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Summary

A progeny test of 170 open-pollinated families from
second-generation plus trees of Pinus radiata was estab-
lished on four sites in New Zealand in 1981. Two test
s.tes were on volcanic pumice soils in the Central North
Island region and two were on phosphate-retentive clay
soils in the Northland region.

Assessments of volume growth, stem straightness, mal-
format.on, and branch habit were made at age 4.5 years.

Family X site interaction variance components for stem
volume were highly significant (¢ = .01) between pumice
and clay sites, and also between the clay sites of differing
fertilities, but relatively small between the two pumice
sites. When the interactions for stem volume were studied
in terms of genetic correlations between sites quite strong
interactions were still evident between the regions, but
interactions between sites within both regions were very
minor, even though the Northland clay sites were of
widely different fertility.

Family-site interactions for stem straightness and branch
habit scores were less marked overall than for stem vol-
ume. For malformation the interactions were marked but
only in relation to weakly expressed family differences.

Genetic gains were predicted, using multi-site index
selection, for stem volume growth under alternative test-
ing procedures and patterns of regionalisation. On this
basis failing to test within a region would lose 50% or
more of the potential gain for that region. However, it was
possible to select families which performed well in both
regions, such that regionalisation would only raise average
genetic gain from 22% to 25%.

Krzy words: Genetic correlation, genetic gain, genotype-environ-
ment interaction, plant breeding, Pinus radiata,
regionalisation, selection index, tree breeding.

Silvae Genetica 39, 2 (1990)

Introduction

The question of whether or not it is necessary to select
a unique set of parent clones for each region arises in
almost every tree breeding programme. Gains will be
maximised by regionalising, but the additional cost and
effort may not be worth it, unless genotype-environment
interactions ‘are very strong. Additional gains from using
regional breeds need to be weighed against the additional
costs.

Over 50% of the Pinus radiata plantations in New Zea-
land (NZ) are in the Central North Island pumice region.
Because of the predominant importance of this region,
and the proven effectiveness of these pumice sites for
screening genotypes, most progeny testing has been carried
out there.

Of the remaining ‘regions’ throughout NZ, the phos-
phate-retentive (phosphorus deficient) Northland clays
have shown the poorest genetic correlation with the
pumice area in respect of growth of Pinus radiata (e.g.,
Burpon, 1971). Therefore the Northland clays would be a
prime candidate for setting up a regional breed. If region-
alisation does little to improve growth gain in Northland,
then regionalisation is unlikely to improve gain much in
other regions of NZ. This paper examines the effect of
regionalisation on improving growth gains from progeny
testing in the Northland clay and pumice regions of NZ.

Materials and Methods
Study Design

One-hundred and seventy ‘second-generation’ selections
were tested in both the pumice and Northland clay regions
using open-pollinated progeny tests. The parents were
10-year selections (the ‘880’ series) made within open-

55



poilinated progeny of the 268’ series of plus tree selec-
tions (see Sueipourne et al., 1986). The families were
divided randomly into five sets of 34 families each and
planted in a ‘sets-in-replicates’ design utilising single-tree
plots. Fifty replicates (reps) were planted in 1981 on each
of two pumice sites (Taupo and Rotoehu) and 25 reps on
each of two Northland clay sites (Moerewa 1 and Moerewa
2). Included in each set were two control seedlots, which
brought the number of trees per rep/set block to 36. These
36 trees were planted in a 6-tree X 6-tree block at a
spacing of 4 m X 4 m.

Locations

The trial at Taupo is located on a Taupo pumice soil
with a slope of 3° to 10° Previous vegetation was monoao
(Dracophyllum subulatum), manuka (Leptospermum sco-
© parium) and kanuka (Kunzea ericoides). Site preparation
consisted of roller crushing and burning, followed by deep
ripping and bedding in June 1981. Elevation is 5§70 m.

The Rotoechu site is on a Rotochu sandy pumice with
50 to 35° slope. Previous vegetation was a plantation of
Pinus radiata. The site was sprayed with paraquat in July
1981 to control natural regeneration and miscellaneous
ground vegetation. Elevation is 260 m.

Moerewa 1 is on a relatively fertile Waiotira clay loam
and Moerewa 2 is on an infertile Wharekohe clay. Both
sites were covered with manuka and some Hakea saligna
before being rotary slashed and burnt in late 1980. The
sites were ripped and bedded in January 1981. At both
sites the slope is 5° to 20° and elevation is 100 m.

