based on just the k groups in common. One can expect
6%; and 625,-, being based on many more degrees of
freedom, to be subject to much less bias or sampling
errors resulting from differences between environments

in samples of groups than would }’iig and K2 or conven-

tional estimates of ¢%; and ¢%;. Indeed, estimates based
on more than k groups are likely to be superior in many
situations. Equation 3 therefore offers a method that can
give convenient and robust correlation estimates while
making full use of available information.

Even without missing or unbalanced data Equation 3
can be convenient to use. This is particularly where one
wants to explore between-environment correlations for
alternative subsets of genetic groups, since genetic para-
meters are meaningful only in relation to specified pop-
ulations. This would, however, depend strongly on o%;
and o%; being constant among subsets.

Equation 3 also has the advantage of requiring exchange
of the minimum necessary information between organisa-
tions involved in collaborative studies of the genetic
correlations.

There will be some situations where using Equation 3
may not be ideal, not that alternative approaches would
necessarily be better, Obvious difficulties could arise
where the presence or absence of groups in different en-
vironments reflects differential truncation selection be-
tween the environments. Any truncation selection tends
to lead to poorer estimates of genetic correlations. A
simulation study by van Vieck (1986) indicated that the
problem is one of reduced precision rather than inherent
bias; truncation selection was associated with an in-
creased incidence of r, estimates outside the bounds +1
and —1, or even imaginary estimates (resulting from 62gi
and/or 8%,; < 0). While van VLEck considered only Type
A correlation estimates there is every reason to believe
that his findings would apply equally to Type B estimates.

In such a situation, though, the use of Equations 1 and 2
would be equally affected, and even the study of interac-
tion by variance component estimates would be subject
to bias.

If, within individual environments, different groups are
represented by markedly unbalanced numbers of indi-
viduals there will also be problems. For Equation 3 single
overall values would then not apply to o%; and/or o%;.
The problems, however, would not be specific to the use
of Equation 3.

If the representation of different groups, however
unequal, is in consistent ratios between environments it
should then be appropriate to use Equation 2, provided
group means are weighted, in calculating the denomi-
nators of the equations, according to the numbers of
individuals in which the respective groups are repre-
sented. With even more troublesome imbalance it would
seem appropriate to use analysis of variance with en-
vironments as an main effect, and study interaction by
the traditional approach of estimating variance compo-
nents. That, however, might entail accepting that no
satisfactory estimates can be obtained of the genetic cor-
relations that reflect the more meaningful aspect of in-
teraction.

Acknowledgements

Thanks are due to Dr. M. J. CarsoNn and C. J. A. SHELBOURNFE
and to M. O. Kmusercey for the comments on a draft.

Literature Cited

Burpon, R. D.: Genetic correlations as a concept for studying
genotype-environment interaction in forest tree breeding. Silvae
Genet. 26: 168—175 (1977). —— vaN Vieck, L. D.: Selection bias in
estimation of the genetic correlation. Biometrics 24: 951—962
(1968). —— WeLLer, J. I. and Ron, M.: A note on the effect of
observations with missing data on genetic correlation estimates.
Theor. Appl. Genet. 74: 549—553 (1987).

The Estimation of Genetic Parameters for Growth and Stem-Form
over 15 Years in a Diallel Cross of Sitka Spruce

By C. J. A. SAMUEL

Forestry Commission, Northern Research Station,
Roslin, Midlothian, EH25 9SY, Great Britain

(Received 17th January 1990)

Abstract

Regular measurements of total height from the first to
the 15th year after planting were made on families
comprising a full diallel cross among 7 parent trees of
Sitka spruce (Picea sitchensis BoNG., CArr.) planted on 2
test sites. Diameter at breast height was measured at
intervals after the 8th year and a subjective straightness
score was made after 14 years. Although analysis revealed
significant proportions of additive variation for height at
most assessments, non-additive effects were more highly
significant and usually accounted for a greater propor-
tion of variation. In contrast, diameter was under pre-
dominantly additive control .and straightness appeared
to be equally subject to both additive and non-additive
effects. The results are discussed with reference to the

Silvae Genetica 40, 2 (1991)

current breeding strategy for Sitka spruce in Britain
which includes techniques for exploiting the type of
genetic control of growth traits suggested by their results.

