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ABSTRACT
Twelve wind-pollinated progeny tests of slash pine (Pi~iliselliottii var. elliottii) were measured at 6 to 1 1 years
of age for growth, stem straightness and three crown defects (double leaders, ramicorn branches and basket
whorls). Estimates of heritability (biased and unbiased), type B genetic correlations, and trait-traithge-age
genetic correlations are presented. Growth and stem straightness traits had moderate heritability estimates (0.15
to 0.31, and there appeared to be a weak negative genetic correlation between growth and stem straightness. The
crolrn defects were assessed as binomial, presencelabsence traits and the observed heritability estimates were
modelled as a function of the average incidence of the traits and were transformed to the underlying normal scale.
The average heritability estimates of the crown defects when transformed to the normal scale were of a similar
magnitude to those for growth and stem straightness. Adverse genetic correlations were detected between the
crown defects and growth traits, but favourable genetic correlations were found between crown defects and stem
straightness. The negative genetic correlation between growth and crown defects was strong, and will limit the
concurrent improvement of these traits. No evidence was found of any strong genotype-by-environment
interaction across a range of sites in south-east Queensland: type B genetic correlations exceeded 0.78 for all
traits. Implications for the future breeding of the species is discussed in relation to the development of superior
inter-specific hybrids.
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INTRODUCTION
In Queensland, slash pine (Pinus elliottii Engelm. var.
elliottii) has been grown in commercial plantations for
over five decades. More than 250,000 m3.year-' of logs
are currently being harvested from mature slash pine
plantations, with the annual harvest expected to peak at
around one million cubic metres by the year 2010.
Although slash pine is a very important timber crop in
Queensland, this species is no longer planted commercially; all commercial plantations in the coastal areas of
south-east Queensland arc now planted with hybrids
Morelet var.
bctwcc~; slash pine and P i ~ ~ r rcnrihaea
s
hondlirensis Barrett and Golfari (hereafter referred to as
Caribbean pine). These hybrids combine the higher
wood density, better stem straightness and wind-firrnness of slash pine, with the superior growth rate and
finer branching of Caribbean pine. Therefore, even
though slash pine is no longer planted, the continued
gcnctic inlprovement of slash pine is required in order
to improve the genetic value of parents used to produce
F,hybrids with Caribbean pine.
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Throughout the last 45 years slash pine has been the
subject of intensive, although somewhat sporadic, tree
improvement activities in Queensland: changes in the
intensity of the breeding program reflected the changing
importance of the species for commercial use i n
Queensland. In the early 1950s approximately 7 0 plustrees were intensively selected in plantations; the best
35 of these trees were grafted into a seed orchard in
1953, and a second orchard was established in 1958
using only the best 14 clones. These (+70) first-generation plus-trees bvere subsequently inter-mated and
progeny tested. However, by the early 1970s it was
realised that the genetic basc was too narrow to support
a sustained breeding program, and approximately 100
new plus-trees were selected. In 1975 a third seed
orchard Lvas established which incorporated the 1100
new first-generation plus-trees as wcll as 2 0 advancedgeneration selections. Wind-pollinated seed collected
from the ortets of these 100 new trees was used to
establish progeny tests in 1976, 1977 and 1978. The
data reported in this paper were collected from these
progeny tests between 1982 and 1988, when the tests
were between 6 and 11 years of age.
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This paper aims to summarise information on the
genetic parameters (heritability, type B genetic correlations, and age-age genetic correlations) for growth, stem
straightness and crown defects (double leaders, ramicorn branches, and basket whorls) of slash pine grown
in south-east Queensland. These results will be compared with published genetic parameter estimates from
slash pine breeding programs in the USA and Africa,
and discussed in relation to their implications for future
breeding activities with slash pine.