Assessment

Before assessing at age 42 years, all trees at the Moere-
wa 1, Taupo, and Rotoehu sites were pruned to two
metres or one-third height (whichever was less). Trees at
Moerewa 2 were too short for pruning. Twenty-five reps
were assessed at Taupo and Rotoehu. Traits assssed on
the pruned sites were height (HT), diameter outside bark at
1.4 m (DIA), straightness (STR) and malformation (MALF),
and branch habit (BR). STR and MALF were recorded as
subjective scores (1 = worst to 9 = best). BR was scored
subjectively as 1 = uninodal to 9 = extreme multinodal.
Only height and diameter were assessed at Moerewa 2
since straightness and malformation are difficult to assess
on unpruned trees. Volume was calculated for all trees by
the equation: volume (VOL) = (DIA%) X HT X 0.0001.
Although this is not true volume, it gives relative volume
and results in a convenient range of values. Straightness
and malformation for an entire rep were scored by the
same observer, so observer bias was confounded with reps,
not sets.

Daia Analysis

Analysis of variance was run on each trait for each
location/set subclass and for each location, using the SAS
GLM procedure (Spector et al., 1985). Variance components
were estimated using SAS Varcomp Method = Type 1
Spector and Goopnigur, 1985). The variance components
were used to estimate the narrow-sense heritabilities and
tamily-mean heritabilities. Heritabilities were estimated
as:

h2 2 2 ?‘) Equ
hi= c /(G + ¢, (Equation 1)
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W = o /(g + o /X) (Equation 2)

where: h? = narrow-sense heritability
family-mean heritability
o, = additive genetic variance, estimated as 4n%
6% = between-family variance component with-
in a site
0%, = residual variation
k = harmonic mean of trees per family per site
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Analyses of variance were also run for each trait: firstly
over sites within each region, introducing sites as a main
effect and the various site interactions; and secondly
over all sites, introducing regions and sites within regions
as main effects with their interaction effects. Variance
components were estimated as above, but covering the
alternative assumptions as to whether regions and sites
within regions were random or fixed effects.

For estimating covariances, and thence genetic cor-
relations within sites, the sums of cross-products were
obtained using SAS GLM Manova. The estimates of ge-
netic correlations at a single site were calculated using
the formula:

- 2,172
Ta = Ofyy { °f2x cfy) / (Equation 3)

where r, = genetic correlation estimate

Otey = between-family component of covariance
between traits x and y, estimated from
mean cross-products by a procedure analo-
gous to the estimation of variance compo-
nents from mean squares

azfx = between-family variance component of
trait x

azfy = between-family variance component of
trait y

Estimates of genetic correlations for the same trait on
different sites, i and j, were calculated by adjusting the
family-mean correlations using the equation (Burpon,
1977):

rau = rfml] / (hfm1 hfmj) (Equation 4)

where: Tim, = family-mean correlation for a trait be-
tween sites i and j
hzfm1 and hzfmJ are heritabilities (repeatabilities)
of family means at sites i and j
respectively.

Any interaction that tends to affect family ranking is
reflected inr, i <L

Genotype-environment interaction (GE) was examined
primarily for one variable, volume. Its components, height
and diameter, were the only variables assessed on all four
sites. Also, past studies (e.g., MaruesoN and RaymonD, 1981;
SueLsourne and Low, 1980) have shown growth rate to be
subject to more GE than other economic traits.

GE was first examined by estimating both variance
components and genetic intercorrelations between sites for
individual iraits. Differences between sites and regions
are discussed.

Detailed consideration was given to the relative impor-
tance of region and sites within regions in generating GE.



The need for a Northland clay breed was examined, for
stem volume only, by constructing selection indices and
pred.cting gains for regionalising seed orchards containing
rese’ected parents.

