for both stem form (14% to 9%; Table 3) and branch size
25% to 10%; Table 3).

Neither of the selection strategies studied here were ex-
pected to lead to a deterioration in any of the traits con-
sidered. This result is surprising given the fact that there
was an adverse association between growth and branch
size. For example, DeanN et al. (1983) and Dean et al. (1986)
have found that it is not possible to simultaneously im-
prove two adversely associated traits in one population. In
this case, however, selection should be quite straightfor-
ward. E. globulus is being planted in Tasmania primarily
for pulp and paper production, therefore, until more is
known about wood quality traits, improvement in growth
is likely to be the main concern of the breeding program, at
least in the first generation. Since it appears that substan-
tial improvements can be made in growth whilst suffering
no deterioration in stem form or branch size such a strategy
should be easily implemented.
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Summary

Nineteen open pollinated progeny trials, comprising
about 32 000 trees of Pinus caribaea var. hondurensis in
Queensland, Australia, were assessed for growth and stem
straightness at about five years after planting, and for
windfirmness following cyclone damage. Mean weighted
narrow-sense heritabilities on an individual tree basis
were 0.30 for diameter, 0.20 for height, 0.24 for straight-
ness, and 0.08 for windfirmness. The magnitudes of herit-
ability estimates were independent of site quality. Mean
weighted genetic correlations were 0.82 between diameter
and height, 0.21 between diameter and straightness, —0.15
between height and straightness, and 0.21, —0.10 and 0.18
between windfirmness and each of diameter, height and
straightness, respectively. Selection for volume should not
adversely affect windfirmness, which might best be im-
proved by selection on family mean values at wind dam-
aged sites.

1) MS 483, Gympie, Qld 4570, Australia
?) PO Box 631, Indooroopilly, Qld 4068, Australia

Silvae Genetica 39, 1 (1990)

Key words: Pinus caribaea, heritability, genetic correlation,
growth, stem straightness, windfirmness.

Introduction

Genetic improvement of Pinus caribaea MoRreLET Var.
hondurensis Barrertr and Govrrart (Pch) in Queensland,
Australia, has been undertaken by the Queensland De-
partment of Forestry (QDF) since the early 1960s. In the
past decade, Pch has become the exotic plantation species
of greatest importance in Queensland, with annual plant-
ings currently approximating 4500 ha. Some 40000 ha,
concentrated in three discrete coastal regions around lati-
tudes 18°S, 22°S and 27°S, were established by 1987
(Queensland Department of Forestry, 1987). Much greater
areas of Pch have been planted elsewhere in the tropics.
Reliable estimates are difficult to obtain: Davipson (1988)
estimated that 456500 ha were established by 1980, and
Nikies (1979) suggested an annual planting rate of about
90 000 ha. Trials in Queensland currently represent one of
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the major sources of genetic information for the species
worldwide.

The Pch genetic improvement program in Queensland,
summarized by NikiLes (1973, 1984, 1986), has been based
on the assumption that economically important traits
were heritable. It has long been recognized that efficient
advanced-generation improvement relies upon accurate
estimates of heritabilities and genetic correlations. Know-
ledge of these genetic parameters enables selection respon-
ses to be predicted and breeding strategies to be evaluat-
ed. Reliable parameter estimates also facilitate the deve-
lopment of optimal selection indices and best linear pre-
diction of breeding values (e.g. CorTeriLL and Dean, in
press; Wuire et al., 1986). Experiments to determine
these parameters for Pch in Queensland were first estab-
lished in 1972, and estimates from them have been report-
ed by EisemanN (1981), Dran et al. (1986) and KanNowski
(1986). In both 1986 reports, the trials from which esti-
mates were made are located at Cardwell, the northern-
most major plantation region. Further estimates, based on
subsequent trials of a much broader range of genetic
material and sites, are reported in this paper.