MATERIALS AND METHODS
Test locations and design
A series of twelve wind-pollinated progeny tests were
established over a three-year period (1976-1978), with
four tests planted per year. The seed for the tests was
collected from the ortets of first-generation plus-trees
that were selected in commercial plantations located in
south-east Queensland. All test sites were located on the
coastal plain (less than 4 0 m above sea level) between
Brisbane and Maryborough in south-east Queensland
(Tablc 1). Nine of the twelve sites had soil types that
Lverc subject to some degree of impeded drainage, while
the soil types of the remaining three sites were well
drained (Table I). Overall, 9 7 different half-sib families
were represented in these tests, with 49, 32 and 36
families represented in the tests planted in 1976, 1977
and 1978 respectively. Although four families were
plantcd on all twelve sites, a given family was usually
only included in thc four tests that Lvere planted in thc
one year.

All twelve tests were established using a randomised
complete block design, with each family represented in
eight blocks. In the 1976 and 1978 plantings each block
contained a 6-tree non-contiguous plot of each family,
while in the 1977 plantings 8-tree non-contiguous plots
were used. Data were collected from a total of just
under 23,000 individual trees.
Measure and assessment details
The tests were usually measured and assessed at six and
ten years of age; however, data collection was sometimes delayed one or two years. T h e following traits
were measured in some or all of the tests:
diameter over bark (DB) at 1.3 m and tree height
(HT) at 6, 8, 10 and 11 years (DB6, HT6, DB8
etc.),
stem straightness using a 4-point scale (ST), a 7 point scale (STR), or the method advocated by
BARNESand GIBSON(1986),
utilisation potential at 6 years of age: a :-point scale
( 1 = pulp, 2 = pulp and sawlog, and 3 = sawlog)
which reflected stem straightness, tree size and
branching defects such as double leaders and ramicorns, and
the presence (score = 1) or absence (score = 0)o f
three serious crown defects -double leaders (DL),
ramicorn branches (RM) and basket whorls (BW).
The presence/absence of double leaders (DL) and
ramicorns (RM) was assessed at 6-8 years and 10-11
years of age, and the two assessment times were treated
as different traits (DL1 and R h l l at 6-8 years, DL2 and
RM2 at 10-1 1 years). Where both diameter and height

Table 1 Progeny test locations and soil types

Test

Planting
monthlyear

Location

Latitude
("S)

Longitude
("El

Magnoha, Tuan
U l ~ ~ ~ aluolaia
ba,
Round, Toolara
Storrs, Beerburrurn
hlelalcuca, Tum
Boron~a,Tuan
Round, Toolara
Tnpconys, Beerburrum
Green R~dgc,Tuan
Ul~rraba,Tool~ra
Round, T o o l x ~
B r ~ b ~Beerburrurn
e,

t ID = Im~ededdrainaqe, WD = Well drained site
$ Soil types were classified according to FAO-UNESCO (1974) "Soil Map of the World"
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Site Typet

Soil Type$
Solodic planosol
Ferric luiisol

Hurnic podosol
Glcyic acrisol
Hurnic planosol
Feric luvisol
Humic podosol
Gleyic acrisol
Hurnic planosol
Ferric luvisol
Humic podosol
Gleyic acriso!
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were measured, individual tree volumes (VOL6, VOL8,
VOL10) were calculated in cubic decimetres (VANCLAY
1980). For stem straightness assessed using the BARNES
and GIBSON,1986, (BG) method the six individual
straightness scores assigned to each of the six 1-metre
sections in the butt log were either:
i. assigned equal weights by summing the individual
scores, to give a composite score ranging from 6 to
3 6 ( B G l ) , or
ii. the individual scores for the 0-4 metre portion of
the stem were multiplied by 0.2, and the scores for
the remaining 4-6 metre section were multiplied by
0.1, and then weighted scores were summed together, thereby giving the bottom four 1-metre
sections twice as much weight as the top two sections, and produced a composite score ranging from
1 to 6 (BG2).
Estimation of variance components and genetic
parameters
The 12 progeny tests were analysed individually, and all
possible pairs of tests within each planting year were
analysed using P R O C VARCOMP (SAS Institute Inc.
1989) to obtain Restricted Maximum Likelihood
(REML) estimates of the variance components (PATTERSON & T H O ~ I P S O197
N 1). The statistical model used
for the pair-wise analyses was:

Where Y,,,, is the lLhtree within the kthwind-pollinated
family, in the jLhblock within the ithtest environment,
p is the overall mean, E , is the random effect of the ith
test environment (E[E,] = 0, Var[E,] = a2,), B,o, is the
random effect of the j1"b1ock within the ithtest environment, (E[B ] = 0 , Var[B,O,] = a",), F, is the random
effect of the klh wind-pollinated family (E[F,] = 0 ,
Var[F,] = a',), FE,, is the random effect of the interaction between the kthfamily and the it" test environment,
(E[FE,,] = 0, Var[FE,,] = a',?), P,], is the random effect
of the interaction between the klh family and the jfhblock
within the ith test environment (E[P,,] = 0 , Var[P,J,] =
02,),and WV,,is the random variation due to the llh tree
within the ijk'l' plot (E[WJ,,] = 0 , Var [WJ,,l = a 2 , ) .
For the single-site analyses, the statistical model
used was a special case of that described above (i.e.
where the number of test locations equals one), and is
obtained by dropping all terms relating to test location.
The variance components for the family, plot and
within-plot effects obtained from the single-site analyses will be referred to as a2,, a', and a',, respectively.
In order to remove scale effects (FALCONER 1989),
the within-plot variance estimated from the single-site

,,
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analyses (a',,) was used to standardise the growth data
before any paired-site analyses were conducted. T h e
growth traits (diameter, height and volume) of each tree
were divided by the square root of the within-plot
variance, and produced a transformed variable with a
within-plot variance of unity.
T h e wind-pollinated families were assumed to b e
half-sib families; hence the variance component for
families, a> obtained from across-site analyses can be
interpreted as an estimate of one quarter of the additive
genetic variance (a2,). However, the corresponding
estimate of the variance among families obtained from
single-site analyses (a2,) is upwardly biased due to the
confounding effects of genotype-by-environment interaction (COMSTOCK& MOLL 1963), and is actually an
estimate of one quarter of the additive variance plus one
quarter of the additive-by-environment interaction
(a2,J. Further
obtained from the paired-site analyses was interpreted as an estimate of one quarter of
a?,,.
Biased and unbiased heritabilities, and type B
genetic correlations (BURDON1977) between the same
trait measured in two different environments, were
estimated using these variance components in the
following manner:
Biased heritability:

h,2 =

4a:
2
OF +

2

up

+

(3;"

From the equation for the type B genetic correlation, it
can be seen that this parameter is a measure of
genotype-by-environment interaction (GxE); when GxE
is large, then rA,, approaches zero, however when GxE
is small, rRBapproaches unity. As a rule of thumb, it
has been suggested that unless the variance due to GxE
was at least half the sire of the additive variance (i.e.
5, exceeds 0.67) then GxE is of no importance (SHEL1972).
Standard errors for heritability and type B genetic
(same trait) correlations were estimated by assuming
that the denominator was a known constant rather than
a random variable, as proposed by DICKERSON(1969)
for heritability estimates. DETERS et al. (1995b) showed that the approximate standard errors of heritability
estimates calculated in this manner are similar to, but
slightly more conservative than standard error estimates
BOURNE
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based on a Tallor serics approximation (e.g. TALLIS
1959).
Type B genetic correlations between two different
traits (i.e. the same trait measured at different ages, or
two different traits) measured in different environments,
were estimated using the following equation:

where Cov, (XI, Y,) is the additive genetic covariance
between two traits X and Y, that was estimated by
calculating thc covariance between the family means
from sites 1 and 2. Similarly, V,(X, J and V,(Y,,?),are
the additivc genetic variances of traits X and Y estimated from the paired-site analyses of tests 1 and 2.
Average parameter estimates were calculated across
tests and test-pairs. All tests were of similar size and
precision, therefore there was no need to weight the
parameter estimates in any manner.
Heritability of binomial t r a i t s
There is a substantial amount of literature dealing with
the estimation of heritabll~tyfrom binomial data (ROBERTSON & LERNER1939, DEMPSTER& LERNER1950,
VAN VLECK 1972, HILLand SMITH1977, and a more
recent review by MCGUIRK 1989). The theory treats
binomial characters as threshold traits, with an underlying normal distribution of genetic and environmental
values, which are not expressed until a certain threshold
value is reached on the underlying normal scale (DEMPSTER& LERNER1950). Further, the theory suggests that
there is a simple linear relationship between heritabihty
on the normal scale, and heritability estimated on the
observed binomial scale:

where h2,,, is the heritability estimated on the binomial
(011) scale, /I?,, is the heritability on the underlying
normal scale, z is the height o f the ordinate of the
normal distribution at the threshold point which corresponds to the observed incidcncc of the trait (p).
T h i s transformation was applied to single- and
paired-site estimates of the heritability for double
leaders, raniicorns and basket whorls. For paired-site
analyses the average incidence of thc trait in the two
sites was used as an estimate of p. Linear regression
was used to investigate thc relationship between aver-

age incidence of the traits and the observed variancc
components and heritability estimates.

RESULTS AND DISCUSSION
G r o w t h a n d s t e m straightness
The heritability estimates for growth traits were moderate: estimates of biased heritability ranged between 0.19
and 0.33, while unbiased estimates were slightly lower
and ranged between 0.20 and 0.24 (Table 2). There was
no apparent age-related trend in the size of the heritability estimates for growth traits, and estimates remained
fairly constant between 6 and 11 years of age (Figure 1,
Table 2). The type B genetic correlations all exceeded
0.75, indicating that there was relatively little GxE in
growth traits of slash pine in south-east Queensland.
The four methods that were used to assess stem
straightness produced different heritability estimates for
this trait (Table 2). Of the methods applied, the simplest
methods (ST and STR) gave the highest heritability
estimates, while the most complex method (BG1 and
BG2) had the lowest heritability estimates. Also it
should be noted that the different weights used in the
BARNESand GIBSON(1986) assessment technique did
not affect the parameter estimates (Tables 2 and 3). The
type B genetic correlations for the different straightness
assessment methods were all high, with a minimum of
0.78 for S T and a maximum of 0.95 for B G I (Table 2).
Hence, it appears that straightness was not affected by
GxE interaction. Overall, the 7-point straightness
assessment method (STR) seemed to be the most useful
under local conditions; this method is simple to apply,
had average heritability estimates exceeding 0.25, and
a type B genetic correlation over 0.9 (Table 2).
No relationship was found between site type (Table
1) and the estimates of heritability and type B genetic
correlation for growth traits or stem straightness.
Estimates derived from tests of the same site type were
not significantly different to estimates from different
site types. In fact, average heritability and type B
genetic correlation estimates from wcll-drained
/impeded-drainage pairs often slightly exceeded those
from pairs o l sites with impeded drainage.
The typc B genetic correlations (estimated between
thc same trait measured at different ages and betwecn
different traits) indicate that there were strong genetic
relationships betwecn the growth traits (Table 3). Somc
of the genetic correlations exceed the theoretical
maximum of 11.01 (Tables 3 and 5); however, the errors
associated with estimates of the additive genetic covariance are often large (FALCOEER1989), hence bvhen
the genetic relationship between two traits is vcry
strong. estimates exceeding 11.01 can be expccted. T h e
relationship bctwccn six-year traits (DB6, HT6 and