Selection indices were set up for both regionalising and
not regionalising, adapting the method of Burbon (1979)
whereby the expression of a trait at each site is handled
as a separate index trait. Economic weights were the in-
verse of site means; thereby, percentage gains at.each
site were of equal economic worth. Gains for regionalising
were calculated for two situations, one using only data
from the region being selected for, and the other utilising
the two sites in the other region as covariates. The b

" vectors were calculated as (Lin, 1978):

b = p—!Ga (Equation 5)

where P = variance-covariance matrix of the informa-
tion sources used in the index, i.e., (volume
at 4 sites)

G = variance-covariance matrix of the informa-
tion sources with the breeding values of the
traits of interest (volume at 4 sites)

b = vector of weights used on the information
sources

a = vector of assumed economic values for a
unit of the particular traits being selected

Regionalising using only within-region information
uses 2 X 2 P and G matrices to derive b vectors (Equation
5), and then gives the information from other two sites (b
elements of zero) when gains are prediced (Equation 6)
using the 4 X 4 P and G matrices. Regionalising, using in-

formation from all four sites, is done by giving economic
weights of zero to sites not in the designated region
(Equation 5). '

Expected gain for each trait (volume at a site) was
calculated as (LN, 1978):

GT = Gb (/op) .

where GT = the expected genetic gain in the vector of
traits in H
G = the covariance matrix of the information
sources with the breeding value of the traits
of interest at each site
b = vector of index weights
standard deviation of I
selection intensity

(Equation 6)
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Results and Discussion

Variance Components and Heritabilities

With the exception of malformation, all traits showed
significant (@ = 0.05) family effects in practically every
location/set subclass. The within-site variance components
were used to obtain the heritability estimates shown in
Table 1. Very little genetic variation was present in mal-
formation, resulting in low heritabilities, and only six of
the 15 location/set subclasses showed significant family
effects, although over all sets family effects were signifi-
cant at two of the three sites.

Estimated heritabilities for growth were similar to those
calculated at early ages for other trials. However, herit-
abilities for the quality-related traits were comparatively

Table 1. — Estimates of narrow-sense and family-mean heritabilities.

Site
Taupo Rotoehu Moerewa 1 Moerewa 2

Narrow-sense (h?
HT 0.22 0.19 0.34 0.16
DIA 0.19 0..15 0.25 0.15
STR 0.17 0.12 0.15 -
BR 0.18 0.19 0.26 -
MALF 005 0.08 0.03 -
VOL 0.22 0.16 0.28~ 0.15
Family-mean (h%m)
HT 0.65 0.60 0.65 0.46
DIA 0.62 0.56 0.59 0.45
STR 0.58 0.56 0.46 -
BR 0.60 0.61 0.60 -
MALF 0.29* 0.40 0.15% -
VoL 0.65 0.57 0.6z 0.45
* P = .001
+ P = .07

P very small for all other cases



Table 2. — Estimated of selected variance components for stem

volume (m? X 1000) computed over four sites and over the two

sites within each region (all significant at « = .01). Effects random
except as stated otherwise.

Over All Four Sites

Identity Designation Value
Families overall c? 13.4
Regions fixed effect cf2. 24.0
Regions and sites within regions fixed o?-- 28.6
Family x regions Gt?r 20.2
Families x sites within regions G?s(r) 18.2
Error ) d: 993.1
Families within regions cfzm 34.9
Sites within regions fixed effect °f2(r)“ 44.3
Families within sites U?(s(r)) 52.2
Within each Region
Value
Identity Destgnation .(.Zi;;;“"““-"""I;\:r-x-l;;e
Sttes c: 1055 1557
Reps within sites 03 109 216
Families af2 36 32
Families x sites o?s 30 10
Error 03 1016 978

Note: Assuming homogeneity of variances among sites the be-
tween-site correlation (rn) conforms to:

= 42 2
T, = om0 am + 0%am 3 site

where: Gziam = variance between families over all sites in
question.
6% ., = family-site interaction variance.
fam x site

low. This could be because these progeny were measured
at age four, while the other trials were measured at ages
five and six. A second possible reason is that the genetic
variance of these traits had been reduced by the selection
of their parents (‘second-generation’ selections). The
third possibility is that these sites had genuinely more
environmental variation.

The Moerewa 2 site gave the lowest narrow-sense herit-

. ability estimate for growth and Moerewa 1 had the high-

est. Trees were also much larger at Moerewa 1 than at
Moerewa 2 (HT 7.1 m vs. 48 m). Rotoehu had lower
heritability estimates for volume and straightness than
Taupo, although growth was much better at Rotoehu than
Taupo (6.8 m vs. 5.3 m). Because the pumice sites had 35

-reps and the clays had only 25, family-mean heritabilities

would be larger on the pumice for a given narrow-sense
heritability.