Experience in Queensland has been that sites of higher
growth rate provide better separation of family means
(EiseMaNnN and Nikies, 1983). The trials considered here
also allow the opportunity to investigate the extent to
which parameter estimates are influenced by site quality.

Materials and Methods
Genetic Material

The progeny trials from which parameters were esti-
mated are part of the QDF Experiment 567 series, which
involves a total of 210 open pollinated Pch families. In
some cases, the seed was collected from ortets standing in
natural forest or from superior trees selected in exotic
plantations; in others, the seed was collected from grafted
ramets in seed orchards or clone banks. These ramets
were of superior trees selected in exotic plantations. For
analytical purposes, the assumption was made that the
members of individual families were, in all cases, half-
sibs. This assumption should be reasonable for seed collect-
ed from ortets in exotic plantations and from ramets, but
may be more tenuous for seed collected from ortets in na-
tural stands. In any case, parameters derived under this
assumption can be readily transformed to satisfy alterna-
tive assumptions (Corr1ERILL and Zep, 1980).

Families in the experimental series may be classified
by origin into eight populations of diverse origin, as de-
tailed in table 1. For ease of management in the field,
populations were allocated to the three sets identified in
table 1. The sets were planted as separate, adjacent, trials
at each site. Sets 1 and 3 each comprised four populations
of families from ortet seed, and set 2 comprised two popu-
lations of families from ramet seed. Not all families were
necessarily represented at each site.

Experimental Sites

Because of the latitudinal range of plantation establish-
ment in Queensland and the consequent possibility of im-
portant genotype-environment interaction, and because
of the risk of loss from cyclonic winds, QDF standard
practice is to replicate progeny tests across regions. The
Experiment 567 series was established in eight regions of
coastal Queensland in 1980, ranging from latitudes 18'S
to 27Y S. Defining each set within each region as a separate
trial, a total of 25 trials was established. Nineteen of these
were sufficiently developed by 1985 to be included in
analyses. Details of the trials are summarized in table 2.

Experimental Design

Each trial was established in a randomised complete
block design. Blocks comprised six units, in each of which
one tree of each entry was represented as a single tree
plot. Alternatively, blocks may be considered as compris-
ing non-contiguous plots of six trees of each entry.

Planting at the Glasshouse Ridge site was restricted to
four blocks, for a total of 24 trees of each entry. At all
other sites, eight blocks were established, for a total of 48
trees of each entry. Trees were planted at the then opera-
tional spacing of 3.0 m X 3.4 m; the trials were unthinned
when assessed.

Trial Measurement and Assessment

The ages at which each trial was assessed for the
relevant traits are detailed in table 3. Not all blocks of
each trial were necessarily assessed on each occasion. The
final pooled data set comprised about 32 000 trees across
the 19 trials.

Although many traits were assessed, we have concen-
trated here on reporting parameters for growth and stem
straightness at around five to six years after planting,
and windfirmness following cyclone damage. Improve-
ment of yield, straightness and windfirmness are the

Table 1. — Genetic material in the progeny trials.

Total number of

Population Seed Origin families in set
source

1 2 3
1 ortet Queensland plantations 37 - 25
2 ortet Culmi, Honduras 18 - -
3 ortet Rus Rus, Honduras 9 - -
4 ortet Fijian and New Caledonian plantations 23 - 21
5 ramet Queensland plantations - 24 -
6 ramet Congo plantations 24 -
7 ortet Sikalanka, Honduras - - 10
8 ortet Congo plantations - - 8
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Table 2. — Details of selected progeny trials in the series.

