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Abstract

Recent research has shown, Acacia mearnsii (black
wattle) to be a source of high quality pulp. This led to a
change in the emphasis in the breeding programme at
the Institute for Commercial Forestry Research, from
improving bark yield and quality, to improving timber
yield and quality while maintaining an acceptable bark
quality. A Multiple Population Breeding Strategy was
implemented to cater for these changes. Five sub-popu-
lations were established across different sites in KwaZu-
lu-Natal and were determined by origin of seed. Each
sub-population was established as a progeny trial with a
seedling seed orchard adjacent to it. The management of
the seed orchards will be determined according to the
performance of the families within the progeny trials.
This paper reports on the first year height measure-
ments taken from the five sub-populations. The inten-

tion of this paper is not to base any selections from this
data but rather to establish a set of analyses using
REML/BLUP which will be used for future data analy-
sis. This will also allow for future assessment of age-age
correlations for the various traits being assessed and
provide an appropriate decision-making tool, for select-
ing individuals for future generations.

Key words: Acacia mearnsii, black wattle, BLUP, height mea-
surements, REML, sub-populations.

Introduction

Acacia mearnsii (black wattle) was reportedly first
introduced to South Africa in 1864. About ten years
later the first wattle plantations were established, pri-
marily for firewood, shelterbelts and shade for livestock
(SHERRY, 1971). Early tanning tests carried out in South
Africa, in 1884, indicated that the bark from black wat-
tle was rich in vegetable tannins that could be used in
the leather tanning industry. This led to widespread
planting of black wattle with the greatest success in
KwaZulu-Natal (JARMAIN and LLOYD JONES, 1982). The
black wattle industry in South Africa, peaked in the
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1960s when approximately 300000 ha were planted to
black wattle. Today this figure stands at about 130000
ha (SAWGU, 2001), and this reduction in area can be
attributed largely to changes in international markets
for vegetable tanning extract (DOBSON and FEELY, 2002).
Demand for black wattle timber and bark, however, is
again on the increase. The area planted to black wattle
will almost certainly not increase to previous figures as
land available to plantation forestry in South Africa is
limited, even if some eucalypt or pine plantations are
converted to black wattle. Future demands will place
more emphasis on increasing productivity from the
available land area especially in the case of black wattle
as it is also seen as an alien invader of indigenous vege-
tation. These demands have brought about the need to
review the current breeding strategy and implement a
new strategy.

In 1931, OSBORN described the variation in growth
characteristics of black wattle trees grown from open
pollinated seed. These early observations laid the foun-
dation for a formalised breeding programme established
at the Wattle Research Institute (WRI), now the Insti-
tute for Commercial Forestry Research (ICFR).

Unlike most forestry species, black wattle was gener-
ally cultivated for its bark with timber production being
a secondary consideration (SHERRY, 1971). The aims of
the wattle improvement project at the ICFR were there-
fore to improve the quality and quantity of black wattle
bark yields, with one of the main breeding criteria being
selecting disease-free trees. This programme would then
supply the wattle industry with improved seed. Progeny
testing was identified in the 1940s as a mechanism
whereby trees selected on morphological and chemical
characteristics would be further tested by the behaviour
of their progeny. The intention was to vegetatively prop-
agate trees whose progeny showed outstanding charac-
teristics. The clones would then be intermixed in isolat-
ed plantations and cross-pollination between these
selected clones should produce superior strains (WRI,
1949). In theory this was a sound basis for a breeding
strategy, but unfortunately the difficulty in vegetative
propagation restricted its success. The difficulty in prop-
agating selected trees ultimately led the researchers to
concentrate on a selection and one-parent progeny test-
ing breeding system in order to identify superior materi-
al for inclusion in production seed orchards (PSOs)
(DUNLOP, 2002).

The recent increase in the use of black wattle timber
in local and international pulp mills has changed the
emphasis in the breeding programme at the ICFR, from
improving bark yield and quality, to improving timber
yield and quality while maintaining an acceptable bark
quality. A Multiple Population Breeding Strategy was

developed to take into account these changes (DUNLOP et
al., 2003). This breeding strategy also has the ability to
extend the range of the species into colder areas, assess
the gain that has already been made, exploit the poten-
tial of the improved genetic material already produced
and exploit the potential of selections from new prove-
nances. The strategy will allow for the modification of
selection criteria and to ensure flexibility in the face of
changes in future demands from the industry (DUNLOP

et al., 2003).