Variance component estimates over sites for stem
volume are shown in Table 2, although the heterogeneity
of variance at the family X site~-within-regions level re-
duces the meaningfulness of the variance components cal-
culated over all four sites. Both the family interaction
variance components were large, being of similar magni-
tude to the family variance component if fully random
effects are assumed. On the clay sites the family X site
variance component was similar to the between-family
component, but among the pumice sites the interaction
was much smaller than the between-family component.
These relatively large interactions for the two regions
suggest that regionalising could increase volume gain
substantially.

Correlations

Genetic correlations between traits within each site are
shown in Table 3. The only consistently adverse correla-
tions were the negative correlations between volume and
straightness. In other studies involving radiata pine (e.g.,
SueLeourne and Low, 1980) genetic correlations between
growth and straightness have been variable; some studies
have shown negative correlations and others positive cor-
relations. The effect of truncation selection may have
biased correlations in this study but these selections
represent the current breeding population.

Table 3. — Estimates of genetic correlations between traits within each of three sites.

Site Trait STR BR MALF
Taupo
VOL -0.25 0.3 0.51
STR 0.26 0.26
BR 0.62
Rotoehu
VOL -0.25 0.33 0.04
STR 0.20 0.48
BR 0.26
Moerewa 1
VoL -0.08 0.08 -0.24
STR 0.32 0.32
BR 0.69
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Table 4. — Estimates of family-mean- (above diagonal) and genetic correlations (below
diagonal) across sites.

Rotoehu Taupo Moerewa 1 Moerewa 2
Volume
Rotoehu - 0.58 0.18 0.08
Taupo 0.96 : - 0.31 0.17
Moerewa 1 0.29 0.52 - - 0.44
Moerewa 2 0.16 0.55 0.84
Straightness
Rotoehu . 0.52 0.49
Taupo 0.91 - 0.38
Moerewa 1 0.96 0.73 .
Malformation
Rotoehu - 0.15 0.14
Tauno G.45 - 0.06
oerewa 1 0.52 - 0.26 -
Branch habit
Rotoehu - 0.46 0.50
Taupo 0.76 - 0.30
Moerewa 1 0.82 0.50 -

Note: For family-mean correlations:

a=05 r=015
a=01 T =02
=001 =025

Table 5. — The relative efficiency of selecting stem volume at one site (i) for another .}:

Selecting at: .Selecting for :

Rotoehu Taupo Moerewa 1 Moerewa 2
Rotoehﬁ 1 0.80 0.30 0.07
Taupo 1.02 1 0.51 0.14
Moerewa 1 0.28 0.53 1 0.98
Moerewa 2 0.09 0.65 0.72 1

h. r
Efficiency = 1'1_2 where 1'ij = genetic correlation between stem volume at two sites.
i

Predicted Genetic Gains

The expected efficiency of reselecting parents for voi-
ume on one site to improve volume on another, using
heritabilities and genetic correlations, is shown in Table 5.
For both the pumice and clay regions at was as efficient
to select indirectly for the low heritability site using the
higher heritability site as it was to select directly on the

Estimates of family-mean- and genetic correlations a-
cross sites are shown for various traits in Table 4. Cor-
relations between the two pumice sites (Rotoehu and
Taupo) were strong for all traits except malformation.
For growth, the two clay sites at Moerewa were very well
intercorrelated. The clay site(s) showed a stronger correla-
tion with Taupo than with Rotoehu, but the opposite was

true for form. The Rotochu site correlated better with
Moerewa 1 than with Taupo for form; this may be because
Moerewa 1 and Rotoehu had similar tree heights.

low heritability site itself. Considering the clay sites,
Moerewa 2 was more typical of Northland clays than
Moerewa 1, but Moerewa 1 would be the better site for a
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Table 6. — Predicted perceniage volume gains per unit i for each site from various
‘selection indices using information from differing combinations of sites. Mean values
at the respective sites are 101.5, 45.7, 84.6, and 39.1.

Location A B [ D E

Rotoehu 15.2 19.8 9.0 20.1 4.9
Taupo 20.3 21.9 15.4 20.6 11.6
Moerewa 1 29.3 19.0 31.5 13.2 30.5
Moerewa 2 23.9 14.7 26.2 9.8 25.0

A - Se'ection for all four sites using information from all four sites.