Site name Site abbreviation Latitude  Elevation Annual Establishment
and and a.s.l. rainfall date
set representation longitude (m) (mm)

Cardwell Ridge cri1,2 3 18°15' S 20 2122 February
145°55' E 1980

Byfield Ridge br 1, 2 22°50' S 50 1625 March
150°45' E 1980

Byfield Swamp bs 1, 2 22°50" S 50 1625 March
150°45' E 1980

Wongi Swamp ws 1, 2 25°27" S 35 986 March
152°35' E 1980

Tuan Swamp ts 1 25°38' S 20 1393 March
152°47' E 1980

Toolara Ridge tr1, 2, 3 25°53' S 50 1369 April
152°50' E 1980

Glasshouse Swamp gs1,2 3 26°48' S 10 1590 July
153°05' E 1980

Glasshcuse Ridge gr1,2 3 27°05' S 20 1837 May
1563°05"' E 1980

major objectives of the local breeding program. Stem dia-
meter overbark at 1.3 m and height were measured by
girth tape and height sticks, respectively. Straightness of
the basal 6 m was assessed on a subjective five or seven
point scale, as specified in table 3. The most crooked trees
were scored as category one. Windfirmness, expressed as
resistance to stem lean, was assessed subjectively on a
four point scale. The most windblown trees were scored
as category one.

Table 3. — Age (months) at assessment of the trials.

Trial Diameter Height  Straightness Windfirmness
(no. of classes)

br1 66 66 66 (5) 19

br2 68 68 68 (5) 19

bs1 66 66 66 (5)

bs2 66 66 71 (5)

cri 74 74 (7) 74

cr2 74 74 (7) 74

cr3 74 74 (7) 74

grt 56 56 57 (5)

gr2 56 56 57 (5)

gr3 56 56 57 (5)

gs1 63 63 63 (7)

gs2 63 63 63 (7)

gs3 63 63 63 (7)

tri 62 62 63 (5) 39

tr2 62 62

tr3 62 62

ts1 78 78

ws1 88 88 78 (7) 78

ws2 88 88 78 (7) 78

Statistical Methods

Preliminary analyses were carried out on the popu-
lations within each trial, as defined in table 1, using the
method of least squares (Harvey, 1960)- In the case ot

windfirmness data, and several other instances for popu-

lations 7 and 8, data sets were too small to yield reliable
estimates and were not analysed separately, but were in-
cluded in subsequent pooled analyses. The model fitted for
each population is described by equation (1).

Yiu=n+ £+ b+ (fb), + ey

1)

Where y is the overall mean;

ijl is the observation on stem 1 of family j in block k;
fj is the effect of family j;

bk is the effect of block k;

(fb)jk is the interaction of family j and block k;

ejkl is the normally and independently distributed random

deviation of stem 1 of family j in block k, with a mean of
zero.

Variance components were estimated from the analyses
of variance by equating the appropriate mean squares to
the expectations shown in table 4. The k coefficients of
the variance components, shown in tables 4 and 5, were
computed using the direct approach of Harvey (1960). The
model described by equation (1) was fitted to each popu-
lation in each trial, and resultant mean squares were
tested for homogeneity of variance using Bartlett’s test
(Snepecor and cocHrAN, 1981). Data from populations
within each set were subsequently pooled, and re-analys-
ed according to the model described by equation (2).

Yijkl =pn+p+ fj + b, + (pb), + (fb)jk +e 2)

ikl

Where u ist the overall mean;
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Yijkl is the observation on stem 1 of family j within popu-

lation i and in block k;
p; is the effect of population i;

f.i is the effect of family j within population i;

bk is the effect of block k;

(pb)ik is the interaction of population i and block k;
(fb)ik is the interaction of family j and block k;

eijkl is the normally and independently distributed random
deviation of stem 1 of family j within population i and in
block k, with a mean of zero.

The expectations of the relevant mean squares are
shown in table 5. Variance components were estimated by
equating the appropriate mean squares to the expectations
shown in table 5.

As the progeny within each family were assumed to be
half-sibs, narrow sense heritabilities on an individual tree
basis (h?) were estimated according to equation (3).

3

fb+ (72‘)

bl = 402f/(0'2f+ o2

Note that the component o?, does not appear in the
denominator of equation (3), implying that the heritability
estimates derived are appropriate to selection within
blocks, or on block-adjusted data, as explained by Cort-
TERILL (1987). Standard errors were estimated according to
Swicer et al. (1964). Genetic correlations were estimated
from additive genetic variances and covariances accord-
ing to HazeL et al. (1943), and the standard errors of these
correlations according to TaLLis (1959).

