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Abstract

Analysis of height growth from clonal and progeny trials
from Soporcel’s Eucalyptus globulus breeding program gave
regional heritabilities of 0.28 + 0.03 and 0.19 + 0.04 for the
north-west and south of Portugal, respectively. Results also
showed that cloning the parents used in the crossing program,
even when based on a few ramets per clone, improved con-
siderably the accuracy of genetic parameter estimates and
efficiency of backward selections. The benefits of cloning the
parents for selection efficiency seem justifiable even when
large scale vegetative propagation is not feasible.
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Introduction

The first breeding populations combine 2 generations: the
base parents, either selected in native stands or in unimproved
plantations, and their progeny, established in well replicated
progeny trials. Unfortunately, in most cases the only informa-
tion available for selection is the progeny’s performance.
Measurements on the base parents are not available, or in the
case of diameter or height in native stands of unknown age,
they are too unreliable to be incorporated in the analysis. This
is unfortunate because parent-offspring relationships result in
estimates with lower error variances than methods based on
intraclass correlation amongst collateral relatives (e.g. HILL,
1990). They are also more robust against assumptions about
the intraclass correlation in open-pollinated families (BORRAL-
HO and KANOWskI, 1994), not a trivial problem for many
species, and they improve the accuracy of breeding value
predictions (e.g. NICHOLAS, 1987).

A way to record the performance of the parents is to prop-
agate a few vegetative propagules, either by tissue culture or
cuttings, from rejuvenated tissue. Such approach depends to
some extent on the magnitude of propagation effects associated
with cuttings, althought simulation seems to suggest that
biases in genetic parameters are likely to remain small (BOR-
RALHO and KaNowski, 1995). Propagating mature trees is
achievable for most tropical and temperate hardwood species,
using coppice or epicormic shoots. In this paper we describe
such a case, developed for Eucalyptus globulus by Soporcel, a
major forest and pulp company in Portugal. Between 1985 and
1989, cuttings were taken from the coppice of plus-trees select-
ed in genetically unimproved stands in Portugal and the rooted
cuttings were then established in clonal trials. At the same
time, some of these plus-trees were used in a crossing program
and their offspring established in progeny trials.
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The study has 2 main objectives: (1) to apply a REML analy-
sis to both the clonal and progeny data to obtain accurate
estimates of heritability and across region genetic correlations
for early growth of E. globulus in Portugal; and, (2) to investi-
gate the importance of parental information based on clonal
trials in the accuracy of breeding values estimates using BLUP
techniques.

Material and Methods
Genetic Material

The clones used were selected in genetically unimproved
stands of E. globulus growing in central and north Portugal.
The population includes 152 base parents, 150 of which were
successfully propagated by stem cuttings and later established
in clonal trials. The families in the progeny trials were derived
from controlled and open pollinated crosses between 10 base
parents, 8 of which were also represented in clonal trials. The
crossing scheme is a very sparse diallel. Due to the limited
number of crosses successfully completed in that year, the trial
was supplemented with open pollinated seed from some of the
parents (see Table 1).

Table 1. — Crossing scheme used in trials 12 and 13.

Males

Females 1035 1049 1113 1197 1301 OP
1035 X X X X X
1041 X X X X X
1043 X X X X
1052 X
1053 X X
1197 X X
1300 X X X X
1301 X

Trials and Measurements

The clonal and progeny trials were established by Soporcel,
and are part of the company’s breeding program. Trials are
located on a range of conditions in Portugal, but were grouped
in 2 main geographic regions: the Northwest, generally of high
productivity, and the South, with drier conditions, hence less
productive (Table 2). Height was considered to represent the
same trait within a region, and a different trait between
regions. All trials were established as randomised complete
blocks, with each family represented once (or occasionally
twice) in each replicate by a 5-tree row plots, and clones
represented by a single ramet in each replicate. Height was
measured on all trees between 2 to 4 years.
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Table 2. — Details of the clonal and progeny trial used in this study.
Trials were grouped in 2 regions, the North West (NW) and the South
(S) in Portugal. Also given are the total number of clones in each clonal
trial and how many of them were also included as parents in progeny
trial 12 and 13.