The rest of this paper outlines the data collection,
analysis using Restricted Maximum Likelihood (REML)
and Best Linear Unbiased Prediction (BLUP) and inter-
pretation of the results from individual tree height mea-
surements taken 12 months after planting. Although
these data were collected after only one year it is intend-
ed to measure and analyse these trials annually and
ultimately use the results to calculate age-age correla-
tions, changes in heritabilities over time and determine
the earliest age at which selections can be confidently
made. By using the combination of REML and BLUP
analyses it is envisaged that the accuracy of identifying
truly superior individuals will be greater than the sim-
ple ranking techniques used in the past. This in turn
will allow for across site comparisons of families and
individuals being tested.

Materials and Methods

Trial composition and design

Using the seed available at the ICFR, from historical
and current selections as well as from controlled crosses,
the breeding population was assembled in five sub-pop-
ulations constituted as follows (DUNLOP et al., 2003):

1. Advanced generation crosses derived from con-
trolled pollinations. This population is made up of 26
full-sib families with no known relatedness between any
of the parents used in the crosses. These families have
already undergone some testing in the breeding pro-
gramme and were selected for good vigour and disease
resistance

2. Open pollinated seed from backward selected par-
ents in the breeding programme. These 34 families orig-
inated from a set of parents (not included in sub-popula-
tion 1) that were not vegetatively propagated and were
therefore excluded from any further breeding due to
their inability to be vegetatively propagated, not due to
poor performance

3. Cold/frost-hardy Australian and local seedlots. Pre-
vious provenance tests identified two Australian prove-
nances, Lake George and Mittagong, as being more frost
tolerant than the other provenances tested (HAGEDORN,
1993). Recent selections, made in the Drakensberg area

Table 1. – Details of the five sites chosen for the establishment of the five sub-populations (amended from DUNLOP et al., 2003).
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of KwaZulu-Natal, tested on a very frost prone and cold
site, also identified seedlots that have the ability to
withstand frost and cold temperatures. This sub-popula-
tion constitutes a total of 30 families selected from Lake
George, Mittagong and the Drakensberg seedlots

4. Unimproved high production Australian prove-
nances. This sub-population consists of 33 families
selected on the basis of results from provenance trials
for high production and disease resistance and

5. Piet Retief landrace. Eighty-two half-sib families
selected in the Piet Retief area for health and volume
constitute this population.

The trials were established at five sites according to
Table 1. In the interim a more intensive study of the
individual sites will be conducted, which will include
soil typing and the measurement of mean minimum and
maximum temperatures throughout the year.

Each sub-population was planted as two adjacent ran-
domised complete block experiments, one with five repli-
cations of five-tree line plots and the other with 25 repli-
cations of single-tree plots. The five-tree line plot experi-
ment will serve as a progeny test and the main selection
base for the founders for the next generation, and the
single-tree plot experiment will serve as a progeny test
in the early stages and as a seedling seed orchard when
it has been thinned to the best individuals of the best
families. By having two different trial designs at each
site will also allow one to test the impact of each design
for selection and variance estimation. Each sub-popula-
tion progeny test includes nine commercial and genetic
checks as entries. To keep the sub-populations unrelated
for future crosses, the commercial and genetic checks
are not included in the single-tree plot BSOs. The
checks are detailed below:

1. A seedlot collected in South Africa in 1960 repre-
senting the base population, before any breeding activi-
ties (treatment coded as 86);

2. Three seedlots representing mass selected popula-
tions. Not all black wattle plantations in South Africa
are established by planting seedlings. Some growers opt
to allow natural regeneration to occur after clear felling.
Seed was collected from three such situations where
repeated natural regeneration and subsequent mass
selection on the same site has been the management
practice (treatments coded as 83–85); 

3. Four different full-sib controlled crosses, to provide
precise, across site, comparisons (treatments coded as
88–91); and

4. Currently available improved material (a bulk seed-
lot from a current production seedling orchard) (treat-
ments coded as 87).

