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ABSTRACT
Genetic and phenotypic parameters for height and stem straightness were estimated for Pinus taeda L. in
Zimbabwe using the individual tree model DFREML. The data were from 4 progeny tests comprising 140 fullsib families assessed at 1.5, 9.5, 13.5 and 22.5 years. Dominance variance tended to be lower than additive
variance for both traits, except for straightness at 1.5 years. Heritability estimates for height were moderate to
high (0.14 to 0.73) and peaked at 9.5 years; those for straightness were low at 1.5 years and increased to
moderate levels with age (0.01 to 0.33). Individual site heritability estimates were higher than those using data
pooled across sites, indicating presence of genotype x environment interactions andlor heterogeneity of
variances. It is suggested that combining data as in the pooled analyses was not appropriate for this study.
Genetic correlations were higher than their phenotypic counterparts in both traits. Age-age genetic correlations
for height were high indicating opportunity for early selection (0.76 to 0.97). Age-age genetic correlations for
straightness ranged from -0.05 to 0.94. Genetic correlations between height and straightness were low.
Keywords: Individual tree model, DFREML, heritability, age-age genetic correlation. Pinus taeda.

INTRODUCTION
Pinus taeda L. is a major exotic plantation species in
Zimbabwe and other southern African countries. Its
success as an exotic is due to its fast growth rate and
wide adaptability, although it is limited on some sites
by problems such as susceptibility to drought and
damage from pests such as Pinues pine, Cinara cronartii and baboons. With the increasing demand for
wood products globally (SHARMAet al. 1992), maximising wood production on available land resources is
of major importance. The high growth rate of P taeda,
the variation evident in natural stands and plantations
in Zimbabwe and South Africa, and the need to increase production per unit area led to the establishment
of a breeding programme in Zimbabwe in 1958 (BARRET & MULLIN1968). The most comprehensive progeny tests in this programme were established in the
1970s. The major constraint to the efficient breeding of
this species in Zimbabwe has been the lack of genetic
parameter information to guide decisions on the most
appropriate breeding strategy and, more generally, to
monitor genetic progress.
Genetic parameter estimates available for I? taeda
are predominantly from studies in the USA. Heritability
estimates for height from these studies were high
et al. 1993; FOSTER1986; LAMBETH
et al.
(BALOCCHI
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1983; FRANKLI~1979) and age-age genetic correlations
for height were positive and high (FOSTER 1986;
et al. 1983). There are few reports of heritaLAMBETH
bility estimates for stem straightness from studies in the
USA, probably reflecting the fact that this trait is
relatively difficult and costly to measure. The few
estimates that are available indicate that the heritability
&
for stem straightness is weak to moderate (WILLIAMS
LAMBETH1989; BRIDGWATER
& STONECYPHER
1979),
and depends on the method of assessment. Whereas in
Zimbabwe an absolute scale is used for assessing stem
straightness, in the USA a relative score is commonly
used.
There appear to be no estimates of genetic parameters for height and straightness in P taeda grown in the
tropics, an issue of concern as fast-growing tree crops
are likely to exhibit different genetic parameters than
1988). Given the
slower growing ones (MAGNUSSEN
fact that growth rates of P taeda in the tropics can be
substantially higher than that achieved in the temperate
regions, genetic parameters may differ between these
regions. This lack of genetic parameter estimates for
these economically important traits has potentially
adverse consequences for realizing genetic progress in
P taeda breeding programmes in the tropics.
Traditionally, genetic parameters in forest tree
breeding programmes have been estimated using sib
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covariance genetic models. Unfortunately, these models
do not allow use of covariances of other relatives, a
particularly important aspect as breeding programmes
advance to second and subsequent generations. Also,
where information is available from both the male and
female parents, such as in controlled cross mating
designs, a problem is encountered as to how best pool
the two resultant heritability estimates, especially when
the two estimates are not of equal reliability and are
correlated. The model which appropriately incorporates
information on genetic relationships between trees is
the individual tree model, which can be fitted in REML
using derivative-free algorithms (DFREML, MEYER
1989). The individual model includes a random effect
for the additive genetic merit or breeding value of each
tree, both for trees with records and those that are
represented as parents, and incorporates all known
relationship information in the analysis. The additive
genetic variance is then estimated as the variance of
trees' additive genetic merit instead of estimating it
from the variance between parents. The individual
model has become the method of choice in animal
breeding because of its desirable properties, and has
recently been applied to tree breeding (Etmlq,ptus BORRALHO
et al. 1995).
The aim of the study was to estimate genetic parameters: variance components, heritability, genetic and
phenotypic correlations, using individual tree model
DFREML, for height and stem straightness. This is the
first application of an individual tree model to estimate
variance components for Pinus taeda.