Weighted mean heritability estimates across sites were
calculated following CunnNiNGuAM et al. (1977), with each
estimate weighted by the inverse of its variance as in
equation (4).

B2-3 2 h? (4)
[}

Where z = (1/vi)/2'i(1/vi)
hiz is the ith heritability estimate
Vi is the variance of the ith estimate;

and the variance of the weighted mean heritability estimate,

a_ 2
v= 212' v‘ (S)

Estimates of genetic correlations for each site were
similarly pooled to derive weighted means.

Results

The overall means and standard deviations of diameter,
height, straightness and windfirmness at each site, and
the appropriate k values as defined in table 5, are present-
ed in table 6. Mean annual increments of height and dia-
meter in each trial were also calculated. Increments as-
sume an initial diameter of zero and an initial height of
0.2 m.

In is apparent from table 6 that families originating from
ramet seed collected in clone banks and seed orchards
(set 2) were, on average and almost universally, straighter
and more vigorous than those originating from ortet seed
(sets 1 and 3). This superiority is due to two factors. One
is the superior genetic quality of the pollen cloud in clone
banks and seed orchards. The other is that the ortets in
exotie plantations, from which the ramets derive, were a
generation advanced over those selected in natural stands.

Table 4. — Expected mean squares for analyses of variance and covariance of each population.

Source of variation Degrees of freedom

Expected mean squares

i 2 2+ ko?

Family f-1 ol t ko ¥ kT

Block b-1 Not relevant to parameter estimation
. 2 2

Family x block (f-1)xb-1) ol + kot

Within-plot error N - z}_\:knjk 0'2¢

Where o'f is the variance component due to families

asz is due to family x block interactions
u’e is due to random error

f is the number of families

b is the number of blocks

N is the number of observations

“jk is the number of trees of the jth family in the kth block
kl, k2 and ks are the appropriate coefficients as described by H,uwm" (19589)

Table 5. — Expected mean squares for analysis of variance and covariance of data pooled across
: populations.

Source of variation

Degrees of freedom

Expected mean squares

Population p-1 Not relevant to parameter estimation
Family within population f-p oze + kzﬂzﬂ, + k302f

Block b-1 Not relevant to parameter estimation
Population x block (p-1)b-1) Not relevant to parameter estimation
Family x block (f-p)b-1) aze + klcrzﬂ,

Within-plot error N-ZZn, a?,

Where p is the number of populations and other terms are as defined in Table 4.
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Tatle 6. — Average growth increments and overall means, associated standard deviations and k values for dia-
meter (cm), height (m), straightness and windfirmness scores.

Diameter Height Straightness Windfirmness
k coefficient (cm/month) (m/month)

