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Summary

Seed collections were made in natural Eucalyptus grandis
forests in the region of Coffs Harbour, New South Wales,
following a year of good flowering and seed set. Outcrossing
rates were determined for individual parent trees by isozyme
analysis of progeny arrays. For each of 10 local provenances, 2
parent trees having the highest outcrossing rates and 2 having
the lowest outcrossing rates were selected, and seedlings raised
for field planting in a designed experiment with 4 replicates of
5-tree plots for each of the 40 selected families, on an effluent-
irrigated planting site at Dubbo, New South Wales. Height and
diameter were assessed 2.5 years after planting out.
Preliminary analysis showed there was substantial variation
across the planting site, so mixed-model analyses were carried
out on plot mean values of height and diameter to recover
family information from the incomplete blocking structures
used and generate family means for these variates. The effects
of family outcrossing rates and provenance were then examin-
ed using parallel line regression. Outcrossing rate strongly
influenced all variates while differences between provenances
were not significant. Families with higher outcrossing rates
generally displayed faster growth and better survival. The
interaction between outcrossing rates and provenance was
significant for height and diameter. These results support the
view that in this species, variations in outcrossing between
parent trees have a large influence on differences in growth
rate among natural provenances and progenies within
provenances.

Key words: Outcrossing, variability, provenance, progeny, growth rates,
survival, Eucalyptus grandis.

FDC: 165.4; 232.11; 232.12; 176.1 Eucalyptus grandis; (944).

Introduction

Field trials have demonstrated considerable variation in
productivity of collections of Eucalyptus grandis HILL ex
MAIDEN from relatively small geographical areas and year by
year collections from much the same site (BURGESS, 1988;
MATHESON and MULLIN, 1987). Eucalypts have a mixed mating
system (ELDRIDGE et al., 1993) which has been found to vary
both spatially and with time (BROWN et al., 1975; MORAN

and BROWN, 1980). Also there is substantial evidence for the
deleterious effects of selfing or related mating for a range of
species (ELDRIDGE et al., 1993). Variation in vigour between
provenances, or between the progenies of individual parent
trees within a provenance, could be due to differences in
genetic potential (breeding value) or to more ephemeral
differences in the degree of inbreeding in the progenies (YEH

et al., 1983), or a combination of these 2 effects. Open-pollinat-
ed seed typically derives from selfing, mating with relatives
(neighbourhood inbreeding) and outcrossing with unrelated
trees (GRIFFIN and COTTERILL, 1988) and the proportions of
these 3 categories will vary both within and between popula-
tions (POTTS, 1994). The response of individual progenies to
inbreeding may differ due to random variations in the genetic
load of deleterious recessive alleles. HODGSON (1976) compared

the growth of progenies from controlled cross-pollination
(outcrosses), controlled self-pollination (selfs) and from open
pollination of 12 different clones of E. grandis in experimental
plantings in South Africa. For the 12 clones, the mean heights
of selfed progeny were from 8% to 49% smaller than the
corresponding controlled outcrosses, 11 months to 18 months
after planting. The overall mean decrease in height from
selfing, relative to outcrossing, was 31%. The corresponding
reductions in height of open-pollinated progenies of the clones,
relative to outcrosses, ranged from 2% to 26%. The percentage
of selfing in the open-pollinated progenies of the clones used in
HODGSON’s experiments was estimated from proportions of
deviant seedlings to range from 10% to 38% for the different
clones.

Outcrossing rate of a single seed crop on an individual tree
will depend upon such factors as self-fertility, abundance of
flowers, flowering phenology, weather conditions and pollinator
activity (GRIFFIN and COTTERILL, 1988). Most previous work in
this area has concentrated on estimating mean outcrossing
rates of local populations. Little attention has been paid to
variability in individual tree outcrossing rates and the effect
this may have on progeny growth and the repeatability of
provenance collections. An exception is the recent study by
POTTS et al. (1995), who found that differences in stand type
(isolated trees, remnant isolated small stands, continuous open
stands and continuous closed stands) from which seed collec-
tions were made accounted for much of the variation in
performance in provenance/progeny trials of E. globulus in
Tasmania. These stand effects were assumed to be the con-
sequence of different levels of outcrossing, and the importance
of outcrossing differences in determining growth rates was
confirmed by comparing the growth of open-pollinated
progenies and controlled crosses involving the same female
parents in a subsequent experiment. The work reported here
examines the relationship between outcrossing and growth in
progeny collections from natural forests of E. grandis. It
investigates whether selection of progenies according to their
estimated outcrossing rate has an impact on survival and
growth.