V O L 6 ) and volume at 1 0 years of age (VOL10) was
very strong; all genetic correlations exceeded 0.87,
indicating that six-year-old performance was a good
indicator of growth to I 0 years of age.
The four straightness assessment methods were also
strongly correlated with one another, with genetic
correlations approaching 1.0 (Table 3). Therefore all
methods assessed essentially the same trait. However,
the genetic correlations between stem straightness and
the growth traits differed substantially amongst the four
methods. T h e BARNESand GIBSON(1986) method
( B G 1 and BG2) appeared to have a moderate positive
correlation with growth traits, while the remaining three
methods (ST, S T R and UP) were either slightly negatively correlated o r uncorrelated with growth traits
(Table 3). PSWARAYIet al. (in press) also reported only
a weak association between growth traits and an
8-point visual assessment of straightness. These differences in the genetic correlations reflect inherent differences between the BARNESand GIBSON(1986) approach to the assessment of stem straightness, and other

more subjective methods of assessing stem straightness.
When the BARNESand GIBSON(1986) method was
applied in these slash pine tests, straightness was
determined in relation to stem diameter at the point of
the bend. Thus a bend of a certain, absolute severity
would be judged less significant if it occurred in a large
tree when compared with the same bend in a small tree.
By contrast, the other assessment methods (ST, S T R
and UP) appear to have scored large trees somewhat
more critically than small trees.
When these parameter estimates are compared with
published genetic parameter estimates for growth and
stem straightness of slash pine in other parts of the
FALKENHAGEN1989, HODGE & WHITE 1992, and
et a[. (in press)), the heritability estimates
PS~VARAYI
from this study are toward the upper end of the spectrum (Figure 1). Further, heritability estimates for
volume in slash pine reported for tests located outside
the natural range of the species, i.e. in Africa and
Australia, were substantially higher than estimates from

Table 2 Average heritability and type B genetic correlation estimates (+ standard errors) for growth and stem straightness
traits in slash pine. (Number of tests or test-pairs indicated in parentheses.) Diameter, height and volume were measured
in cm, m and dm%espectiveIy, straightness was scored visually, and crown defects (basket whorls, ramicorn branches,
and double leaders) were binomial presencelabsence scores

Trait

Age
(yrs.)

Biased heritability
ih2b)

Unbiased heritability
(h')

Type B genetic
correlation (r,,)

Diameter (DB6)
Diameter (DBS)
Diameter (DB 10)
Height (HT6)
Height (HT8)
Height (HTIO)
Volume (VOL6)
Volume (VOL8)
Volume (VOLIO)
Straightness (ST)
Straightness (STR)
Utilisation Potential (UP)
Barnes & Gibson (BG1)-iBarnes & Gibson (BG2)f
-

Basket Whorls (BW)
Double Leaders (DL])
Double Leaders (DL2)
Ramcorns (RLI I )
Ram~corns(RM2)

f

Each I-metre stem section was assigned an equal weight: composite scores ranged from 6 to 36.
The lower b u r I-metre sections were assigned 2x the weight of the top two I-metre sections: composite scorcs ranged from
I to 6.
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D~eterseta1 1995
biased

Dieters et a1 1995
unbiased

--g---

Hcdge & White 1992
blased

-

A

Hcdge & Wh~te1992
unblased

---

Current study
biased

Falkenhagen 1989
blased

-

CUrrent study
unb~ased

--d---

Pswarayt eta1 (in press)
unbiased

--+--

Figure 1 Published biased (single-site) and unbiased
(multiple-site)heritability estimates for volume in slash pine

