
sells, in OP families has several implications for the manage-
ment of tree improvement programs. Firstly, if seeds from OP
seed orchards are used to establish new plantations, potential-
lv achievable rates of gain may be compromised. The results
from Lthiz study suggest that patural selection from seed set to
43 months after plantng is not sufficient to remove all inbred
progeny from OP families, Culling selfs in the nursery (e.g.

ExBERG and ERIKSS0N, 1985) is not an option in E. globulus, as
inbreeding effects are not detectable for germination or nursery
survival, and only become significant sometime between germi-
nation and 8 moenths after planting in the field. MORAN et al.
(1989) estimated that approximately 10% of seed from a OP
seed orchard of E. regnans was from selfing. If this were the
case for E. globulus, the 48% selfing depresgion in volume (43
monthe) would translate into an OP depression in a field plan-
tation of around 5%. In comparisen, the expected rates of gain
from breeding of E. globulus ssp. glebulus in Tasmania are 7%
to 17% (VOLKER ¢t al, 1990). Secondly, the use of OF progeny
tests may bias selection and parameter estimates. Additive
genetic varianece components estimated from OP families may
be infiated due to the presence of selfs (NaMroONG, 1968), Fur-
ther hias wiil arige if there is variation in the proportion of selfs
within each OP family due to variation in self fartility between
parents. In collections from natural stands, the level of outeros-
sing may also vary hetween families due to differing population
sizes and the amount of crossing with rvelated neighbours
{EL.DRIDGE. et. af., 1993). Provenance tests using OP families
may be biased for the same reasons,

Controlled selfing, however, may be a useful method for
progeny testing and for the management of breeding popula-
tions. Selfing by simply bagging unopened [lowers and relying
on unassisted pollination will he cheaper than controlled out-
crossing and, as indicated in this study, gives similar seed yield
to selfing by assisted pollination. The results of this study and
those of GrIFFIN and COPTERILL (1988) suggest that selfing may
be superior to OP progeny tests for the identification of superi-
or parents, Increase in variation between and within self fami-
lies may also help improve selection efficiency. Simulation work
by Dt BesENDE and VENCOVSKY (1992) suggested that progeny
testing based on selfing gave higher rates of gain than half-sib
testing.

The management of breeding populations has tended to
aveid inbreeding because of ils deleterious effects. However,
theve is @ conflict between intense selection within a finite
population and the avoidance of inbreeding (ROBERTSON, 1861).
This conflict may be resolved if breeding populations can be
managed as a set of small populations where inbreeding is
allowed, or even enforced. Relative ta a single large population,
by using a strategy that employs selfing, it may be possible to
breed more efficiently for negatively correlated fraits, purge
deleterious alleles early, maintain flexibility to enable a rapid
respense to changing breeding cbjectives, and better conserve
alleles (KaNg and NIENSTAEDT, 1987; NAMKOONG, ef al., 1888).
The ability to utilise inbreeding in the management of breeding
populations will be compromised, however, if inbreeding
depression eauses a substantial loss of genetic material (KanG,
et af., 1992), The results presented here suggest that, for
E. globulus ssp. globulus, the loss of genetic material from self
ing may not be great. A high proportion of families were repre-
sented from seed set to 43 months after planting, although
inbreeding did veduce the absolute number of individuals,
mainly at the stage of seed set. Most inbred lines may thus sur-
vive if large numbers of self crosses are made and the pregeny
are grown in moderate environments under low competition
intensity.
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