Data collection and analysis

The heights of the individual trees in all of the sub-
populations were measured 12 months after planting.
The data were analysed using the REML method for
variance component estimation and the BLUP proce-
dure for breeding value prediction and genetic selection.
The Selegen-REML/BLUP software (RESENDE, 2002a)
was used for all the analyses. 

The individual sub-populations were analysed by
using the progeny trial data and BSO data separately
and then combined to establish interaction results. Such
analyses provided the rankings of the families and indi-
viduals within and across families. It should be men-
tioned here that interpretation of heritability estimates,
generated from the BSO and progeny trials, should be
done with caution as the differences in variances could

Table 2. – List of variance components generated by REML and genetic values of
the individuals predicted by BLUP.
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Table 3. – Mean family height (m) results (BLUP’s) from the top ten families from the five progeny trials and five BSOs, ranked
according to the progeny trial results. If not included in the top ten families the means for the commercial and genetic check fami-
lies (shaded) are also presented.

be a result of trial design differences rather than true
genetic differences between families.

The following mixed linear modes were applied
according to RESENDE (2002b) (Appendix).

All the sub-populations, except sub-population 1 are
constituted of half-sib progenies. Sub-population 1 con-
sists of full-sib progenies and so in the estimation/pre-
diction process the fraction (1/4) of the dominance vari-
ance was assumed as zero. The interaction analyses for
sub-populations 2 and 3 were not carried out because
there was no genetic variation (heritability estimates
were equal to zero) for BSO tests concerning these two
sub-populations. Without variation in one trial (i.e the
BSO) there is no reason to study the interaction
between the BSO and progeny trials. 

Results

The analysis of the data using REML and BLUP gave
rise to a number of parameters that are described in
Table 2, and the abbreviations listed will be used in the
rest of this paper. Due to space restraints not all the

parameters will be presented or discussed in this paper.

The mean family height measurements from the top
10 families from the progeny trial and BSO from each
sub-population are given in Table 3. Table 4 presents the
variance components generated by REML for the five
sub-populations as well as any interaction components
that may arise when the progeny trial and BSO parts of
the sub-populations are analysed together. The mean
height measurements of the nine genetic controls and
check families across the five sites are shown in Figure
1 and in Table 6 as relative performance of the trial
mean. The BLUP technique was then used to identify
the best individuals within each sub-population and the
top ten individuals from each sub-population are pre-
sented in Table 5.

Discussions and Conclusions

Sub-population 1

There is low genetic variability for future selection in
this population as evidenced by heritability coefficients
(h2a = 0.040 to 0.121) obtained for the three scenarios

Table 4. – Estimates of the variance components generated by REML for height in the five sub-populations.
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namely the progeny trial, BSO and interaction (Table 4).
These coefficients are lower than those obtained for sub-
populations 4 and 5 but higher than those values
obtained from the BSOs in sub-populations 2 and 3.
This overall low heritability in this sub-population can
be explained partially by the fact that the population is
at an advanced generation of selection and/ or due to the
fact the trials are only one year old. It can be noticed
that there is some genetic variability for percentage sur-
vival. The survival rate was 87.64%, which is lower
than that for sub-population 4 (94.31%) and higher than
that for sub-population 5 (77.90%). This shows the bene-
fit of past selection on survival of sub-population 1.

The genetic correlation (rgloc) between performance in
the progeny test and in the BSO is of moderate magni-
tude (0.500). This indicates the considerable value of
genotype x environment interaction (c2int, when com-
pared with h2a), with c2int indicating the proportion of
the variation due to GxE. This results in a slightly dif-
ferent ranking of the families in the progeny trial com-

pared to the BSO. In this case, five families are common
among the best 10 families in each trial (Table 3).

The best selection strategy within this sub-population
would be using the ranking from the joint analysis 
of both (progeny and BSO) tests. This did not provide
the highest heritability coefficient for family selection
(h2fm = 0.403) (Table 4), but it eliminates the overesti-
mation of genetic values due to genotype x environment
interaction.