world (COTTERILLet al. 1987, DIETERSet al. 1995a,
the south-eastern USA (Figure 1). The absence of
fusiform rust (Cronartium qltercu~im(Berk.) Miyabe ex
Shirai f. sp. fiisifornie) in these 'exotic' test locations
may be contributing to the higher observed heritabilities
- fusiform rust leads to differing levels of mortality
within families, and so it is likely to increase the phenotypic variance of growth traits as a consequence of
unequal inter-tree competition. In the tests reported by
DIETERSet al. (1995a), on average just over 30% of all
trees were infected by fusiform rust, and survival varied
from 35% to 98%. By contrast, eleven of the tests
reported in this study had survivals in excess of 97%,
while the other test had a survival of 93%. Nevertheless, DETERSet al. (1995a) indicated that there was no
evidence to suggest that tests with high rust infection
levels were unsuitable for estimating the genetic parameters of growth traits.
Relatively few published estimates of heritability for
stem straightness in slash pine are available: COTERILL
et al. (1987) report a heritability of 0.15 -t 0.09 at eight
years of age from one test in South Africa; FALKEN-

11 ZGEN (1 989) providcd cstimatcs a\ craging 0.20 -1- 0.12
and 0.21 + 0.15 at five and eight years of age respectively, from up to 15 tests in South Africa; and PSWARAY1 et al. (in press) estimate that the heritability of
stem straightness, from two tests in Zimbabwe, declines
from 0.12 + 0.05 at five years of age to 0.04 + 0.04 at
15 years of age. Estimates reported by COTTERULet al.
(1987) and FALKENHAGEN
(1989) are of a similar
magnitude to those in this study, but estimates reported
et al. (in press) are considerably lower.
by PSWARAYI
The latter suggest that the low heritability estimates
obtained for stem straightness in their study may reflect
the use of an absolute scale rather than a site-specific
& DEAN1990). ST, STR and UP in
scale (COTTERILL
the current study were visual assessments of an absolute
straightness scale, and so this explanation alone is not
sufficient to account for the observed differences in
heritability. However, if the frequency distribution of
scores does not approximate a normal distribution,
especially when only a small number of scores are used,
the amount of phenotypic variation is reduced and
heritability estimates obtained from the data can be low
& COTTERILL
(COTTERILL& DEAN 1990, RAYMOND
1990).

Crown defects - double leaders, rarnicorns and
basket whorls

The heritability estimates for crown defects on the
observed, binomial scale were quite low, with only
small differences between the biased and unbiased
estimates of heritability, and all type B genetic correlations were not significantly different from 1.0 (Table 2).
Heritability estimates of this magnitude have been
commonly reported for crown defects in radiata pine
& LOW 1980,
(COTTERILL& ZED 1980, SHELBOURSE
MATHESON
&RAYMOND
1984, CARSON1986, C o r n RILL & DEAN1990, RAYMOND
& COTERILL 1990) and
PSWARAYI
et al. (in press) report heritability estimates
for branch diameter and branch count for slash pine that
are of a similar size.
There is a fairly common presupposition that crown
defects have a low heritability in many forest tree
species, and therefore can not be manipulated easily via
selection and breeding. However, in the radiata pine
experiments referred to above, where binomial (presencetabsence) scores were recorded, heritability estimates were not transformed to the underlying normal
scale. Hence, the reported heritability estimates were
influenced by the incidence of the trait. The remaining
heritability estimates for crown defects are mostly based

Table 3 Average trait-trait type B genetic correlations ( 5 standard errors) for growth and stem straightness of slash pine
in Queensland. (The number of test pairs that contributed to each average is indicated in parentheses.)

HTlO

DBlO

I

VOL6

DB6
DBlO
HT6
HTlO
VOL6
STR

DB6
DB 10
HT6
HTlO
VOL6
VOLl0
BG1
BG2
UP
ST

Table 4 Average single-site biased (hZ,)and paired-site (h') heritability estimates ( 5 standard error) for double leaders,
ranlicorns and basket whorls, that have been adjusted to an underlying normal scale, based on the incidence of the trait

1

I

Single-site analyses

Trait

Basket Whorls (BW)
Double Leaders (DL1)
Double Leaders (DL2)
Ramicorns (Rhll)
Ramicorns (RM2)

I

Paired-site analyses

Incidence

Adjusted h'