Trial k1 k2 k3 mean s.d. increment mean s.d. increment mean s.d. mean s.d.
br1 4.66 4.86 18.79 14.4 2.1 0.218 9.7 1.2 0.144 2.1 0.9
bst 5.86 5.87 23.44 16.6 2.4 0.252 10.7 1.3 0.159 1.5 0.7
cri 4.89 506 29.50 17.3 3.3 0.234 3.4 1.3 3.9 0.3
gri 5.73 5.78 22.99 13.7 2.0 0.245 8.0 1.1 0.139 1.9 0.7
gs1 5.58 5.66 27.99 16.7 1.9 0.265 9.7 1.1 0.151 2.0 1.2
tr1 5.66 5.71 28.33 14.1 1.8 0.227 9.4 1.0 0.148 1.1 0.3 3.8 04°*
ts1 5.93 5.97 47.44 15.0 3.0 0.192 9.7 1.9 0.122
ws1 5.91 592 35.47 16.0 2.0 0.182 11.3 1.1 0.126 29 0.8 3.9 0.3
br2 5.04 5.20 20.34 145 2.7 0.213 9.9 1.5 0.143 25 0.9 |
bs2 5.13 5.26 20.65 17.7 2.1 0.268 11.3 1.3 0.168 2.5 0.9
cr2 4.60 4.85 27.73 17.9 3.9 0.242 3.6 1.3 4.0 0.2
gr2 5.86 5.89 23.48 15.1 2.1 0.268 8.7 1.2 0.152 2.2 0.9
gs2 5.64 5.69 28.25 17.3 2.1 0.275 10.1 1.2 0.157 3.2 1.7
tr2 5.87 5.90 47.01 13.9 2.2 0.224 9.1 1.2 0.144
ws2 5.86 5.89 35.21 171 2.0 0.194 120 1.2 0.134 3.1 1.0 4.0 0.1
cr3 4.91 5.18 29.73 171 3.4 0.231 3.7 1.3 40 0.2
gr3 5.5t 5.58 16.61 12.7 2.6 0.227 7.3 1.4 0.127 20 0.8
gs3 5.22 5.40 26.26 16.7 2.3 0.265 9.5 1.3 0.148 2.8 1.6
tr3 5.72 5.76 45.79 14.0 2.4 0.226 9.2 1.3 0.145
Mean - set1# 15.4 0.243 9.0 0.146 2.4
Mean - set2# 16.0 0.252 9.3 0.151 3.0
Mean - set3# 15.2 0.237 8.7 0.140 2.8

* 1<:l = 5.84, k2 = 5.86 and k3 = 23.37 for windfirmness
# means calculated for common sites only

Parameter Estimates

Preliminary analyses within each population, fitting the
model described by Equation (1), involved about 170 ana-
lyses of variance; they, and parameter estimates from
them, are available from the authors but not detailed
here. Weighted mean parameter estimates for each popu-
lation are presented in table 7. Weighted mean herita-
bility estimates for diameter varied from 0.13 to 0.39; for
height from 0.06 to 0.23; and for straightness from 0.06
to 0.34. Phenotypic correlations between diameter and
height ranged from 0.60 to 0.76; between diameter and
straightness from 0.12 to 0.37 and between straightness
and height from 0.11 to 0.24. Genetic correlations were
more variable, ranging from 0.41 to 0.82 between diameter
and height; from —040 to 1.00 between diameter and
straightness; and from —0.25 to 0.47 between straightness
and height.

Detailed results of the pooled analyses of variance are
also available from the authors. Heterogeneity of within-
population variances was not found to be an important
or consistent feature, indicating that pooling data within
sites was a valid procedure. A possible exception occurred
with straightness of the set 1 populations, where signifi-
cant heterogeneity of between-family variance occurred
at three of the seven sites. Straightness scores at these
three sites showed positive kurtosis, a condition under
which Bartlett's test is known to return erroneous jud-
gements of heterogeneity (Snepecor and CocHran, 1981).
For simplicity, we elected to pool the raw data and in-
terpret the results with due caution. Heritability estimates
and associated standard errors from the pooled analyses
are presented in table 8, genetic correlations in table 9,
and phenotypic correlations in table 10.

Weighted mean heritabilities from pooled analyses were
0.30 for diameter, 0.20 for height, 0.24 for straightness and
0.08 for windfirmness with estimates ranging between 0.17
and 0.72, 0.10 and 0.39, 0.16 and 041, and 0.03 and 0.13,
respectively. Weighted mean genetic correlations were
highly positive between diameter and height, moderately
positive between diameter and straightness and moderately
negative between height and straightness, with magnitud-
es of 0.82, 0.21 and —0.15, and ranges of 0.34 to 1.00, —0.39
to 0.46 and —0-33 and 0.28, respectively. Phenotypic cor-
relations were similar to genetic correlations with the
exception of those between height and straightness, where
phenotypic correlations were positive in all cases with an
average of 0.16. Genetic correlations involving windfirm-
ness were 0.21 with diameter, —0.10 with height, and 0.18
with straightness. Phenotypic correlations with windfirm-
ness were all close to zero.