Trial No. Type Region No. Blocks  No. Clones/  No. With
parents progeny
2 Clonal NW 10 27 6
4 Clonal NwW 10 24 3
5 Clonal NW 10 65 1
7 Clonal NwW 10 51 1
8 Clonal NW 10 50 2
9 Clonal NW 16 57 2
10 Clonal S 16 39 2
11 Clonal NW 15 53 2
12 Progeny NW S 10 10
13 Progeny S S 10 10
14 Clonal S 10 81 1

Data Transformation

Because trials were established and measured at different
years and on sites of different productivity, means and vari-
ances differed. In order to combine measurements from
different trials in a single analysis, data from each trial was
initially standardised to a variance of one.

Statistical Analysis

The analysis used an individual tree model, represented in
matrix notation by:

y=n+Xb+Za+e (1)

where y is a vector of observations for height, p is the overall
mean, b is the vector of effects due to blocks (assumed fixed), a
is a vector of additive genetic effects of both parents and
progeny and e is the vector of residual variances. X and Z are
known design matrices relating observations to effects. The
analysis assumes all random effects to be normally distributed
with mean zero and (co)variances as follow:

y R+ZGZ ZG R
Varia|= GZ G 0
e R 0 R 2)

where G=Diag {A x T,} is the genetic variance-covariance
matrix, A is the numerator relationship matrix between trees,
T, the matrix of additive genetic covariance between height in
the 2 regions (see MEYER, 1989), and R is the matrix of vari-
ance-covariance of the residuals. Residual covariances between
the 2 heights (in NW and S region) was assumed to be zero.
Height measurements taken on different ramets of the same
clone were treated as repeated measurements of the same trait
with zero residual covariance. Estimates of covariance com-
ponents using the model described in equation 1, were obtained
by restricted maximum likelihood (REML), using K. MEYER’s
DFREML programs (MEYER, 1991). Sampling errors for herita-
bilities were approximated by fitting a cubic function to the
likelihood surface (MEYER, 1991). Sampling errors for the
genetic correlations were not available from DFREML and
were approximated using ROBERTSON’s (1959) equation:

3)

G
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Best Linear Unbiased Predictions of expected breeding
values (EBV) and corresponding prediction error variances
(PEV) were based on the same model using the variance ratios
estimated from the data. The accuracy of breeding value
estimation (r ), or the correlation between true breeding
values (TBV) and expected breeding values (EBV), were follow-
ing HENDERSON (1984) as:

r,= 1-FE @
o]

where PEV=G-C,,, and G is the genetic variance-covari-
ance matrix and C,, is a g-inverse of the mixed model equa-

tions referring to the breeding values.

Results and Discussion
Genetic Parameters

Genetic parameters for height in the 2 regions are listed in
table 3. Heritabilities using the combined clonal and progeny
data were h2=0.28 across the more productive sites in the
North West of Portugal (NW), and h?=0.19 in the drier, less
productive sites in the South (S). These estimates are on the
lower end of the range reported by BORRALHO et al. (1992a)
based on open-pollinated material from plantations or seed
orchards in Portugal. Genetic correlation between the 2 regions
was nevertheless high (r;=0.83) in agreement with previous
G x E studies for the same species, by KUBE et al. (1993) and
BORRALHO et al. (1995) in Australia, and BORRALHO et al.
(1992b) in Portugal.

Table 3. — Genetic parameters based on progeny data (full-sib progeny
trials) only and combining base parent (clonal trials) and progeny data
(full-sib progeny trials) for 2 to 5 year old height in the northwest (NW)
and south (S) of Portugal.

Progeny Parents + Progeny
Heritability
NwW 0.52 +£0.37 0.28 £0.03
S 0.13+0.11 0.19+0.04
Genetic Correlation 0.33+0.52 t 0.84+0.03 1

1 Calculated from ROBERTSON (1959)

It is apparent from table 3 that the accuracy of the genetic
parameters changed markedly when the data from clonal trials
was included, with the error variances of the estimates reduced
3 and 10 fold, for the S and NW regions, respectively. The much
larger heritability calculated using progeny data only, for the
NW sites (h2=0.52 = 0.37) was in fact not significantly different
to the estimate obtained for the same region using the combin-
ed dataset (h2=0.28).