MATERIALS
The 140 full-sib families originated from an incomplete
factorial mating design involving 8 male and 15 female
parents. The 23 parents were selected phenotypically
from unimproved plantations in Zimbabwe and South
Africa.
Four progeny tests were planted in 1972 in the

T/IEL)d

Eastern Highlands of Zimbabwe. Details of the tests are
given in Table 1. Trees were planted at 2 4 x 2.4 m
spacing and each plot comprised ten trees. The tests
comprised three replicates and ten to twelve blocks per
replicate, in a triple lattice design. Systematic thinning
was carried out by removing every other tree in each
plot at ages 9.5 and 13.5 years, therefore removing 50%
of the trees on each occasion. At age 9.5 years, height
was assessed on trees that were felled after thinning.
The tests were assessed for height (HT) and
straightness (ST) at 1.5,9.5, 13.5 and 22.5 years. Stem
straightness was assessed using a 7-point absolute
visual scale (1 = crooked to 7 = very straight) outlined
by BARRETT& MULLIN(1968). The total number of
trees assessed for both traits was 13424, 5 1 1 1, 5770
and 1973 at 1.5, 9.5, 13.5 and 22.5 years, respectively.

METHODS
Variance components for individual sites were estimated using the following individual tree models:

-where: y,,, is the observation on the 1"' tree in the it"
replicate and j"' block and in the kth family, y is the
overall test mean, R, is the fixed effect of the ith replicate, B , is the random effect of the j"' block in the it"
replicate, FM,,
is the random effect of the kt" family
(female x male parent interaction), A, is the additive
genetic effect of the Ith tree, and qlk,is the within plot
error (residual), assumed to be normally distributed
with mean 0 and variance 0'.
The full-sib family variance component (02,,,) was
interpreted as 1/40', where 0 2 , is the dominance
genetic variance. The difference between the two
models is that model 2 fitted plot (Pt, ) as an additional
random effect in order to measure common environ

Table I . Synopsis of progeny tests established in 1972 in Zimbabwe

Site (name)

Tarka (A)

Stapleford (B)

Martin (C)

Nyangui (D)

Region
Latitude
Longitude
Altitude (m)
Rainfall (mm)
Soils

Chimanimani
1 Y059'S
32'56'E
1005
2 I56
Dolerite/alluvial
-derived: reddish
bronn clays; well
drained

Penalonga
IS044'S
32'49'E
1745
I836
Dolerite-derived;
broun red clays:
nell drained

Chimanimani
1 9O5Y'S
32'56'E
1250
1016
Dolerite/siltstone
-derived; reddish
brown claj s: well
dl ained

Nyanga
1 7°58'S
32"47'E
I882
2364
Dolerite-derived;
red-reddish brown
clays: well drained

ment effect. For analyses of pooled data across the four
sites, site was fitted as an additional fixed effect.
Comparisons between the individual tree models
were made by likelihood ratio tests (MEYER1993),
which consist of subtracting the maximum log likelihood for the model with fewer parameters from the
value corresponding to the model with more parameters, and then multiplying the difference by 2. The test
statistic is distributed asymptotically as a 2 random
variable with degrees of freedom equal to the difference in the number of parameters estimated for the two
models. The test is appropriate where parameters in one
model are a subset of parameters in the other.
The appropriateness of pooling data across sites
was determined using the joint likelihood of the four
independent analyses. Joint likelihood of the four
analyses is simply the sum of the individual log likelihoods, asymptotically distributed as x2 with degrees of
freedom equal to the sum of the parameters (i e. df = 12
for model 1 and df = 16 for model 2). The difference
between the joint likelihood and the analyses of pooled
data is compared with X2 distribution with degrees of
freedom equal to the differences in the number of
parameters between them.
The additive genetic coefficient of variation (CV,)
was calculated as:
CV,

