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Summary
Five methods were used to investigate the importance of
genotype-environment interaction in a progeny trial of Pinus
elliottii ENGELM. established on 3 sites in Zimbabwe. Although
statistically significant for many traits at 5, 8 and 15 years,
genotype-environment interaction was judged by a number of
criteria to be of little practical importance. Heritabilities were
lowest at the site at which environmental conditions were
nearest to optimum for the species; individual-tree phenotypic
selection was more efficient at the 2 off-site plantings where
heritabilities were higher. The lack of important genotypeenvironment interaction in this population of P. elliottii has
implications for testing and deployment strategies.
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1. Introduction
The concept of genotype-environment interaction (gei) has
been defined as the varying relative performance of genotypes
with environment (BURDON, 1977). Judgements about the
importance of gei in a breeding programme have profound
consequences for testing and deployment strategies, and
perhaps for the structure of breeding populations. Consequent-
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ly, there is substantial literature on gei in pine species: for
example, for P. caribaea MORELET (GIBSON, 1982; NIKLES, 1972;
WOOLASTON et al., 1990), Pinus elliottii ENGELM. (GODDARD and
SMITH, 1969), P. patula SCHIEDE and DEPPE (BARNES et al.,
1992), P. radiata D. DON. (BURDON, 1977; JOHNSON and
BURDON, 1990; MATHESON and RAYMOND, 1984; PEDERICK, 1990),
and P. taeda L. (OWINO, 1977).
The issue of gei in tree breeding programmes and methodologies for its analysis have been reviewed by, amongst others,
BURDON (1977), GIBSON (1982), MATHESON and COTTERILL
(1990), MATHESON and RAYMOND (1984), RAYMOND and LINDGREN (1990), and SHELBOURNE (1972). Many of these papers
draw from an extensive literature on the analysis of gei in agricultural crops (eg, CLARKE et al., 1992; COX and SHELTON, 1992;
FINLAY and WILKINSON, 1963; FREEMAN and PERKINS, 1971;
ROBERTSON, 1959; SOUZA and SUNDERMAN, 1992), much of which
has been directed to establishing whether interaction is
present. However, as ROBERTSON (1959) commented, “these
statistical statements do not specify whether any of this
statistically significant interaction has any biological
importance or whether the design was such that biologically
important interactions would have been detected”. MATHESON
and RAYMOND’s (1984) review distinguished between those
analyses for which the primary objective was identification,
and those which sought explanation of the interaction; only the
former is of interest here.
Genetic tests of P. elliottii in Zimbabwe have been established across a range of environments, principally in the Eastern
Highlands where commercial plantations are sited. However,
some tests were established off-site, following proposals (eg

Table 1. – Details of Pinus elliottii progeny tests.
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ALLARD, 1966; ANDERSEN et al., 1974) that genotypic expression
is amplified under conditions of environmental stress. This
paper uses data from one progeny test series to investigate the
practical significance of gei in the Zimbabwean breeding
population of P. elliottii.

planted on a less productive site in central Zimbabwe, too poor
for the establishment of commercial plantations of P. elliottii,
and one at which environmental stress would be expected.
Analyses were restricted to the subset of 39 families common to
all test environments, illustrated in table 2.

2. Genetic Material, Test Design and Assessment

The tests were assessed for important production and
quality traits at ages 5, 8 and 15 years, according to the procedures detailed by PSWARAYI et al. (1996).

The progeny tests from which data originate are part of
a series established in January and February, 1976, by the
Zimbabwe Forestry Commission. The 216 full-sib families
represented in the tests derive from an incomplete factorial
mating design involving 33 parents, which had been selected as
superior phenotypes in unimproved plantations in Zimbabwe
and South Africa. The tests are identified locally as 23a, 23b
and 23c; relevant details are summarized in table 1. Tests 23a
and 23b were established on typical low and high altitude sites,
respectively, in Zimbabwe’s Eastern Highlands; test 23c was
Table 2. – Parental representation in families common to the 3 Pinus
elliottii progeny tests.