There is low genetic variability for selection within
families in the population as shown by the within family
heritability coefficients (h2aw = 0.024) (Table 4). This is
expected as the progenies in this trial are full-sibs.

The average height in this sub-population (trait aver-
age : 3.245 to 3.494 m) is lower than that for sub-popula-
tions 2 (trait average : 3.510 to 3.666 m) and 4 (trait
average : 4.438 to 4.643 m) and the progeny trial in sub-
population 5 (trait average : 3.805 m). It is, however,
higher than sub-population 3 (trait average : 1.612 to

Table 5. – BLUP estimates for the genetic value (GV) of the top 10 individuals
from each sub-population for first year height.



171

2.007 m) and the BSO and interaction analysis of sub-
population 5 (trait average : 3.113 and 3.230 m, respec-
tively). This can be due to environmental site effects,
genetic population effects and/or both. 

Although not presented in this paper, among the best
20 individuals overall, 9 come from the BSO and 11 from
the progeny trial. Noticeably it was found that all the
top 20 individuals come from the same family 220. This
is due to the near zero within family heritability (h2aw =
0.024), which leads only to between family selection
(high heritability of family means, contrasting with very
low within family heritability). Therefore, some restric-
tion on maximum number of individuals selected per
family should be practised. This aims at increasing the
effective population size of the selected population,
which is desirable for long-term selection as explained
below for sub-population 2. This too, will prevent the
occurrence of inbreeding depression in the planting gen-
eration. 

Sub-population 2

At this early age (one year), there is enough genetic
variability for future selection in the progeny trial only,
as shown by the heritability coefficients (h2a = 0.442).
The BSO did not show genetic variability (h2a = 0.003).
It can be noticed that there is some genetic variability
for percentage survival in this sub-population with the
survival rate being 90.88% with survival genetic values
ranging from 83 to 94%. 

The heritability coefficients for family selection (h2fm)
was high, i.e. 0.564 and provides a selection accuracy or
precision value of 0.751 (75%) (Acfm). There is also
enough genetic variability for selection within families
in this trial as shown by the within family heritability
coefficient (h2aw = 0.572).

If selection was based on results from the progeny
test, using a selection pressure of 2%, selection of the
best 20 individuals could provide a genetic gain of 0.86
or 23.5% enhancing the population mean to 4.53 m
(MIP-mean of the improved population). These best 20
individuals are associated to an effective population size
(EPS) of 12.93, i.e. equivalent to approximately 13 unre-
lated individuals. The maintenance of an adequate EPS

is essential for reaching the selection limit of the popu-
lation after selecting for several generations. This ade-
quate EPS should be at least 30 (COMSTOCK, 1996).
Therefore a greater number of individuals should be
selected for the long-term breeding, but for the short-
term breeding, namely for the seed production popula-
tion, this EPS is adequate for preventing inbreeding
depression.

Sub-population 3

There is enough genetic variability for future selection
in the progeny trial only, shown by the heritability coef-
ficients (h2a = 0.215). The BSO tests did not show genet-
ic variability (h2a = 0.001). It can be noticed that there is
some genetic variability for percentage survival in this
sub-population with the survival rate being 74.46% with
survival genetic values ranging from 76 to 81%. 

The heritability coefficients for family selection (h2fm)
was high, i.e. 0.455 and provides a selection accuracy or
precision values of 0.674 (67%) (Acfm). There is also
enough genetic variability for selection within families
in this trial as shown by the within family heritability
coefficient (h2aw = 0.208).

The relatively low mean height in this sub-population
(trait average : 1.612 to 2.007 m) could be due to envi-
ronmental site effects, genetic population effects or both.
It is likely that it is a combination of both as this sub-
population was selected for frost resistance and not for
productivity, and the site experienced a very cold winter
in 2003.

If selection was based on results from progeny test,
using a selection pressure of 2%, selection of the best 20
individuals could provide a genetic gain of 0.36 or 22.4%
enhancing the population mean to 1.97 m (MIP-mean of
the improved population). These best 20 individuals are
associated to an effective population size (EPS) of 7.11,
i.e. equivalent to approximately seven unrelated individ-
uals. For practical breeding this number should be high-
er.