The relatively high error variances of the estimates based on
the progeny data only is due to the reduced number of families
and parents represented and low progeny sizes (of between 5
and 25 progeny per family at each site). Published standard
errors for heritability estimates of E. globulus, based on open-
pollinated material, ranged between 0.03 and 0.08 (BORRALHO
et al., 1992a, 1995), but they were obtained from a much larger
array of families. The standard errors of estimates based
on the combined analysis (0.03 and 0.04) were of the same
magnitude as those studies, despite being based on a much
smaller set of parents and progeny sizes, and demonstrate well
the impact on the accuracy of the estimates of including
parental information in the analysis.



A key distinction between the two datasets is the fact that
heritability estimates using clonal information covers a wide
range of sites, whereas the progeny data is based on a single-
site heritability, with one trial in the NW and another in the
South. Thus heritability estimates from the combined analysis
are likely to be lower, as a result of genotype by environment
interactions. This was apparent in the NW, where there was a
marked drop from the single-trial heritability of 0.52 (using
progeny data only), to 0.28 (using combined across-site data),
although the 2 values were not significantly different. In the
South, the heritability estimates were very similar and did not
differ significantly between datasets. The fact that there were
no statistically significant changes in the heritabilities from
the progeny to the combined multiple trial situation, suggest
that genotype-site interactions should be unimportant. The
genetic correlation between height in the 2 regions was
accordingly very high (r;=0.84+0.03). Interestingly, the
genetic correlation between the 2 progeny trials, thus using
progeny data only, was much lower, (r,=0.33+0.52), although
the accuracy of the latter estimate was poor.

Breeding Values

The improvement in the accuracy of genetic parameter
estimates, discussed in the previous section, has important
advantages, as the use of wrong genetic parameters is known
to result in biased estimates of breeding values (e.g. see WHITE
and HobpGE, 1990 for a discussion). Another advantage is the
reduction in the prediction error variance (denoted PEV) of the
breeding value estimates themselves. The PEV is a useful
statistic because it is related with the accuracy of selection,
that is the correlation between the predicted breeding value
and the true but unknown breeding value [denoted here r_,, or
in WartE and HopGe (1990) terminology, the corr(g, &)1, and
although PEV’s are independent of the expected breeding
values, they provide a useful measure of the risk associated
with the selections (MEUWISSEN and WooLLIAMS, 1994). The
accuracy of both parent and progeny’s breeding values in
Soporcel’s breeding population, using the progeny data with
and without the clonal data, are summarized in table 4.

Table 4. — Average accuracy of EBV, given as correlation between true
and estimated breeding values (r,,), for progeny and base trees when
different information was used.

Tas
Using all data Using only
progeny data

Progeny

from trial 12 0.75 0.73

from trial 13 0.71 0.69
Parents

cloned with progeny 0.98 0.78

cloned without progeny 0.92 -
not cloned with progeny 0.93 0.91

As expected, parent trees in clonal trials and with offspring
in progeny trials had the highest accuracy of breeding value
estimates, with r_,=0.98. Hence backward selection of these
parent trees would be close to 100% accurate. Trees only
presented in clonal trials or alternatively parent trees which
have only been progeny tested but not clonal tested, also had a
high accuracy, with r_,=0.92 and 0.93, respectively. Compared

with backward selections, accuracy of selecting trees in the
progeny trials was lower, with r_,=0.75 and 0.71 for trials 12
and 13, respectively. The impact of adding parental informa-
tion on the selection of these progeny was moderate, with
accuracies improving from 73% to 75% in trial 12 and from
69% to 71% in trial 13. Approximate selection accuracy for
parents and progeny with and without being clonally tested are
given in table 4.

In many programs it is common to keep a separate breeding
and deployment population, the latter seen as an elite
group from the trees previously selected for breeding. As a
consequence, results from the clonal trials (when available) are
poorly linked and generally do not contribute information to
the selections carried out in the breeding population. Results
from this paper suggest there are important advantages for
selection efficiency in cloning the parents and combining them
in the same analysis. The establishment of clonal trials of (at
least some) parents results in considerably improved estimates
of genetic parameters and an increase in the accuracy of
breeding values estimation in the breeding population.
Although propagation of parents is generally difficult, small
scale cloning programs, such as the one described here for
E. globulus for a species known to be difficult to clone (WILSON,
1993), can be executed.