3. Analytical Methodology
Five approaches were used to examine the extent and importance of gei. They represent only a sample of the variety of
methodologies reported in the literature, and were selected
because of their relevance to the particular objectives of this
study. The methods applied are summarized in table 3 and
their application is explained below.
3.1. Variance components
Variance components were estimated by the Residual
Maximum Likelihood (REML) methodology, as detailed by
PSWARAYI et al. (in press). The linear model used for analysis
across sites was:
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= individual tree observation;
= population mean;
= random effect of the ith female;
= fixed effect of the jth male;
= random effect of the ijth family;
= fixed effect of the lth site;
= fixed effect of the kth replicate within the lth site;
= random effect of the ith female x lth site interaction;
= random effect of the jth male x lth site interaction;
= random effect of the ijth family x lth site interaction;
= random effect of the ijth family x fixed effect of
the kth replicate within the lth site interaction;
= residual error.

Assumptions of the model are that the levels of each random
factor are uncorrelated, and normally distributed with a
Table 3. – Statistical methodologies used to investigate genotype-environment interaction.
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common variance. Standard errors were calculated according
to BECKER (1975). The proportion of total variance represented
by each source of variation indicates their relative importance.
3.2. Ranks
Least square means of each family were ranked for each
trait at each site, and the corresponding cross-site mean calculated as the arithmetic mean of single-site means. Absolute
rank deviations from average across-site rankings were calculated as in MATHESON and RAYMOND (1984); the magnitude of
rank changes across sites for each family suggest, on an
arbitrary basis, those that are interactive – the greatest rank
deviations identify the most interactive families. The following
steps are involved in the process;
i.ii single- and cross-site means for the families are calculated for each trait and ranked;
ii.i the rank deviations for each family are calculated by
subtracting the ranking of each family at each site from
the corresponding average cross-site ranking;
iii. absolute deviations were calculated as the sum of the
absolute values of the ranks deviations at each site.
3.3. SPEARMAN’s rank correlation
The hypothesis that there is no correlation between the
ranks of any 2 pairs of ranks of family means for all combinations of the 3 sites was tested for significance at the 5 % level.
The assumptions required are minimal: both variables must be
measured on at least an ordinal scale, so that the objects or
individuals under study may be ranked in 2 ordered series
(SIEGEL and CASTELLAN, 1988). A high correlation indicates that
families perform similarly at both sites.
3.4. Genetic correlations
Genetic correlations between full-sib family performance at
pairs of sites were estimated following the methodology
presented by BURDON (1977). These “Type B” correlations were
estimated as in equation (2):-

where rGxy = genetic correlation of family means of the traits x
and y;
= correlation of family means between trait x and
rN-fxy
trait y;
h2fx, h2fy = heritability of family means for traits x and y,
respectively.
Family heritabilities were derived according to equation (3),
following FALCONER (1981), from individual tree heritabilities
estimated from maternal variances by PSWARAYI et al. (1996).
Equation (3) is given by:

where h2f = heritability of family means for the relevant trait;
= the individual-tree heritability for the relevant
h2
trait;
n
= number of individuals in each family (here, 60 at 5
years, and 30 at 8 and 15 years, due to the 50 %
thinning at age 8 years);
r
= coefficient of relationship (assumed 0.50 for full
sibs);
t
= correlation of phenotypic values of members of the
families.

Heritabilities estimated on an individual tree basis are listed
in table 4, and phenotypic correlations in PSWARAYI et al.
(1996). As the genetic correlation is based on full-sib family
means, it could be biased by the particular sample of families
represented (WHITE and HODGE, 1988). Here, the relatively
large number of parents represented (23 maternal parents,
Table 1) should mitigate against such a bias. It will also overestimate rA, the correlation due only to additive genetic effects,
but was used here as the best proxy for that value.
3.5. Efficiency of phenotypic selection
The efficiency of phenotypic selection at site x for planting at
site y, relative to both selecting and planting at site y, was estimated following BURDON (1977). The estimates of efficiencies
indicate the relative loss in gain from selection at one site for
planting on another. Efficiencies of selection were calculated as
in equation (4):-

where E

= the efficiency of phenotypic selection on a trait at
site x for planting at environment y relative to
both selecting at and planting at y, with the
same intensity of selection at the 2 sites (ie ix =
iy);
rGxy
= the genetic correlation of full-sib family means,
and;
hx and hy = are the square roots of the individual heritabilities for the traits under study at environments x
and y, respectively.