=

1 OO( o,,ly)

where: o, is the additive genetic standard deviation,
and y is the phenotypic mean for the trait.
The importance of the dominance variance was
presented in two ways:
(i) dominance as a proportion of additive variance:
D, = o',/02,, and
(ii) dominance as a proportion of phenotypic variance:
D, = 02,10',.
D, was used to assess the relative size of dominance to
additive variance, and hence its contribution to the
genetic variance. However, a high D, may be inconsequential to a trait if the dominance variance is small
compared with the phenotypic variance. Therefore, D,
was also calculated.
The standard errors of the heritability estimates
were calculated using DFREML. At convergence,
DFREML attempts to estimate the standard errors of
heritability estimates by fitting a quadratic function to
the likelihood surface using points evaluated during the
search for the likelihood. As pointed out by MEYER
(1993), little is known about the likelihood surface and
the quadratic surface may not provide a good fit.
Therefore, in order to get accurate confidence intervals
for the heritability estimates from the pooled data,
likelihood profiles were plotted by fixing the herita0ARBORA PUBLISHERS

bility to different values, and the likelihood maximised
with respect to all the other parameters. The 95%
confidence interval was obtained by dropping 1.92
(0.5x2, oos)from the maximum log likelihood (WETHERILL 1981).
Data pooled across sites were used for estimating
genetic and phenotypic correlations. While for univariate analyses blocks were fitted as additional random
effect, it was not possible to do so in the bivariate
analyses because the programme restrictions allowed
fitting only one extra random effect. This problem was
overcome by pre-adjusting the data for the block effects
before each bivariate analysis. The sampling errors of
the genetic correlations were derived using the method
of ROBERTSON
(1959):

where: se(r,), se(h2,), se(h2,) are standard errors of the
genetic correlation and heritability estimates for traits
1 and 2, respectively, h,, h2 = square root of the heritability estimates for traits 1 and 2, respectively.
The formula by Robertson gives an approximate
estimate of the standard error of the genetic correlation.
Therefore, in order to get accurate confidence intervals
for the genetic correlation estimates from the pooled
data, likelihood profiles were plotted by fixing the
genetic correlation to different values, and the likelihood maximised with respect to all the other parameters. Estimation of standard errors of genetic correlations in this way is computationally demanding, and
therefore only a few likelihood profiles were plotted to
verify the estimates from Robertson's formula.

RESULTS
The overall means, standard deviation, coefficient of
variation for height and straightness, and the number of
trees at each site at each of the four ages are shown in
Table 2.
Variance components and heritability estimates
Individual sites analyses
The loglikelihood ratios (not presented) indicated that
differences between models incorporating or omitting
a common environment effect (Pt) were not significant
consequently, only results of the models for which the
common environment effect was not fitted are reported
for the individual site analyses.
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The results from individual site analyses are represented in Tables 3 and 4 for height and stem straightness, respectively. For height, there was a large increase in all variances from age 1.5 to 9.5 years, with
the additive variance peaking between 9.5 and 13.5
years, and the environment and dominance variances
peaking at 13.5 years (Table 3). The additive variance
for stem straightness peaked at 9.5 years at sites A and
B, and that at C and D continued to increase with age
(Table 4). For height, dominance variance (estimated
from family variance component) was less than the
corresponding additive variance (D, < I), except at age
13.5 years in site D, indicating that additive variance
was more important than dominance variance for this
trait. In contrast, dominance was more important than
additive variance for straightness, particularly at age
1.5 in three of the tests, where dominance was as much
as 7 times greater than the additive variance. However,
at this age D, was less than 0.10, indicating that environmental effects were the major determinant of
straightness at this age. The parameter D, ranged from
0.002 to 0.30 for height and 0 to 0.45 for straightness,
and there was no relationship between its magnitude
and age for either trait.
The heritability estimates for height ranged from
0.14 to 0.73. Those for straightness generally ranged
from 0.01 to 0.33, except for an unusually high estimate of 0.85 obtained at site C at 22.5 years of age