The Effect of Site Quality on Parameter Estimates

It is apparent from table 6 that growth has differed
markedly between sites: for example, mean diameter
ranged from 12.7 cm at Glasshouse Ridge to 17.9 cm at
Cardwell Ridge. However, these differences are due not
only to variation in site quality but also to differences
in age at measurement (Table 3). Site quality per se is
better defined by mean annual increment in diameter and
height, as listed in table 6. On this approximate basis, the
poorest growth rates were at Tuan Swamp and Wongi
Swamp, and the best at Byfield Swamp and Glasshouse
Swamp.

Heritability estimates from each trial are plotted against
corresponding diameter and height increment in figure 1.
In both cases, correlations between growth increment and
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Table 7. — Weighted mean heritabilities and genetic correlations, mean phenotypic correlations,
and their ranges, from preliminary analyses of each population.

Heritabilities

Diameter Height Straightness
Population mean range mean range mean range
1 0.26 (0.08, 0.71) 0.17 (0.05, 0.28) 0.21 (0.14, 0.39)
2 0.15 (0.6, 0.42) 0.10 (0.03, 0.35) 0.23 (0.08, 0.20)
3 0.13 (0.06, 0.57) 0.10 (0.04, 0.51) 0.25 (0.11, 0.47)
4 0.39 (0.21, 0.72) 0.23 (0.11, 0.60) 0.21 (0.05, 0.48)
5 0.31 (0.24, 0.63) 0.12 (0.04, 0.36) 0.34 (0.27, 0.52)
6 0.24 (0.15, 0.80) 0.17 (0.11, 0.40) 0.19 (0.11, 0.31)
7 0.30 (0.29, 0.34) 0.06 ’ 0.06
8 0.24 0.07
Genetic correlations
Diameter Diameter Straightness
and and and
Height Straightness Height
Population mean range mean range mean range
1 0.61 (0.13, 1.00) 0.51 ( 0.18, 0.72) -0.16 (-0.60, 0.47)
2 0.80 (0.74, 1.00) -0.40  (-1. 00 0.10) -0.10 (-0.75,-0.19)
3 0.76 (0.01, 1.00) 0.14 (-0.22, 1.00) -0.25 (-0.46, 1.00)
4 0.71 (0.19, 0.87) 0.33 (-0. 57 0.76) 0.11 (-0.43, 0.59)
5 0.71 (0.24, 0.87) -0.24 (-0.92, 0.09) -0.10 (-0.38, 0.11)
6 0.81 (0.40, 1.00) 0.29 (-0.11, 0.47) 0.47 (-0.33, 0.80)
7 0.82 1.00
8 0.41
Phenotypic correlations
Diameter - Diameter. Straightness
and and and
Height Straightness Height
Population mean range mean range mean range
1 0.63 (0.48, 0.74) 0.17 (-0.04, 0.37) 0.156 (0.07, 0.23)
2 0.65 (0.51, 0.76) 0.16 (-0.06, 0.19) 0.11 (0.02, 0.23) ‘
3 0.66 (0.57, 0.75) 0.20 ( 0.01, 0.41) 0.21 (0.09, 0.41)
4 0.64 (0.51, 0.81) 0.14 (-0.02, 0.35) 0.16 (0.06, 0.39)
5 0.60 (0.51, 0.78) 0.13 ( 0.02, 0.19) 0.19 (0.05, 0.26)
6 0.64 (0.56, 0.78) 0.12 ( 0.01, 0.19) 0.24 (0.14, 0.29)
7 0.76 0.37
8 0.69

heritability were low and non-significant (p > 0.05).
There is, therefore, little indication of a relationship be-
tween the heritability estimate and growth rate of the
trial from which it derives.