The approximation of rAxy by rGxy is a source of imprecision,
but represents the best available estimate in the circumstances.
4. Results
Variance components resulting from the combined analysis
of variance are presented in table 4; full details are available in
PSWARAYI et al. (1996). All sources of variation were statistically significant (F-tests on REML approximate mean squares,
P < 0.05) for all traits at all ages. The components of variance
for the residual and for site together account for at least 70 % of
the variation for all traits at all ages. The female and male
components are generally the next most important sources of
variation. The magnitudes of family x site interactions are
variable at all ages but generally smaller than those for all
other sources of variation.
The mean values of family rank deviations for each trait are
presented in table 5, as an indication of typical values. for
these parameters. The values of SPEARMAN’s rank correlation
coefficient are also presented in table 5; these were significant
(P < 0.05) in all cases.
Genetic correlations between family means for all traits at
each pair of sites at the 3 ages are presented in table 5.
Genetic correlations between family means across the 3 sites
were consistently high for growth traits; correlations were
generally lower and more variable for stem straightness than
for growth traits. In the case of wood density, correlations were
effectively (ie greater than) or actually unity. Estimates greater
than unity could be modified, for example by the “bending”
suggested by HAYES and HILL (1981) and applied to P. elliottii
estimates by HODGE and WHITE (1992). Here, the simpler
approximation of assuming they equalled unity was adopted.
Efficiencies of selection for each trait for all combinations of
testing and planting sites are presented in table 6. In the case
37

Table 4. – Variance components and their standard errors estimated across the 3 progeny tests, and individual-tree narrow sense heritabilities
(± standard errors) estimated from female components of variance.

HTi: height at 5, 8 or 15 years (m); DBHi: diameter at 5, 8 or 15 years (cm); VOLi: volume at 5, 8 or 15 years (dm3); STRi: stem straightness at 5, 8
or 15 years; (category 1 to 7 with 7 = straight) DENS15: density at 15 years (kg m–3).

of growth traits at all ages, it is inefficient to select on site 23a
for planting at the other sites, and almost invariably more
efficient to select at site 23c for planting at site 23a. At 8 years,
it would also be more efficient to select at site 23b for planting
on site 23a. In the case of wood density, it is most efficient to
select at site 23c for planting at the other sites and least
efficient to select at site 23a for planting on sites 23b or 23c;
selecting on site 23b for planting on site 23a is also more
efficient than selection at site 23a. Consistent with the rank
and correlation results reported above, there were few cases
where selection for stem straightness would be more efficiently
accomplished at a site other than that at which planting is to
take place.
Table 5. – The mean sum of family absolute rank deviations, SPEARMAN’s
rank correlation coefficients and genetic correlations between family
means for growth traits, stem straightness and wood density across the
3 sites at ages 5, 8 and 15 years.
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Table 6. – Efficiencies of individual tree phenotypic selection for production and quality traits for all combinations of
screening and planting sites at 5, 8 and 15 years.

5. Discussion
A variety of responses has been proposed to address the
challenge of gei. The first approach, illustrated by FINLAY and
WILKINSON (1963) and MATHESON and RAYMOND (1984), is the
identification of good general performers and their use across a
wide range of sites; however, others (eg BURDON, 1992) have
questioned the evidence for the existence of truly broadlyadapted genotypes. A second approach is to regionalize
breeding populations, an option considered by KANOWSKI and
NIKLES (1989) for P. caribaea in Queensland, Australia.
However, as JOHNSON and BURDON (1990) and CARSON (1988)
noted for the case of P. radiata in New Zealand, regionalization
is costly and the additional expense may not be recouped by
increased gains. A major difficulty in seeking to take advantage
of gei is the difficulty of classifying sites as suitable for particular genotypes. MATHESON and COTTERILL (1990) and BORRALHO
(1991) have both suggested that, in the case of most afforestation sites, small scale environmental variation limits our
capacity to match genotypes to sites.
Although results of the analysis of variance here suggest
that gei is statistically significant for all traits at all ages in
these tests, the results of the other 4 analyses suggest that the
interaction is generally of little practical importance. Some of
the statistical significance is probably due to the presence of
relatively few highly interactive families, as reported by
MATHESON and RAYMOND (1984) for P. radiata in Australian
tests; they suggested that such families may be particularly
sensitive to specific site factors. Conversely, there are other
families that appear stable across sites. Both relatively
interactive and relatively stable families could be identified,
arbitrarily, from the detailed table of family rank deviations,
which is not presented here. Of the traits assessed, wood
density appears to be least subject to gei, despite the statistical
significance of the relevant terms in table 4. Elsewhere with
industrial pines, little gei has been found for wood density in
P. elliottii in the south-east USA (HAMILTON and HARRIS, 1965)
or for P. caribaea (BARNES et al., 1977) or P. patula (BARNES
et al., 1992) in Zimbabwe.
The apparently greater sensitivity of stem straightness
to environmental differences may be real, or may be a consequence of the use of a standardised absolute assessment
scale, and the relative difficulty of attempting to apply it across
all sites. There has been considerable debate about the merits
of standard versus site-specific scales for the assessment of
stem straightness (see COTTERILL et al., 1987; SHELBOURNE and
NAMKOONG, 1966; HANS, 1972; MILLER, 1975; BARNES and
GIBSON, 1986; KANOWSKI et al., 1986; RAYMOND and COTTERILL,
1990). One of the major arguments advanced in favour of a
single scoring system was that it would facilitate comparisons
across sites. While this may be true in one sense (i.e. the
average quality of sites is easily apparent), the restricted scale
thus used on some sites (e.g. where trees are all relatively
crooked or relatively straight), and the difficulty of maintaining standardization across sites, may limit the utility of
these data in genetic analyses. Results reported by JOHNSON
and BURDON (1990) and WOOLASTON et al. (1990), both of which
were based on assessments of multi-site tests with site-specific,
albeit consistently applied, straightness scales, suggests that
site-specific scales are quite appropriate for the purposes of
cross-site genetic analyses. Results of this study may well
demonstrate the limitations of using a standard scale.
The values of genetic correlations between traits across sites
are generally higher than those of SPEARMAN’s rank correlations and are probably a more useful estimator of the practical
significance of gei. As most genetic correlations exceed
ROBERTSON’s (1959) suggested (and arbitrary) threshold of 0.8,