Sub-population 4

There is enough genetic variability for future selection
in this sub-population, in both the progeny trial and
BSO, with the possibility of using the combined data as
well. The heritability coefficients (h2a) is high in all
three cases (0.628 for combined analysis). These high
heritability coefficients are due to the origin of the fami-
lies being unselected Australian material. It can be
noticed that there is some genetic variability for per-
centage survival in this sub-population with the sur-
vival rate being 94.31% with survival genetic values
ranging from 87 to 97%. 

Genetic correlation (rgloc) between the performance of
the families in the progeny trial and in the BSO was
high (0.875), as expected. This is reinforced by the low
value of the genotype x environment interaction (c2int =
0.023) and similar ranking of families in both tests.

The best selection strategy would be the selection by
using the ranking from joint analysis of both (progeny
and BSO) tests. This provided the highest heritability
coefficients for family selection (h2fm = 0.919) and pro-

Figure 1. – Mean family height measurements of the nine com-
mercial and genetic check families, across the five sites.



172

vides a selection accuracy or precision value of 0.959
(96%) (Acfm). Among the best 20 individuals overall, 13
come from the BSO trial and seven from the progeny
trial. This revealed the importance of vegetative propa-
gation as a means to capture these seven individuals
into a clonal seed orchard or into the BSO. Selection of
the best 20 individuals can provide a genetic gain of 1.20
or 26% enhancing the population mean to 5.80 m (MIP-
mean of the improved population). These best 20 indi-
viduals are associated to an effective population size
(EPS) of 8.96, i.e. equivalent to approximately nine
unrelated individuals.

There is also enough genetic variability for selection
within families as indicated by the within family heri-
tability coefficients (h2aw = 0.584).

Sub-population 5

There is reasonable genetic variability for future
selection in this sub-population, in both the progeny
trial and BSO, with the possibility of using the com-
bined data as well. The heritability coefficient (h2a)
ranges from 0.134 to 0.142 in all three cases. This sub-
population is a South African local population and
explains the lower heritability coefficients when com-
pared to sub-population 4 (h2a : 0.628 to 0.717). It can be
noticed that there is some genetic variability for per-
centage survival in this sub-population with the sur-
vival rate being 77.90% with survival genetic values
ranging from 71 to 82%. 

Genetic correlation (rgloc) between the performance of
the families in the progeny trial and in the BSO was
high (0.946), as expected. This is reinforced by the low
value of the genotype x environment interaction (c2int =
0.002) and similar ranking of families in both tests.

The best selection strategy would be the selection by
using the ranking from joint analysis of both (progeny
and BSO) tests. This provided the highest heritability
coefficients for family selection (h2fm = 0.830) and pro-
vides a selection accuracy or precision values of 0.911
(91%) (Acfm). Among the best 20 individuals overall, 15
come from the BSO trial and five from the progeny trial.
The genetic gain with selection of the best 20 individu-
als could provide a genetic gain of 0.30 or 9.3% enhanc-
ing the population mean to 3.53 m (MIP-mean of the
improved population). These best 20 individuals are
associated to an effective population size (EPS) of 14.69,
i.e. equivalent to approximately 15 unrelated individu-
als.

There is also sufficient genetic variability for selection
within families in both populations as evidenced by the
within heritability coefficients (h2aw).

The heritability figures obtained over the five sub-pop-
ulations, in the present work, varied from 0.04 to 0.72,
according to degree of improvement of the populations
and site qualities. Similar heritability estimates for
growth in black wattle were obtained by RESENDE et al.
(1992 and 1998) when comparing a local Brazilian popu-
lation (h2a = 0.11 and 0.33, respectively) with Australian
populations grown in Brazil (h2a = 0.31 to 0.36). BI et al.
(1991) recorded heritability estimates of 0.29 and 0.37
for Australian black wattle populations grown in China.

This suggest that the results reported in this paper are
coherent with that published in the literature.