Discussion

Parameter estimates for populations 2, 3, 7, and 8 must
be treated cautiously because of the limited number of
families in each. Given the relatively large sampling
variances and range of estimates for each population at
each site, there is little difference in heritability esti-
mates between populations. The more intensively selected
populations (5 and 6) have not yielded consistently higher
or lower estimates than the less intensively or un- select-

26

ed populations (1, 4 and 8; 2, 3 and 7, respectively). The
estimates of heritabilities and genetic correlations from
pooled data generally agree with those of Eisemann (1981)
and Dran et al. (1986). Kanowskr’'s (1986) results are more
narrowly based and less comparable.

There appears to be some degree of genetic control over
windfirmness, confirming earlier observational evidence
(Queensland Dept. of Forestry, 1981). The relatively low
heritability of windfirmness and its variable correlations
with other traits may be a consequence of the limited
scale used to assess this trait (e.g. Raymonp and CoTTERILL,
in press), and/or variation in the incidence and severity
of cyclone damage. A trait such as windfirmness tends to
be binomially distributed, and as such its heritability will



Table 8. — Estimates of heritabilities (h? and associated standard

Table 10. — Phenotypic correlations (rp) from pooled analyses.

errors (s. e.) from pooled analyses of stem diameter, height,
straightness and windfirmness. Diameter Diameter Straightness Windfirmness
Trial and and and and
giameler 2 Height 2"339"‘"953 h“gm’ﬁ'm"ess Height Straightness  Height Diameter  Height Straightness
Trial he 4+ s.e. + s.e. hc 1+ se. + s.e.
bri 0.67 0.20 0.21
br1 0.30 0.09 0.31 0.09 0.24 0.08 bs1 0.62 0.13 0.16
bs1 0.19  0.07 0.24 0.08 0.16 0.06 cri 0.31 0.11 0.03
cri 0.51 0.11 0.29 0.08 0.03 0.03 ar1 0.68 .0.03 0.07
grt 0.38 0.09 0.29 o0.08 0.24 0.07 gst1 0.49 0.10 0.09
gs1 0.36  0.09 0.24  0.07 0.36  0.09 tr1 0.52 0.07 0.07 -0.02 0.02 0.05
tr1 0.41  0.09 0.29 0.07 0.18 0.06 0.13 0.05 1s1 0.75
ts1 0.17 0.04 0.11 0.03
ws1 0.46 0.08 0.38 0.07 0.20 0.05 0.10 0.03 v;f; g:gg g:;i g'}g -0.05 1003 0.02
br2 0.29 0.1 0.17 0.08 0.23 0.09 bs? 0 48 0.08 032
bs2 0.29 0.1 0.10 0.07 0.29 0.11 cro ’ 0'24 : 0.06 0.07
cr2 0.72  0.16 0.31 0.10 0.10 0.05 : : :
gr2 032 0.0 032 010  0.32 0.10 gr2 0.60 0.04 0.17
gs2 022 0.08 0.11 006 023 0.08 gs2 0.54 0.17 0.27
tr2 0.21  0.06 0.20 0.08 tr2 0.70
ws2 0.35 0.10 0.39  0.10 0.41 0.11 0.13 0.05 ws2 0.59 0.19 0.22 0.01 0.01 0.62
cr3 0.61 0.15 0.39 0.11 crd 0.36 0.19 .16
gr3 0.45 0.13 0.29 0.10 0.30 0.10 gr3 0.79 0.05
gs3 0.23  0.10 0.18 0.08 0.35 0.12 gs3 0.55 0.12
tr3 0.40 0.c9 0.20 0.05 1r3 0.70
Mean 0.30 0.02 020 002 024 0.06 0.08 0.02 Mean 0.63 0.14 0.1¢ 0.00 0.01 0.04

depend on the mean and incidence in the population (HiL
and SwmirH, 1977). An example of such a dependency was
demonstrated by McGuirk and ATxkins (1984), who found
that the highest estimates of heritability for fleece rot in
sheep were obtained when its intensity was at an inter-
mediate level. On this basis, one would expect to make
maximum genetic improvement in windfirmness from
results obtained when wind damage is at an intermediate
level.