B - Selection for pumice using information from all four sites.

C - Selection for clays using information from all four sites.

D - Selection for pumice using information from the two pumice sites only.
E - Selection for clays using information from the two clay sites only.

progeny test since (because of its higher heritability) it
would give greater gains on a wider range of sites than
Moerewa 2.

To better understand how gain would be influenced by
regionalising, gains using selection indices were predicted
using Equation 6. Table 6 shows predicted gains from
regionalising and not regionalising.

While regionalising (Table 6, columns B and C relative
to column A) did improve predicted gain, the increase
was small (cf averages of 22.2% and 24.8%). Rotoehu had
the largest increase (15.2% to 19.8%). Using all four loca-
tions to make regional selections (columns B and C) im-
proved gain very little over using only the two locations
in that region (columns D and E).

In order to cross-check the predicted gain from index
selections, gain was approximated using selection differen-
tials of the 20 New Zealand-wide selections, 20 North-
land selections (4 sites) and 20 pumice selections (4 sites).
Selection differentials were multiplied by twice the fam-
ily-mean heritabilities to estimate gain — this allows for
selection on both the male and female parents of a seed
orchard. Average gain increased from 18% to 23% for
regionalising, an estimate very similar to the prediction
using Equation 6.

Alternative gain predictions, based on variance com-
ponent estimation (Table 2) are shown in Appendix 1. The
assumptions that regions and sites within regions are fix-
ed effects accords with both the selection index predic-
tions and the concept of the progeny test. On this as-
sumption selecting for the separate regions would improve
gain by a factor of 1.2, implying a greater relative advant-
age than the selection-index predictions do. Under the
much less realistic assumption of regions being a random
effect regionalisation would roughly double the expected
gain. .

It should be noted that if information from a region
was ignored when making selections for that region
(Table 6, columns D and E) the predicted volume gain was
reduced dramatically, in this case by over half. Since some
clonal series are tested only on pumice sites in New Zea-
land this means that we may be failing to identify the
clones that will perform well in other regions, in parti-
cular on Northland clays. So, while regionalising may not
be important, progeny testing in a variety of regions is
essential.

If only one site per region is available for testing, gains
for the region would be less, partly because this would
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create an effective confounding of family- and family-site
interaction effects, and partly because fami.ies would be
represénted by fewer individuals (unless representation
is doubled at the single site). The figures in Table 5, how-
ever, indicate that such losses would be small. The gain
predictions (Appendix 1) based on variance components
(Table 2) also indicate only marginal losses, except under
the extreme assumption of the sites within regions being
a random effect in which case the losses could be around
20%.

General Implications

In Northland even the clay soils are much more variable
with respect to tree growth than pumiceland soils. This
variability is evident from the two clay sites 1 km apart
being less correlated than the two pumice sites 100 km
apart and differing in elevation by 200 m.

However, these two clay sites were almost at opposing
ends of the fertility scale for such soils, while altitude
and rainfall are not major variables within the region.
At the same time, close intercorrelations among widely
differing pumiceland sites were already an establishend
pattern (e.g., SueLsourne and Low, 1980).

The study, while involving only four sites, has given
one of the few indications of a really coherent pattern of
genotype-site interaction for Pinus radiata. Other studies
(e.g., MatuesoN and Raymonp, 1984; Sueisourne and Low,
1980) have failed to reveal coherent patterns, although in
some cases the limitations of the field experiments could
have obscured real patterns.

The issue of regionalisation has been addressed solely
on the basis of growth rate. The tree-form traits, straight-
ness, malformation and branch habit have not shown any
rank changes that could argue for regionalisation. How-
ever, regionalisation can be justified if relative economic
weights of various traits vary according to regions (or site
categories). In this case growth rate is generally of para-
mount importance on Northland clays, but tree form is
also important on pumice sites. Inclusion of tree-form
traits will not weaken the case for designating the clays
as a breeding region or at least a testing region.

Producing regionalised seedlots is difficult to achieve
cheaply and effectively using traditional open-pollinated
seed orchards. However, it should cost very little (if any)
extra if control-pollinated orchards are used.