Methods

Collection

To investigate the variation in outcrossing rates in individu-
al trees in natural populations over time, seed was collected
from 183 trees from 18 provenances in the general region of
Coffs Harbour (latitude 30°S, New South Wales, Australia) in
late 1988. The collections were designed to cover the alti-
tudinal range of the species in that area and to sample as wide
a range of sites as practical. Each tree was labelled and its
location mapped. This collection was considered to originate
from a good to excellent flowering some months earlier.
Further seed collections were made in 1989 from 54 of the 183
trees originally sampled. This was judged a poor flowering
year.
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Isozyme analysis

Thirty seedlings from each tree of the 1988 collection were
scored for electrophoretic variants at 13 loci using standard
techniques (MORAN and BELL, 1983). Multi-locus estimates of
individual tree outcrossing rates were made (data of J. C. BELL)
using MLTF (RITLAND, 1990). Cases where convergence did not
occur were discarded.

Experiment

In 1990 an opportunity arose to conduct an experiment on a
limited selection of the 1988 collection to investigate the effect
on growth of different outcrossing rates and, to a lesser extent,
provenance differences.

Ten provenances were subjectively chosen as a sample of the
whole collection (Table 1). Among the trees within each
provenance, the 2 trees with the highest outcrossing rate and
the 2 trees with the lowest outcrossing rate were selected.

Open-pollinated seed from these trees provided the 40 families
for the field trial. Details of the trees selected and estimated
outcrossing rates are given in table 2. Note that estimates of
single tree outcrossing rates can exceed one (see CHELIAK et al.,
1983; RITLAND and EL-KASSABY, 1985; and EL-KASSABY, et al.,
1993 for discussion).

Dubbo City Council’s sewerage plant on the Bunglegumbie
Road was chosen as the trial site (lat. 32°15’S, long. 148°37’E,
altitude 260 m, maximum temperature recorded 46 °C,
minimum recorded –8 °C, averaging 11 frosts per year). The
site was sprayed to control all weeds, ripped and fenced against
rabbits. The treated effluent sprinkler system was controlled to
maintain near field capacity at all times.

The experiment consisted of 4 contiguous replicates of 40
families (10 provenances each with 2 parent trees with high
outcrossing rates and 2 with low outcrossing rates) in 5-tree
row plots. The configuration of the plots and the direction of
the irrigation lines is shown in figure 1. The tree spacing was
3 m between irrigation lines and 2 m between trees along the
lines. No attempt was made to select the largest, most vigorous
seedlings for outplanting – germinants were pricked out at
random for potting up, and seedlings were selected at random
from among the healthy stock available from the nursery at the
time of outplanting.

Table 1. – Details of the 10 E. grandis collections.

Table 2. – Calculated outcross-
ing rate for each parent tree.

Figure 1. – Layout of field trial at Dubbo.

The experimental design was obtained from ALPHA+
(WILLIAMS and TALBOT, 1993) using an efficient latinized row-
column design chosen to have desirable factorial properties as
discussed by WILLIAMS and JOHN (1995). The design was
generated such that each long column of 40 plots constituted a
replicate of the 40 families (the latinized property); each
column of 10 plots within replicates consisted of one represent-
ative of each of the 10 provenances and 5 replications of the 2
levels of outcrossing rate (the optimal factorial main-effects
property for columns within replicates). In addition each row of
the design consisted of 2 replications of the 2 levels of out-
crossing rate. This latinized 2-factor row-column design was
used to effectively accommodate anticipated site variation.
Previous experience (WILLIAMS, 1986) had indicated that con-
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siderable site variation can arise from the use of irrigation,
through differences in the performance of irrigation lines.

The experiment was assessed for individual tree height (ht)
and diameter at breast height (dbh) in April 1994, 2.5 years
after planting.

Results

The individual-tree data for ht and dbh were converted into
a plot summary file following the methods of WILLIAMS and
MATHESON (1994, Chapter 3), i.e. a new data file was construct-
ed containing means (mn), tree counts (cnt) and the between-
tree-within-plot variances (var) for each 5-tree plot. This plot
summary file was screened for data entry errors as discussed
by WILLIAMS and MATHESON (1994). None of the checked, in-
dividual tree values were excluded from the data set.

The plot counts were converted to percentage survival
(pcnt = 100 x cnt / 5) and the plot variances converted to
logarithms (lvar = log (var + 1)); both these transformations
were carried out to stabilise variances for the purpose of
analysis of variance. The plot means and transformed plot
counts and plot variances were then analysed using non-ortho-
gonal analysis of variance in the statistical package GENSTAT.
This analysis allowed investigation of the effectiveness of the
multiple blocking structures built into the design. Results are
included in table 3. It can be seen that for the plot mean data,
there is considerable variation across the blocking structures.
Consequently a mixed-model analysis (using REML in GEN-
STAT) was performed for plot means in order to recover family
information from the incomplete blocking structures. Estimat-
ed family means for mn, lvar and pcnt were assembled into a
new file; these are included in table 4.

Table 3. – Mean squares from non-orthogonal analyses of variance for
height (ht), diameter at breast height (dbh) and survival (pcnt) incorpo-
rating multiple blocking structures; d.f. = degrees of freedom,
mn = mean, lvar = log of (variance + 1).