they also suggest that gei apears to be of little practical
significance.
The efficiencies of selection are of greatest relevance to
decisions on selection strategy. As detailed by BURDON (1977)
and evident from equation (4), the efficiency of selection is
determined by the magnitude of the correlation between traits
across sites and of the heritability of the trait at the selection
site. If heritability at one site is much greater than that at
another, and there is a high genetic correlation, it will be more
efficient to select in the environment at which heritability is
greater. Here, the most efficient selection would be achieved by
using different tests for selection of different traits; although
the environment of test 23a represents the optimum conditions
for commercial production, selection for performance there is
generally more efficiently conducted at site 23c or 23b. It is of
interest to note that, in the original search for plus trees, outstanding phenotypes were much easier to identify in plantations in the high altitude environment of test 23b than they
were in the low altitude environment of test 23a where there
was much greater tree to tree uniformity in the stands
(BARNES, 1973; MULLIN et al., 1978); there were no plantations
in the environment of test 23c.
Given the absence of any gei of practical consequence, the
greatest efficiency of phenotypic individual tree selection could
be achieved through the establishment of progeny tests in the
environment of test 23b. Results reported here are consistent
with that observation, and with the suggestion (ALLARD, 1966;
ANDERSON et al., 1974) that genotypic expression is amplified
under conditions of environmental stress. However, selection at
site 23b could complicate breeding strategy because of the lack
of pollen production under the lower summer temperatures
experienced at the higher altitudes in that test environment
(BARNES and MULLIN, 1974).
6. Conclusions
In terms of assessment of the importance of gei, the contrast
between the results of the analysis of variance, which found gei
to be significant for all traits, and those of the other 4 methodologies, which suggested this interaction to be of little practical
importance, demonstrates the advantage of using more than
one approach for the analyses of gei. The analysis of variance is
a sensitive test if assumptions are not violated, but it fails to
show whether gei is of practical importance. In this case, the
statistically significant results may have been caused by lack of
homogeneity in the family variance resulting from a few highly
interactive families, or confounding of the family and family x
site interaction effects resulting from the limited number of
sites being used in the analysis (JOHNSON and BURDON, 1990).
The results of all 4 methods used to investigate the
importance of the statistically significant gei were consistent in
suggesting gei not to be of practical importance in the
Zimbabwean P. elliottii breeding programme. In terms of the
information generated by the different methods, the value of
identifying interactive and stable families through ranking will
depend on the breeding strategy adopted. BURDON’s (1977)
type-B genetic correlation seems more useful than SPEARMAN’s
rank correlation coefficient, particularly as the former also
constitutes a step towards estimating the efficiencies of
selection across sites. The efficiencies of selection provide information of practical value to breeders, through the identification of the site(s) at which selection might best be conducted.
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