(Table 4). For each trait, estimates across the four sites
at each assessment age are unlikely to be significantly
different from each other, since their differences are
less than two standard deviations, other than in the case
of straightness at 22.5 years.
Analyses of data pooled across sites
Results of analyses of data pooled across the four sites
are shown in Tables 5 and 6 for height and straightness,
respectively. For height, additive variance and heritability peaked at 9.5 years, and the environment and
dominance variances peaked at 13.5 years (Table 5).
For straightness, the additive variance continued to
increase with age (Table 6). Dominance variance was
less than the corresponding additive variance (D, < 1)
at all ages for height, and higher than additive variance
at 1.5 years for straightness. The proportion of dominance to phenotypic variance was less than 0.12 for
both traits.
The dominance and error variances estimated from
fitting model 2 were lower than those estimated from
fitting model 1, indicating that some of the common
environment effects were confounded with the dominance and error variances. The additive variances

Table 2. Overall means, standard deviations, coefficients of variation and numbers of trees forheight and straightness
at four sites and four ages.

Age

(years)

Height (m)

Straightness (score)

No of

Site
Mean

SD

CV%

Mean

SD

CV%

trees

Table 3. Estimates of variance components (m2 x lo2), importanc eof dominance variance and heritability (standard error)
for height at four sites and four ages.

Age (years)

Site

$A

$D

$E

DA

DP

h2 (se)

Table 4. Estimates of variance components (score2 x lo2), importanc eof dominance variance and heritability (standard
error) for stem straightness at four sites and four ages.

Age (years)

Site

$A

$D

estimated by the two models were similar, as expected.
This resulted in lower ratios of dominance and additive
variance (Dd) when model 2 was fitted.
The additive genetic coefficient of variation (CV,)
for height decreased with age (Table 5), while that for
straightness peaked at 13.5 years and appeared to
remain constant thereafter (Table 6).
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0 2 ~

DA

DP

h2 (se)

The heritability estimates for height peaked at 9.5
years. At 13.5 years, they decreased to the same level as
that at 1.5 years and remained constant thereafter. The
peak coincides with a peak in additive genetic variance
and the low in dominance variance. The heritability
estimates for straightness increased sharply between 1.5
and 9.5 years and again between 13.5 and 22.5 years,
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Table 5. Estimates of variance components (mZx lo2), important eof dominance variance, additive genetic coefficient of
variation (CV,,, and heritability (standard error) for height using data pooled across sites at each of the four ages.
Age

Model

oj.4

0 2 ~

028

DA

DP

AGCV

h2 (se)

Table 6. Estimates of variance components (score2x lo2), importance of dominance variance, additive genetic coefficient
of variation (CV,,, and heritability (standard error) for stem straightness using data pooled across sites at each of the four
ages.

but were comparable at 9.5 and 13.5 years. The results
show no relationship between heritability and CV, in
either trait.
Heritability estimates for both traits from data
pooled across sites were much lower than those estimated from individual sites. For example, heritability
estimated for height from data pooled across sites at
22.5 years was 0.24, whereas that from individual sites
ranged from 0.26-0.42. Similarly, heritability estimated
from pooled data for straightness at 13.5 years was
0.09, while that from individual sites ranged from
0.16-0.27.
The log likelihood ratios (not presented) indicated
that pooling data over sites at each age resulted in
highly significant differences between the models,
indicating that model 2, which included the common
environment effect, better fitted the data.
All the log likelihood ratio tests for the difference
between the joint likelihood and analyses of pooled

data across sites were significant (not presented),
indicating heterogeneity of variance components orland
genotype x environment interactions across sites.
In general, the likelihood profiles were not symmetrical, as assumed by the DFREML approximation, but
their departure from symmetry was not great. This
resulted in the confidence intervals from the loglikelihood profile being only slightly different from those
estimated using DFREML which are presented in the
standard errors.
Genetic and phenotypic correlations
Results of analyses of pooled data over sites are shown
in Table 7. Age-age genetic correlations for height were
high, ranging from 0.76 to 0.97 with that between
height assessed at very young age (1.5 years) and that
assessed at near-maturity (22.5 years) being 0.76. As
the age interval increased, the genetic correlations for