*) = P < 0.05, **) = P < 0.01, ***) = P < 0.001

Table 4. – Family means and variances for height (ht), diameter at
breast height (dbh), and survival (pcnt) at age 2.5 years; mn = mean,
lvar = log of (variance + 1).

The family structure of the 40 estimated means was then
investigated following the methods of WILLIAMS and MATHESON

(1994, Section 8.5). The effects of outcrossing rate (ocr) and
provenance (prov) on the estimated means were examined
using a parallel line regression approach. This allowed the
estimated values for ocr (Table 2) to be included in the analysis
and also the possibility of differential responses to ocr for
different provenances. The results from the analyses are in-
cluded in table 5; note that the residual mean squares from the
table 3 analyses have been added to table 5, following WILLIAMS

and MATHESON (1994).

There is a strong relationship between the variates analysed
and ocr (Table 5). For lvar the estimated regression coefficients
for ht and dbh are –0.93 and –0.75; and for pcnt the value is
12.2. For ht mn and dbh mn, there are significant differences
in the slopes of the ocr regression lines for the individual

Table 5. – Mean squares from parallel line regression analyses of
variance of height (ht), diameter at breast height (dbh) and percent
survival (pcnt) on outcrossing rate (ocr), at age 2.5 years; mn = mean,
lvar = log of (variance + 1).

**) = P < 0.01, ***) = P < 0.001

provenances. These ranged from –0.86 to 4.37 for ht mn and –
0.87 to 4.36 for dbh mn. Differences among provenances are
not significant for any of the 5 variates analysed. It should be
kept in mind that the provenance comparisons are not based
on random samples. The relationships between family ocr and
ht for separate provenances are illustrated in figure 2 by
graphing the individual family ht means against ocr and using
the last two digits of the provenance numbers from table 2 to
identify provenances. A similar situation exists for dbh.
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Discussion

The lower growth and poorer survival of the families with
lower outcrossing rates is consistent with the results that
HODGSON (1976) obtained studying inbreeding depression in
selected genotypes of E. grandis in South Africa. VAN WYK

(1981) showed for E. grandis that selfing and full-sib matings
were more deleterious, in terms of vigour reduction, than were
half-sib matings. From the outcrossing rates we can estimate
the proportion of seed (1.0 minus the outcrossing estimate)
which is inbred, but we cannot distinguish selfing and other
forms of inbreeding (matings between close relatives with in-
distinguishable allele profiles). Estimates of outcrossing rates
for the different parent trees in our study ranged from 0.34 to
1.48. It might be argued that outcrossing rates greater than
one have no biological meaning. However, there is an error
estimate associated with each estimate, and values greater
than one indicate a greater likelihood that the progeny is fully
outcrossed. The analysis presented in table 5 was also conduct-
ed with outcrossing rates greater than one re-set to one, and
essentially similar results were obtained.

Growth data presented here derive from a 2.5-year asses-
sment of trees raised in 1990, while outcrossing rates were
determined by analysis of germinants in 1989. Because of the
reduced fitness of inbred individuals, there may have been
some decrease in the proportion of inbred individuals, and
particularly of selfs, during seed storage subsequent to the
isozyme analysis, and during raising of the seedlings for
planting out. Accentuation of growth differences arising from
inbreeding would be expected later in the life of the field trial,
after intense competition had set in. Selfing effects were not
significant in E. regnans 2 years after planting, but became
clearly apparent at age 4 years (ELDRIDGE and GRIFFIN, 1983).
Plot size, initial spacing and whether or not trials have been
thinned, will affect the magnitude of later-age growth
differences arising from different levels of inbreeding.

Seed collections from different provenances may derive from
different flowering seasons, or there may be geographic varia-
tion in outcrossing rates in a particular season. Considering
the magnitude of the outcrossing rate effects presented here, it
is clear that differences in outcrossing rate, resulting from
geographic or temporal differences in environmental conditions
affecting flowering and pollination, could change the rankings
of provenances, as well as the rankings of individual parent
trees within provenances. Such effects may explain the in-
consistent local variation patterns found in E. grandis

Figure 2. – Graph of family mean height (ht) versus family outcrossing
rate (ocr). The numbers shown for each point are the last 2 digits of the
provenance numbers from table 1.

provenance trials (BURGESS, 1988; MATHESON and MULLIN,
1980). It follows that breeding programs for E. grandis should
not place overly strong emphasis on the growth of first-genera-
tion provenance and progeny trials when determining the
composition of advanced-generation breeding populations. It is
only after controlled crossing, or after open-pollination under
uniform conditions in an even-aged plantation of numerous
unrelated trees (ELDRIDGE et al., 1993, p. 197) that candidate
provenances and individuals can be accurately ranked. As
noted by GRIFFIN and COTTERILL (1988) and POTTS (1994), cal-
culations of heritabilities and other genetic parameters based
on open-pollinated progenies from natural forests must also be
treated with caution.
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