Average
incidence

0.096
0.172
0.172
0.437
0.529

0.248: ? 0.154 (6)
0.247 + 0.049 (10)
0.296 t 0.033 (6)
0.170 t 0.019 (10)
0. 176 + 0.038 (6)

0.1 12
0.180
0.172
0.439
0.529

Adjusted h2
0.169 + 0.022
0.191 + 0.024
0.3 16 + 0.042
0.161 +0.015
0.177 + 0.01 1

(4)
(12)
(6)
(12)
(6)

t The average incidence of the trait in each pair of tests.
$ The averape includes one estimate of 1.8, well outside the theoretical upper limit. that was x'itrarily set to 1.0

1986),
on some form of 'malformation index' (CARSON
which combines a number of different characteristics
and DEAN (1990) and
into a single trait. COTTERILL
R . 4 ~ a l o and
s ~ COTERILL(1990) argue against the use
of this type of integrated assessment proccdure because
a) they are difficult LO apply, b) of the potential for
assessor bias, and c) the component traits can be
integrated more accurately using a selection index.
When the incidence of the three binomial traits \\,as
in\estigated; it was found that each trait o c c ~ ~ r r eover
d
a relatively narrow ran,oe of mean incidence levels
(Figure 2). Basket whorls, double leaders and ramicorns
had mean incidence levels o f 0.10, 0.17, and 0.44/0.53
0 ARBOR.4 PUBLISHERS

respectively (Table 4). Thtrefore the heritability estimates for each trait are really only repeated observations of the heritability at a fixed incidence level.
Consequently, i t n-as irnposjible to model the heritability of each trait (separatelyi as a function of incidence,
and average heritability estimates were calculated after
transforming the estimates to the underlying normal
scale. Ths a\er2;2 hcriiabi:ir! estimates on the underlying normal scale (Table 4) are considerably hisher than
those on the binomial scde, and are similar to the
heritability estimates for ,nro~!th and stem straightness
traits. Heritability estimates of this magnitude are more
in line with observations of the first and second genera-

'
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tion progeny of slash pine in Queensland where certain
parents will consistently produce progeny with a
substantially higher incidence of ramicorns and double
leaders. Therefore, crown defects appear to be under a
moderate level of genetic control in slash pine.
Double leaders and ramicorns showed moderate,
positive (i.e. adverse) genetic correlations with growth
traits (0.2 to 0.6), negative (i.e. favourable) genetic
correlations of -0.2 to -0.6 with stem straightness, and
strong, positive genetic correlations (0.6 to 1.0) with
each other (Table 5). Unfortunately, it was not possible
to estimate trait-trait genetic correlations involving
basket whorls because this trait was not regularly
assessed across sites and planting years.
T h e high genetic correlations between two assessment times of ramicorns and double leaders (Table 5)
indicate that these traits can be assessed reliably at 6-8
years of age. Further, the strong genetic relationship
observed between double leaders and ramicorns (Table
5 ) was expected, because both traits reflect a lack of
apical dominance. Stem straightness may also reflect
the degree of apical dominance: straight trees having
stronger apical dominance than more crooked trees. If
this is true, then it provides a reasonable explanation for
the abserved favourable correlation between straightness and double leaders/ramicorns. The adverse association between growth traits and crown defects it will
make the concurrent improvement of both traits difficult.
Modelling the heritability o f c r o w n defects