height decreased. The phenotypic correlations were
lower than the genetic correlations (range, 0.21 to
0.80). In general, age-age genetic correlations for
straightness were lower than those for height (range,
-0.05 to 0.94) with those involving 1.5 years being
lowest (range, -0.05 to 0.21). Phenotypic correlations
for straightness were low to moderate (range, 0.02 to
0.55), and lower than genetic correlations. Genetic
correlations between height and straightness were low
to moderate (range, -0.28 to 0.66) with those involving
straightness at 1.5 years being mostly negative. The
highest correlation between height and straightness
assessed at the same age was at 22.5 years (0.52); the
highest correlation between ages was between height at
22.5 and straightness at 13.5 years (0.66). The other
genetic correlations were below 0.45. Phenotypic
correlations between height and straightness were also
low (range, -0.19 to 0.48).
Two loglikelihood profiles were plotted for genetic
correlations and, for both cases, the standard errors of
the genetic correlations estimated using Robertson's
formula were very similar to those estimated using the
2nd derivative of the loglikelihood. For example, the
difference between the standard errors of the genetic
correlation between straightness at 13.5 years and
height at 22.5 years was only 0.02, with that estimated

using the Robertson's formula being lower. The
loglikelihood profile was not symmetrical, although its
departure from symmetry was not great. This resulted
in the confidence interval from the loglikelihood profile
being slightly different from that estimated using
Robertson's formula.
DISCUSSION
Despite the fact that this was the first reported use of
the individual tree model in P taeda, the heritability
estimates for height were within the range reported
previously for this species and consistent with those
reported for other pine species (BARNES1992a and b;
et al. 1987; PSWARAYI
et al. 1996). HowCOTTERILL
ever, this is to be expected from results in early generations, and in the absence of information to correct for
the effects of selection of parents. Here, heritability and
additive variance for height increased with age from 1.5
years to 9.5 years, and then decreased with age. Although the trend differed from those observed by
FRANKLIN
(1979) and FOSTER(1986) in I? taeda, it
agreed well with that reported by BALOCCHIet al.
(1993), who found heritability peaking at 14 years of
age in a slower growing P taeda progeny test. While
et al. (1993) differ in
this study and that of BALOCCHI

Table 7. Estimated genotypic and phenotypic correlations and heritability estimates for height and straightness, from data
pooled across sites and based on analysis by bivariate individual tree model DFRML. (Genetic correlations are below the
diagonal, phenotypic correlations are above diagonal, and heritability estimates on the diagonal. Standard errors of the
genetic correlations are in the parentheses.
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the age of maximum heritability, the estimates were
maximum at the same mean height, suggesting a
possible link between mean height and heritability
estimate. This is consistent with fmdings of BORRALHO
et al. (1992a), but contrasts with results reported by
BORRALHO
et al. (1992b) who found no relationship
between trends in heritability estimates for height and
growth rate in Eucalyptus globulus. The change in
heritability in long rotation crops such as tree is not
surprising since genes involved in growth may change
with age (NAMKOONG
et al. 1988), and these changes
may be related to different growth phases (FRANKLIN
1979). In animals, this change in heritability with age
was also attributed to the fact that the trait may change
genetically with age (VISSCHERet al. 1991), and is
probably related to different growth phases as reported
for trees. These growth phases might be due to changing influences of maternal effects in animals and to a
lesser extent in trees and to nursery or competition
effects in trees. Changes in heritability with age here
may also be attributed to thinning and other management practices.
There are few published estimates of variance
components and heritability for straightness in conifers,
and it appears that this is the first time that trends of
heritability for straightness up to near-rotation age in P
taeda has been reported. The results from this study
indicated that there was very little evidence of additive
or dominance variance for straightness at 1.5 years,
suggesting that environment effects were the major
determinant of straightness at this age. This can be
attributed to large measurement error because straightness is difficult to score at a young age. Also, trees at
this young age are likely to be more affected by environmental variation, resulting in lower heritability
estimates than at older ages. The high heritability
estimates for straightness at 22.5 years, and the low
estimates at 1.5 years, appear to indicate that stem
straightness might be easier to measure on large trees
than on small ones, an observation also made by DEAN
(1990). Heritability estimates for straightness in this
study increased with age, a trend also reported by
& STONECYPHER
(1971) in I? taeda,
SHELBOURNE
although their estimates were much higher. In general,
the estimates of heritability of stem straightness were
lower than those of height. Parameter estimates for
stem straightness in the literature are variable: some
heritability estimates for straightness in conifers have
been higher than those for height (eg. MATZIRIS&
ZOBEL1973), whereas others have been lower (COTTERILL eta[. 1987; BARNES1992a and b; PSWARAYI
et
& COTTERILL1990) or equivalent
al. 1996; RAYMOND
(BURDONet al. 1992). Estimates depend on how
straightness was measured COTTERILL
et al. 1987;