Key words: Picea sitchensis, diallel cross, variance components.

Introduction

Among the forest tree species of commercial impor-
tance in Britain, Sitka spruce (Picea sitchensis Bonc.
CARR.) is used in by far the greatest proportion; the spe-
cies accounts for around 70% of current planting. During
the last 20 years, the main breeding effort in this species
has concentrated on phenotypic selection and half-sib
progeny-testing; over this period more than 3500 selec-
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Table 1. — Comparative details of the 2 experimental planting sites.

Bush Tywi
Latitude N (%) 55.86 52.24
Longitude E (%) 3.79 3.20
Elevation m 200 420
Rainfall mm 1750 1800
Soil Brown earth Deep peat
Vegetation Commercial grasses Molinia-predominant sward

Previous land use

Mixed agricultural use

Hill grazing land

tions have been made and 65% of these are represented
in forest-stage tests (Lke, 1986).

A study in which individuals from a single population
were chosen at random without phenotypic selection and
progeny-tested as half-sib families was reported by
Samuer and Jonnstone (1979). From this material, con-
fident estimates of additive genetic variance were ob-
tained. Narrow sense heritabilities were around 25% for
annual total height during the first 6 years after planting.
However, these studies offered no information on factors
other than additive genetic variances.

Information on non-additive patterns of inheritance is
nevertheless available from full-sib families of Sitka
spruce that resulted from the use of a full diallel mating
design among 7 parent trees in an extensive artificial pol-
lination programme carried out in 1968. These families
were the subject of detailed investigation in an early
glasshouse test reported by SamueL et al. (1972). The re-
sults reported here follow the growth of this material in
two forest progeny-test experiments and provide informa-
tion on additive, non-additive and reciprocal effects at
varjous assessments during the first 15 years after
‘planting. From this information, inferences are made
about the breeding strategy appropriate to Sitka spruce
in Britain.

Material and Methods

The parent trees were selected in a small stand of Sitka
spruce planted in 1933 in Roseisle Forest, Grampian
Region, Scotland and the crosses were made during the
spring of 1968. Further details of the source of parents
and pollination techniques are given by SamueL et al.
(1972). At the end of the glasshouse experiment which
they reported, half the plants were transferred to a field
experiment site at Bush Research nursery, Lothian Re-
gion, Scotland. This trial was laid out in 3 randomised
complete blocks in which each family was represented by
a line plot of 4 trees in each block. The trees were
planted in the spring of 1970 at 1.8 m square spacing.

Further seed of the same crosses was sown in 1969 and
plants were raised at Alice Holt nursery, Hampshire,
England. Standard procedures for raising progeny-test
material during the nursery stage (FauLkner, 1965) were
used. In the spring of 1971 these families were planted
in Tywi forest, Dyfed, Wales. This trial was laid out in
six randomised blocks in which each family was again
represented by a 4-tree line-plot in each block. Sum-
marised details of the two planting sites are given in
Table 1.

The total height of every tree was measured at the
end of each growing season up to the 15th after planting
at Bush (omitting years 1, 7 and 8) and up to the 13th
year at Tywi. Diameter at breast height (1.3 m): was
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measured at Bush at the end of the 13th, 14th and 15th
seasons and at Tywi at the end of the 12th, 13th and 15th
seasons. An early diameter measurement at a height of
0.5 m above ground had been made at Tywi after 8
seasons. At the beginning of the 9th season an applica-
tion of PK fertiliser (230 g of 0:20:20 compound fertiliser
broadcast around the base of each tree) was given to
blocks 1, 3 and 5 only at Tywi as part of an exercise,
subsequently abandoned, to study family x fertiliser in-
teraction. A diameter measurement after 11 years was
carried out at 0.6 m above ground in the fertilised blocks
and 0.5 m in those unfertilised. A subjective score on the
scale 1 (= best) to 6 was given to each tree in order to
classify it for acceptability of stem straightness and form
after 14 seasons at Bush and 13 at Tywi.