It was not possible to model the heritability of basket
whorls, double leaders and ramicorns as separate traits
due to the limited range of mean incidence levels at

which each trait was observed. However, when the total
phenotypic variance (02, = a', + a', + a',,.) and the
additive variance (402, = 02,) estimated from single-site
analyses (on the binomial scale) were plotted against
the mean incidence of the trait @) at the site multiplied
by ( I-p), good relationships were evident across the
three traits (Figure 2). The high genetic correlations
between double leaders and rarnicorns (Table 5) suggest
that there were many common genes controlling the
expression of these two traits, although the trait-trait
genetic correlations involving basket whorls was
unknown. It therefore seemed reasonable to model these
three traits together.
The following simple, linear relationships were
found between additive and phenotypic variance with
@(I-p)) across the three traits:
Total phenotypic variance:
a', = -0.0012 + 0.995@(1-p))
R2 = 0.996
Additive variance:
a?, = -0.0001+ 0.11 l(p(1-p))
R2 = 0.482
When attempts were made to model the heritability as
a function of incidence, the highest R2 value obtained
was 0.14. Nevertheless, these two models imply a
constant heritability (biased, on the binomial scale) for
any level of incidence equivalent to 0.1 1110.995 = 0.11
(if the intercept terms are considered to be equivalent to
zero). This predicted heritability is very similar to those
reported in Table 2. Also, if this constant heritability
was adjusted to the underlying normal scale using the
average incidence levels (Table 4), the estimated
heritabilities of basket whorls, double leaders (DL1 and
DL2) and ramicorns (RMl and RM2) were 0.33, 0.24
and 0.17 respectively. Although the adjusted heritability
estimates for double leaders and ramicorns were very
similar to those for biased heritability, the estimate for

Table 5 Average
correlations (rstandard errors) for double leaders, ramicorns and basket whorls
- trait-trait type
- - B genetic
of slash pine in Queensland. (The number of test pairs that contributed to each average is indicated in parentheses.)

DB6
DBlO
HT6
HTlO
VOL6
VOLlO
BG1
BG2
UP
ST
STR
RM I
RM2
DL 1

Variance
0

Incidence (p[l -p])
Double leaders
(total variance)

Rarnicorns
(total variance)

Double leaders

Rarnicorns

Basket whorls
(total variance)

Figure 2 The relationship between mean incidence of basket
whorls, double leaders and ramicorns, and the additive
genetic and total phenotypic variance of these traits estimated
from individual progeny tests of slash pine in south-east
Queensland. (RZ values are 0.996 and 0.483 for the total
phenotypic and additive variances respectively.)
basket whorls from these two simple models was
considerably higher than the average (Table 4). Therefore it appears that this model is not appropriate for
basket whorls. When a linear model was fitted to the
data for basket whorls separately, the r-squared value
increased to 0.84, and implied a constant heritability on
the binomial scale of 0.099; the adjusted heritability on
the underlying normal scale was reduced only slightly
to 0.29.

genetic improvement of all traits investigated. However,
there may be a weak, adverse genetic correlation
between the preferred method of straightness assessment (i.e. STR) and g r o u ~ htraits, as'well as adverse
genetic correlations between crown defects and growth
traits. The adverse association between growth traits
and crown defects appears to be the most serious, while
the other correlations may be an artefact of the assessment procedure andlor were relatively weak with large
standard errors s o that they are probably close to zero.
Unpublished data indicate that incidence of double
leaders and ramicorn branching is considerably lower in
the Queensland breeding population of Caribbean pine
than in the slash pine population. The F, hybrid between
slash and Caribbean pines is usually intermediate
between the two parental populations for these traits.
Therefore, reduction in the incidence of crown defects
in the F, hybrid is likely to be achieved most readily by
selection against these traits in the slash pine breeding
program. The favourable correlation between crown
defects and stem straightness should mean that concurrent improvement in these traits will be relatively
simple. However, generall), adverse correlations between growth traits and both stem straightnew and
crown defects will mean that some trade-offs are
necessary. In the absence of rsal economic weights it is
difficult to determine the most appropriate emphasis to
place on adversely correlatsd traits. A detailed sawing
study is currently being undertaken in Queensland using
slash and Caribbean pines, that aims to define breeding
objectives and determine true economic weights for
these species. Hon,ever, in the interim breeding of slash
pine in Queensland will aim to reduce the incidence of
crown defects, at least maintain stem straightness, while
attempting to improve growth.
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