TAEDA

& COTTERILL
199O), with those originating
RAYMOND
from use of an absolute scale, as in this study, lower
than those originating from a site specific scale. The
low estimates reported in this study are consistent with
those reported by BARNES(1992a and b) and PSWARAYI et al. (1996) using the same absolute scale with l?
patula and l? elliottii, respectively. Major problems
related to the use of the relative scale are that if a trait
is poorly expressed at a site this method will indicate
large genetic differences, when if fact they are absent,
as reported by WILLIAMS
and LAMBETH(1989), and
results are not comparable across sites adversely
affecting deployment decisions. The relative scale has
not been used in Zimbabwe, and its use need investigation especially because heritabilites originating from it
are reported to be higher. The relative scale could be
modified, possibly using controls over sites, so that
results across sites are comparable.
The variance components and heritability estimates
presented from data pooled over sites showed evidence
of heterogeneity of variance over sites. Heritability
estimates were more accurately estimated from pooled
data because they were estimated from a larger sample,
as evidenced by the smaller standard errors associated
with them. The lower heritability estimates from pooled
data imply that predicted gain would be less than that
from the individual site estimates. Therefore, estimates
from the pooled data will only be used subsequently in
BLUP evaluation after correcting for heterogeneity of
variances if there are no genotype x environment
interactions (GE) using appropriate methods such as
et al. (1 99 1). However, if
that described by VISSCHER
GE is present, and it is due to rank changes as preliminary results on these data indicate (GWAZEunpublished), combining the data as in the pooled analyses
will remain inappropriate. However, even within a
region, one should expect GE and the heritability
estimated from data pooled across sites may yield
results that are appropriate for commercial progress
within a region. Furthermore, breeding values estimated
from a single site are not as precise as those from the
pooled data.
The ratio of dominance to additive variance for
height was less than one at all ages in the pooled
analysis, indicating that dominance variance was of
lesser importance. These ratios differed from those of
BALOCCHI
et al. (1993) and FOSTER& BRIDGWATER
(1986), who reported dominance variance to be considerably higher than additive variance at young ages (less
than 6 years) in P taeda. The ratios were consistent
with those reported for I? elliottii grown in Zimbabwe
(PSWARAYet al. 1996). For straightness, dominance
variance was much greater than additive variance at 1.5
years; thereafter the relationship was reversed. The

pattern of the ratios in straightness differed from those
et al. (1996), who found domireported by PSWARAY~
nance to be less than additive variance at 5 and 15 years
of age but more than the additive variance at 8 years of
age. Excluding the plot term from the model resulted in
inflated estimates of dominance variance, but the
heritability estimates and their standard errors were not
sensitive to inclusion of plot effects in the model. This
is because family groups were planted within single
plots at each site.
All age-age genetic correlations estimated for height
using pooled data were high indicating that early
selection in l? taeda in Zimbabwe will be effective.
Age-age genetic correlations estimated for height are in
close agreement with estimates reported by LAMBETH
et al. (1983) and MCKEAND(1988) for l? taeda, and
et al. (1996) for
BARNES(1992a and b) and PSWARAY
other pine species in Zimbabwe. FOSTER (1986),
& MEGRAW(1994)
FRANKLIN
(1979) and WILLIAMS
reported weak genetic correlations (less than 0.4)
between height at ages younger than three years and
ages older than 12 years from l? taeda genetic tests in
the USA. The results of the present study show an
opportunity for selecting at a very young age (1.5
years). However, it may not be possible to take advantage of early selection because the species only starts
flowering at age 10 years in Zimbabwe (GWAZEet al.
1996). However, if l? taeda were to be induced to
flower at 3 years, selections could be carried out at 3
years of age (GWAZEet al. 1996). The difference
between age-age genetic correlations from this study
and those from USA genetic tests may be a consequence of management and methodological differences.
In some reports, family mean correlations were used
as approximations of genetic correlations (e.g. McKEAND 1988). Family mean correlations are likely to
underestimate genetic correlations because the compoet al.
nents of family mean correlation are (NAMKOONG
1988):