The original crosses formed a complete 7 X 7 diallel
set including all selfs. The 7 parents were designated A,
C, D, G, H, J and K. All families were represented in
sufficient numbers for the full set to proceed to the Bush
field test. At Tywi, however, insufficient quantities of
seed and survival of plants among those raised in the
nursery meant that all families from the C array had to
be abandoned. This, in combination with the failure of
selfed families from 3 of the parents effectively reduced
the experiment at Tywi to a full 6 x 6 diallel with ho
selfs.

Statistical Analysis

The main analysis of the data from both experiments
has been based on the generalised analysis of variance
outlined by GrirrinG (1956). The Bush data accord with his
Experimental Method 1 and the Tywi data with his Ex-
perimental Method 3. In both methods, three effects are
recognised into which the variation among families may
be partitioned: general combining ability (gca), specific
combining ability (sca) and reciprocal effects. These cor-
respond respectively to the a, b and the sum of the ¢ and
d items in Hayman’s (1954) analysis previously used by
SamueL et al. (1972) in their report of the early test of the
same material. Omission of the data from selfed families
and those in the C array at Bush enabled the experi-
ments to be combined in a joint analysis across both
test sites.

Results

This report covers the results and statistical analysis
of more than 50 field assessments the aim of which has
been to establish trends with time in the values of im-
portant genetic variances which relate to the breeding
strategy adopted for Sitka spruce in Britain. It has thus
been necessary to condense the presentation of the re-
sults severely from the form of tables of family means
arranged in a diallel pattern together with row, column



and array means (as in Table 2) and their associated
anulyses of variance (as in Table 3). Such results are
given as examples only for height at the end of the 6th
season at Bush. This assessment is fairly typical of most
assessments, illustrates some of the variation which will
be subject of later analyses, and represents the stage in
routine half-sib progeny-tests at which initial selections
are made in tne main breeding programme for Sitka
spruce. Differences among overall means in table 2 re-
flect differences in gca among the parents, Sca effects
can be observed by comparing reciprocal means in the
body of the table with means of the two contributing
parents among the overall means. This comparison re-
veals both positive (for example H and J) and negative
(for example A and D) deviations from expected heights.

Table 2. — Diallel table of family means for height after 6
seasons at Bush.

Male parents

A c D G H J K | Female
| mean
!
Female A 1.149 2.064 1.574 1.949 1.897 2.172 1.428 ) 1.748
parents |
c 1.992 1.413 1.738 1.683 1.802 1.890 1.883 | 1.771
|
D 1.494 1.598 1.277 1.583 1.776 1.738 1.624 | 1.584
|
G 1.914 1.767 1.775 1.151 1.923 1.658 1.928 | 1.731
' |
H 1.970 1.778 1.796 1.678 1.209 1.863 2.386 | 1.811
1
J 1.778 1.888 1.605 1.833 2.156 1.999 2.109 | 1.910
|
K 1.650 1.842 1.590 2.033 1.753 1.923 1.399 1.742
Male mean 1.707 1.764 1.622 1.701 1.788 1.892 1.823 1.757
Overall mean 1.727 1.768 1.603 1.716 1.800 1.901 1.782
Table 3 — Analysis of variance for height after 6 seasons at
Bush.
Source Sum of squares DF Mean square F ve
General combining ability 2.0778 6 0.3463 1.13 ns 0.000289
Specific combining ability 6.4558 21 0.3074 4.62 *%*%  0.013569
Reciprocal effects 1.3958 21 0.0665 1.55 ns 0.001061
Blocks 0.1183 2 0.0591
Between plot error 4.1229 96 0.0429 1.07 ns  0.000783
Within plot error 16.8317 421 0.0400 0.0400

Tests of significance: 1 on 2; 2, 3 on 4; 4 on 5; *** = p 0.001;
as = non-significant; VC = estimated variance component.