Cloning the progeny from the breeding population has been
shown to be an effective way to improve accuracy of selection
(SHAW and Hoob, 1985; SHELBOURNE, 1991; MULLIN and PARK,
1992). While this may be a formidable task when applied to the
whole progeny population (of several thousand individuals),
the cloning of parent trees (usually only a few hundred and
based on a few ramets per clone) could be more attainable. The
results found here for Soporcel’s E. globulus population
suggests that there was a considerable improvement on the
estimates of genetic parameters (thus reducing bias in the
subsequent estimation steps), allowed for a better representa-
tion of genotypes across the range of sites, and improved con-
siderably the selection accuracy of parental breeding value
predictions, the latter being particularly relevant if backward
selection is a favoured option for deployment purposes.

As programs move toward the second and third generations
of breeding, the relative importance of cloning the parents is
likely to be reduced, as more information becomes available
(the phenotype of the parents and the parents’ sibs, for
example) but their importance will not disappear altogether.
Cloning, which can be seen as a way to have repeated
measurements, will remain a valuable strategy to improve
selection accuracy in poorly inherited (low repeatability) traits,
such as growth. Furthermore, cloning parents and testing
them with their progeny (preferably in the same trials) will
provide a useful links between different generations of
breeding. This will be useful in separating the effects of genetic
and silviculture on increasing productivity.

Although parental cloning may seem an interesting alterna-
tive to SHELBOURNE’s (1991) breeding population cloning, there
is one important distinction. Cloning the parents will increase
mostly the accuracy of the parents EBV (which is important for
backward selection), but the improvement in accuracy in the
progeny’s EBV comes only from an increase in pedigree
information, thus, benefit from cloning the parents is a result
of an increase in accuracy of between family selection. Cloning
the progeny, on the other hand, can improve the accuracy
of within family selection (SHELBOURNE, 1991), but has a
relatively small impact on the accuracy of genetic parameters
or parental selection. The 2 strategies seem therefore to be
complementary in their benefits to selection programs.
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Summary

Using isozymes markers, we test BORRALHO and PoOTTS’
(1996) hypothesis that poorer growth of open-pollinated (OP)
families of Eucalyptus globulus grown from seed collected from
less dense stands is a consequence of lower outcrossing rates. A
significant relationship between stand density class and out-
crossing rate was found, with outcrossing rates near one for
families from closed forests. In support of BORRALHO and PoTTs’
(1996) hypothesis, lower parental breeding values were
generally associated with lower outcrossing rates. This is no
doubt due to a higher proportion of less vigorous selfs within
an OP family depressing mean growth relative to families
where inbred progeny were virtually absent. It is suggested
that the precision of predicting breeding values with OP
progenies may be improved by adjusting family performance
for individual outcrossing rate.

Key words: Inbreeding depression, breeding values, selfing rate, mating
system.

FDC: 232.11; 165.41; 176.1 Eucalyptus globulus.

Introduction

In a recent paper, BORRALHO and PoTTS (1996) suggested
that the growth of native forest open-pollinated (OP) families of

226

Eucalyptus globulus was significantly affected by the density of
the stand from which the seed was collected. They argued that
differences in stand density would influence outcrossing rates
and that accounting for this would improve heritability
estimates and the prediction of breeding values. The density of
the stand surrounding each parent was classified on a four
point scale with 1 representing isolated parent trees (i.e. no
observable neighbours) to 4 being for parent sampled from
closed continuous forests. Classification was based on photo-
graphs taken at the time of the original seed collection because
it was impractical to relocate all 596 parent trees used in the
analysis. Families from parents classified as isolated were on
average significantly smaller at 4 years than families of
parents from closed forests. BORRALHO and Ports (1996)
suggested this trend could result from selection for faster
growth in closed forests, but was more likely due to inbreeding
depression caused by reduced outcrossing rates at lower stand
densities.

Eucalypts are pollinated by a variety of generalist insects
and animals (GRIFFIN, 1980). There is ample opportunity for
self pollination and at least some seed is set following controll-
ed self pollination (GRIFFIN et al., 1987; HARDNER and POTTS.
1995). Estimates of outcrossing rates for individuals trees vary
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