where d,= additive variance and de= error variance of
family means, cov, (,,= additive covariance and cove,,,,
= error covariances. While the error covariance can be
zero, the error variance is rarely zero, thereby biasing
the genetic correlation downwards. Also, the error
variance may contain dominance effects in the case of
full sib-families, thereby increasing the bias in the
genetic correlation estimate. For example, LAMBETHet
al. (1983) found that the family mean correlations were
less than corresponding genetic correlations by as much
as 35%. In other studies, genetic tests were not thinned
O ARBORA PUBLISHERS

at random (i.e the best trees were retained; e.g. LAMet al. 1983), while the Zimbabwe tests received a
systematic thinning. This non-random thinning could
also lead to biased estimates of genetic parameters. It
has also been suggested that growth rates might affect
the genetic correlations, with lower genetic correlations
between any two ages in fast growing material
(MAGNUSSENl988), perhaps as a consequence of
slower physiological changes in slower growing trees
leading to the expression of more similar genes at any
two ages than for faster growing trees. The growth rates
of trees in the Zimbabwe tests were higher than those
in the USA tests. Under this hypothesis, genetic correlations from the Zimbabwe tests may be expected to be
lower, but the opposite was true. Hence, differences in
growth rates are unlikely to explain the differences in
the genetic correlations reported here and those reported for l? taeda grown in USA.
Age-age genetic correlations for height were higher
than their corresponding phenotypic correlations, which
is consistent with other studies in l? taeda (LAMBETH
et al. 1983) and in other pine species (BARNES1992a
et al. 1996; RIEMENSCHNEIDER
1988).
and b; PSWARAY
Therefore, assuming genetic correlations are similar to
their corresponding phenotypic correlations as suggested by LAMBETH(1980) would result in less predicted gain and conservative prediction on optimum
selection age in l? taeda (GWAZEet al. 1996).
Age-age genetic correlations for straightness
between 1.5 years and older ages were very low, which
could partly be explained by the fact that this trait is
difficult to measure at a young age. Genetic correlations between straightness at older ages were moderate
to high, indicating that early selection at ages 9.5 or
older in this trait will result in improvement in straightness at rotation age. Results of this study are consistent
with those reported by PSWARAYet al. (1996), and
suggest that it might not be appropriate to consider
straightness scores at different ages as repeated records;
rather, they should be considered as different traits. The
repeatability model assumes that the traits are genetically similar, and that variances across ages are equal
and heritabilities are equal, which appears not to have
been the case here.
Genetic correlations between height and straightness were generally low and positive, except those
involving straightness at 1.5 years, presumably for
reasons discussed above. Selection on height alone
should result in improvement in straightness at rotation
age. There appear to be no reports in the literature of
genetic correlations between height and straightness in
l? taeda. Those reported here were lower than those
et al. (1 987) and PSWARAYet
reported by COTTERRILL
al. (1996), and higher than those reported by BARNES
BETH

D. P . GWAZEETAL.: PARAMETERS
FOR HEIGHT AND STEM STRAIGHTNESS IN PINUS TAEDA
et al. (1992a, b), for other pine species in Southern
Africa.

CONCLUSION
The study has indicated that height is under moderate
genetic influence, which peaked at 9.5 years, while
straightness is under very weak genetic influence at
very young ages, increasing to moderate levels with
age. Dominance variance was less than additive variance for either height or straightness. The variance
components and heritability estimates estimated from
data pooled over sites showed evidence of heterogeneity of variances over sites.
High genetic correlations between heights at young
ages and that at mature age indicate an opportunity for
early selection in P taeda in Zimbabwe. However, late
flowering may pose a critical barrier to breeding of this
species at an early age in Zimbabwe.
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