Table 4. — Summarised results of analysis of variance of Bush
data.
Assessment Mean g; Nh Significance Vax;iance czomporZ\ent }
& s roay as or  ofp oe

Ht 02 0.66 0.006 3.8 ns kkk 1.7 26.5 9.4  62.4
Ht 03 0.87 0.011 3.8 ns kxx 28.0 5.9 66.1
Ht 04 1.16 0.024 3.2 ns %% 38.9 1.1 4.6 55.4
Ht 05 1.46 0.041 3.7 ns kkx 0.6 27.0 2.4 70.0
Ht 06 1.76  0.056 3.7 ns ek 0.5 24.4 1.9 1.4 71.8
Ht 09 3.28  0.250 3.8 ns kkk 38.1 2.7 6.7 52.5
Ht 10 4.15 0.320 3.6 ms kkx  k 39.4 2.2 58.4
He 11 4.89 0.360 3.6 ns xkx 36.2 2.3 61.5
Ht 12 5.67 0.428 3.7 ns kkk 45.3 1.8 2.5 50.4
Ht 13 6.33 0491 3.7 ns wkx  * 42,9 2.1 0. 54.8
Ht 14 7.02 0.564 3.6 ns Ekx  * 52.0 1.8 46.2
Ht 15 7.82  0.602 3.6 ns hEx 55.2 1.2 2.5 41.1
Dm 13 10,18 1.758 3.6 ns e 41.9 58,1
Dm 14 11,16 2.195 3.6 ns  kx 45.8 54.2
Dm 15 11.80 2.470 3.6 ns kkx 47.1 0.1 52.8
st 14 2.12  0.303 3.6 ns kwx 1.7 12.2 86.1

Significance levels used in Tables 4, 6 and 7:

ns = non-significant;

# = p<0.10;

* p<<0.05,

il p<0.01;

*++ = p<J0.001.

Assessment abbreviations used in Tables 4, 6 and 7:
Ht = height in metres;

Dm = Diameter at breast height in centimetres;
St = straightness score on scale 1 (= best) to 6.

I

Reciprocal differences may be observed by comparing
row and colum means for the same parent or by exam-
ining specific reciprocal families of the same cross in
the body of the table; these two levels of reciprocal dif-
ference are not separated in the main analysis. The re-
sults of an analysis of variance of these data are given
in table 3 in which tests of significance and estimates of
appropriate variance components are shown. These are
discussed in more detail below, together with the data
from other assessments.

Table 4 summarises the results of analyses of the data
from each assessment made at Bush. In the table the first
column denotes the assessment in coded form in which
the abbreviations for height in metres (Ht), diameter in
centimetres (Dm) and stem straightness score on the scale
1 (= best) to 6 (St) are followed by two digits identi-
fying the age from planting. For each assessment the
following items are given in the table: -

i. the overall mean (mean);

ii. the estimated total phenotypic variance (azp)

iii. the harmonic mean of the number of trees per
plot (M,);

iv. a summary of the significance of the geca, sca, and
reciprocal items (g, s and r respectively);

v. estimates of variance components for these and error
effects ,the components denoted as follows: —

o%; gca

o%, sca

o%, reciprocal effects

o%;, between plot residual effects

o%, within plot residual effects.

The variance component estimates are expressed as a
percentage of the total phenotypic variance which is
calculated as the sum of all the above components. Com-
ponents are estimated if non-negative whether significant
or not and the harmonic mean of the number of measured
trees per plot at each assessment has been-used in their
estimation instead of the number of trees planted.

Perhaps the most prominent feature of these results is
the complete lack of significance of gca effects at any
assessment coupled with consistent highly significant sca
effects (p < 0.001) at all assessments. Reciprocal effects
assume little importance with significance (p < 0.05) for
height in years 9 to 14 only. Where estimable, the gca
variance component accounts for less than 2% of the to-
tal phenotypic variance whilst the sca component ac-
counts for between a quarter and a half at all assessments.

Throughout the life of the experiment, selfed families
have contrasted strongly in growth with those from out-
crosses. This is clearly shown in table 5 in which overall
means of selfs are compared with those of crosses at each
assessment. This type of inbreeding depression is to be
expected in a naturally outcrossing species such as Sitka
spruce. The contrast highlighted in table 5 contributes to
the sca variation; in fact this comparison is extracted as
item bl in Hayman’s (1954) analysis. It is relevant therefore
to consider the set of data from which those from selved
families have been omitted. This reduced set is a 7 x 7
full diallel without selfs and the results of an appropriate
analysis of variance are summarised in table 6 which
has exactly the same format as table 4.