Conclusions

1. The Northland clay and the pumiceland regions of
New Zealand generated marked genotype-environment
interaction, as evidenced by analysis of variance and be-
tween-site genetic correlations. However, regionalising
only increased average predicted volume gain from 22%
to 25%. There appear to be parent clones whose families
perform well on a variety of sites although they may not
always be the very best at a particular site. This group
of broadly adapted clones gave predicted gains very close
to those from using the very best for a particular region.
The large interaction components of variance were not s0
much because of rank change but because of different
variances at each site.

2. Although the production of regionalised seedlots does
not appear to improve gain substantially, progeny testing
in only one region can result in poor predicted gain fox
other regions. Progeny tests must be established in more
than one region to ensure one is selecting clones that per-
form well on a variety of sites if the overall goal is to
have a widely adapted breed.

3. For both regions, progeny test site selection can be
crucial. Of the two sites in each region the site with the
higher heritability results in the largest predicted gain
for the region. While the higher heritability site was
seemingly much less typical of the clay regions, it was
sufficiently correlated with the other site in the region to
give equal or higher gains through indirect selection than
the typical site of lower heritability.
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Appendix 1

Gain estimates for regionalising and not regionalising
using variance components

Cain from backwards selection using half-sib families
is usually expressed as:

) .
gain= 21 o, / Ofm (Equation 1)

where: ¢%,, = between-family variance component.
6%y = variance of family means.

When selecting across regions only the pure between-
family variance component (¢%) is being selected upon,
therefore o, = o%. Assuming four test sites (two in each
of the two regions) each with 35 reps, the resulting gain
equation is, assuming regions and sites within regions to
be random effects:

g, . . .
gain =21 of (af + crfr/Z + cg(r)/«% + 02/140)'1/2 (Equation 2)

With regions a fixed effect the equétion becomes:
gain =202 (62 + o2 2 12
= Uf'(cf- + Ofgiry/4 + oellw} (Equation 3)

and with both regions and sites with regions being fixed
effects the equation becomes:
gain = 2(32-- c2.. + 32 140 )-1/2
T ( f e/ ) (Equation 4)
When selecting within a region the family-by-region
variance (o%,) belongs with the pure family variance (o%).
Selection takes place on both components of variance,
therefore o?,, = o% -+ o%,. Assuming two progeny test
sites in a region, each with 35 reps and that sites within

regions represent a random effect, the resulting gain
equation for regionalising is:

21 (c? + c?r)
gain =

2 2 {Equation 5}
((Gr o) + /2 + “3/70) 1z

Assuming regions to be a fixed effect gain may be pre-
dicted by the following equation:

gamn= 21 °?(r) (c?(r) + c?s(r,/z + s3/70)'1/2 (Equation 6)

noting that o%, is not really a meaningful parameter in
th s situation. With both regions and sites within regions
being fixed the equation becomes:

2 2 2
gain = 21 o (“ﬂr]" + <!e/70)'1/2 (Equation 7)

Extending the argument to selecting for individual sites

Appendix Table 1. — Gain predictions from variance component
estimates under alternative assumptions concerning fixed or
random effects. Figures in brackets denote Appendix equations

involved.
Regionalisation Assumptions concerning site effects
pattern :
All Regtons fixed, All
random site (regions) random fixed
None 4.5(2) 80 (3 9.6 4)
By regions only 8.9 (S) 9.2 (6) 116 (0
By individual sites 11.6 (8} 116 (8) 11.6 8
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within regions (assuming sites to be representative of
localities) the gain equation becomes:

2 2 2
21 (cf + Og + cfs(r))

gan = SHm—sy
("r + O +Ofagn) + °3/35)m

" (Equation 8)

This assumes fully random effects. Alternative assump-
tions regarding fixed effects do not materially alter this
expectation.

Appendix Table 1 shows predicted gains after substitut-
ing in variance component estimates from Table 2. The
gains from regionalising by the two main regions are evi-
dent by comparing solutions of Equations 5 and 2, 6 and
3, or 7 and 4 depending on the assumption concerning
fixed-or random effects. Correspondingly, the gains from
regionalising to individual sites are evident from compar-
ing the solution for Equation 8 with those of Equation 5,
6.or 7. The gains foregone by not regionalising can be
large and depend strongly on whether fixed or random
site effects are involved.