From Figure 1 and Table 6, it can be seen that there
are remarkable differences in the performances of the
commercial and genetic check families across the five
different sites. The concept of relative performance used
in Table 6 is a measure of adaptability of the genetic
materials to sites and follows BURDON (1998). The rela-
tive performance (RP) in relation to the trial mean var-
ied from 95% to 104% in site 1; from 89% to 112% in
site 2; from 96% to 112% in site 3; from 90% to 105% in
site 4; from 99% to 103% in site 5 (Table 6). Clearly the
third sub-population site is the most unfavourable as
the overall heights of the trees in the trial were all
shorter than at the other sites and the control families
performed the worst at this site. Site 5 did not provide
great differences between checks, and will be monitored
more thoroughly in later analyses. There is some degree
of genotype x environment interaction and this too will
be investigated more thoroughly with more specific sta-
tistical tests. Control family 90 performs, on average,
best across all the sites, and in particular on the more
moderate sites (it ranked first on sites 1 and 2 and sec-
ond on site 4) but it is not suited to the cold site of sub-
population 3 (Table 6). This family is an advanced gen-
eration controlled cross from the existing breeding pro-
gramme. Family 85 is the second best performer overall,
being ranked first on sites 3 and 5 and second on site 1.
The third best performer across all sites was family 83,
which ranked second on sites 2 and 3. The fourth best
performer was family 84. Family 91 showed specific
adaptability to site 4 on which it ranked first. The worst
performer was family 86 as expected being from unse-
lected material. Family 87 was almost as bad as family
86 (Table 6). 

Concluding Remarks

This is the first time that a series of trials of this
nature has been planted as part of a breeding strategy
for black wattle in South Africa. These early results
show great potential for genetic gain in future. One may
argue that first year height measurements are not an
appropriate parameter to base any selections. This is,
however, not the intention. The rigorous analysis that
took place while analysing these data was done for a
number of reasons:

1. Set up a suite of analyses that can be routinely per-
formed on these data as the trials are measured annual-
ly;

Table 6. – Relative performance (in percentage of the trial
mean) of the genetic check material within and across sites.
Numbers within the brackets refers to the ranking.
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2. Obtain results that will be useful in future to assess
age-age correlations for the various traits assessed;

3. Track the changes in heritabilities and other genet-
ic parameters over time, in an attempt to identify the
earliest age at which selections can be made; and

4. To have an appropriate decision-making tool, to use
to select individuals for future generations.

The lack of potential improvement from the advanced
generation sub-populations suggests that the continual
infusion of new, unrelated material into the breeding
population is very important. This is emphasised by the
potential genetic gain shown in sub-population 4 (made
up of the unimproved Australian material).

The authors believe that this strategy and the analyti-
cal techniques employed will best identify the best indi-
viduals and families to be used in future breeding popu-
lations. Ultimately the benefits of this strategy will be
reaped by the growers who choose to use the seed ema-
nating from this breeding programme.
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Appendix

In the individual analyses by trial the linear model
applied to the progeny trial data was:

y = Xb + Za + Wc + e, where:

y, b, a, c and e: data vector, block effects (fixed), addi-
tive genetic effects (random), plot effects (random) and
random error effects, respectively.

X, Z and W: incidence matrices for b, a and c, respec-
tively.

Distributions and variance structures 

, where:

Mixed-model equations

, where:
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= narrow sense individual heritabil-
ity in the block;

= correlation due to the com-
mon environmental effect in
the plot;

σ2
a = additive genetic variance;

σ2
c = variance among plots;

σ2
e = residual variance (environmental within plot +

non additive);
A = additive genetic correlation matrix among individ-

uals under evaluation.

REML estimators for variance components using the
EM (Expectation-Maximization)  algorithm were:

tr = trace operator;
r(x) = rank of the matrix X;
N-r(x) = error degrees of freedom;
q = number of individuals;
s = number of plots;
N = Total number of data.

C22 and C33 come from:

= generalised inverse of the
coefficient matrix of the
mixed model equations.

The same model, excluding the plot effect, was applied
to BSO data sets. For the interaction analyses involving
the progeny and BSO data sets the family x trial inter-
action effect was added.