A more realistic and desirable approach would be to
pbase selection for windfirmness on a genetically correlated
trait which is both normally distributed and expressed in
the absence of wind damage. Correlations presented in

table 9 suggest that windfirmness would be improved by
selecting shorter, plumper, straighter trees. However, as
diameter and height have a strong positive genetic as-
sociation (r, = 0.82), such a strategy is likely to severely
limit genetic gain in volume. Also, it is a matter of con-
jecture whether shorter families would remain more
windfirm if grown as a monoculture. Until a more reliable
indicator trait can be identified, it appears that the best
method of simultaneously improving volume, straightness
and windfirmness is to use indices which combine family
information for windfirmness from a site with a moderate
incidence of wind damage with individual tree and family
data for volume and straightness from more protected
sites.

Table 9. — Genetic correlations (rg) and associated standard errors (s.e.) from pooled analyses.

Diameter Diameter Straightness Windfirmness

Trial and and and and
Height Straightness Height Diameter Height Straightness

rg + s.e. rg % S.e. rg %+ S.e. rg 1 s.e. rg + s.e. rg 1+ s.e.
br1 0.52 0.14 0.37 0.19 0.14 0.21
bs1 0.47 0.18 0.27 0.24 -0.07 0.24
cri 0.43 0.14 0.41 0.31 0.59 0.35
gri 0.69 0.10 0.14 0.19 -0.09 0.20
gsi 0.34 0.17 0.31 0.17 -0.33 0.18
tr1 0.48 0.13 0.23 0.18 0.02 0.20 0.35 0.22 -0.09 0.24 0.83 0.53
ts1 0.53 0.13
wsi 0.61 0.09 0.24 0.14 -0.01 0.16 -0.05 0.18 -0.18 0.18 0.26 0.19
br2 0.89 0.08 -0.10 0.27 0.02 0.31
bs2 0.36 0.3 -0.39 0.24 0.19 0.33
cr2 0.21 0.18 0.25 0.25 0.20 0.28
gr2 0.74 0.11 0.05 0.22 -0.16 0.21
gs2 0.58 0.19 0.01 0.24 -0.14 0.28
tr2 0.59 0.13
ws2 0.54 0.14 0.14 0.19 0.28 0.18 0.32 0.22 0.03 0.23 0.20 0.28
cr3 0.46 0.16
gr3 1.00 0.03 -0.06 0.23 -0.20 0.24
gs3 0.36 0.27 0.16 0.27 0.15 0.29
tr3 0.67 0.09
Mean 0.82 0.02 0.21 0.05 -0.15 o0.10 0.21 0.10 -0.10 0.12 0.18 0.09
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Figure 1. — Heritability estimates from each site plotted against

corresponding average monthly diameter and height increments.

Although faster growth sites may result in greater dif-
ferences between family means (EiseManN and Nikies, 1983),
our results demonstrate that the accuracy of breeding
value estimates does not necessarily increase on such sites.
This implies that, as Corterir and Dean (1988) found,
increased phenotypic variance counteracts any advantages
of increased additive genetic variance. Therefore, family
rankings derived from faster growth sites may be no
more reliable than those originating from slower growth
sites. Although the fastest growth site does not necessarily
provide higher heritability estimates, it may facilitate
earlier selection and thereby reduce the generation in-
terval.

Conclusions

For the populations tested in these trials, there are no
apparent site effects on the magnitude of heritability esti-
mates. Evidence from all sites tested suggests that selec-
tion in any of the populations should lead to genetic gain
within that population. The parameters reported here are
being used as the basis for index selection in the base
population of Pch in Queensland. Further papers will
report investigations of the magnitude of genotype- en-
vironment interactions and juvenile- mature correlations
and their consequences for the breeding program.
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