The most general effects of the removal of selfs are the
higher overall means and lower phenotypic variances of
table 6 compared with table 4. For height, gca effects now
reach significance in five assessments at p<<0.05 and a
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Table 5. — Comparison of overall means for selfed families with
families from outcrosses at Bush.

Assessment  Self Outcross Self/outcross %
Ht 02 52.90 68.10 77.7
Ht 03 68.80 90.40 76.1
Ht 04 84.00 121.60 69.1
Ht 05 109.90 152.30 72.2
Ht 06 1.37 1.82 75.3
Ht 09 2.17 3.46 62.7
Ht 10 2.86 4.36 65.6
Ht 11 3.53 5.11 69.1
Ht 12 3.99 5.95 67.1
Ht 13 4.65 6.62 70.2
Ht 14 4.96 7.36 67.4
Ht 15 5.59 8.19 68.3
Dm 13 6.85 10.73 63.8
Dm 14 7.26 11.81 61.5
Dm 15 7.58 12.50 60.6
St 14 2.01 2.79 72.0

further 2 assessments at p < 0.10. The sca effect remains
highly significant in all height assessments but the re-
ciprocal effects are more often significant from the 10th
year onwards. In contrast, only gca effects are significant
for diameter at each assessment. These tests indicate that
for height some additive control is present but that non-
additive effects predominate, whereas for diameter, addi-
tive control only operates. A significant but low level
of additive control appears to operate for straightness
score.

These observations are reflected in the estimated var-
iance components in table 6. Sca variance accounts for
around twice as much variation as gca at most height
assessments with reciprocal variance accounting for a si-
milar amount to gca. For diameter and straightness, sca
and reciprecal -variances account for much smaller pro-
portions than gca. The results of the analysis of the data
from Tywi are presented in the same way in table 7.
Comparison of the overall means in this table with those
at Bush (table 6) shows that both experiments had similar
rates of growth up to the 6th year, after which the poten-
tial for faster growth at Bush became evident. The dif-
ference in height was about one metre by the 10th year
and over 1.5 metres by the time of the final common
height assessment at 13 years when there was a differ-
ence in diameter of over 3 centimetres. Phenotypic vari-
ances are in general lower at Tywi. Among the signifi-
cance tests, a similar pattern to that at Bush emerges;
for height, sca effects are more highly and consistently
significant than gca effects and significant reciprocal
effects do not figure prominently, For diameter, signifi-
cant gca effects predominate, although sca effects are
significant at the early 8th year assessment. No effect is
significant for straightness score.

Table 6. — Summarised results of analysis of variance of Bush
data omitting selfed-families.
:
Assessment Mean op "h Significance 2 Variance component %
g s T ag ’H of  ofb e

He 02 0.68 0.005 3.9 % 5.1 8.8 .

He 03 0.90 0.009 3.9 *x 35 oos UM W T
Ht 04 1.22 0.015 3.2 * # % 4.2 7.3 3.3 85.2
He 05 152 0.032 3.8 *e 3.0 8.4 3.3 85.3
Ht 06 1.82  0.045 3.8 # 2.9 7.4 2.3 4.3 831
HE 09 3.46  0.177 3.9 # 3.9 9.5 3.1 13.9 69.6
Ht 10 4.36  0.205 3.7 * % % 4.3 5.0 3.6 87.1
He 11 5.11  0.231 3.7 * %  wx 3.2 5.1 4.2 87.5
Ht 12 5.95 0.235 3.8 *x 2.2 7.6 3.0 10.1 77.1
BE 13 6.62 0.285 3.7 wxk %% 1.8 9.7 4.5 84.0
HE 14 7.36  0.251 3.7 % 1.7 6.5 4.3 0.4 87.1
Ht 15 8.19 0.230 3.7 * 3.3 2.0 4.0 7.5 83.2
bm 13 10.73  0.994 3.7 % “8 2.4 0.4 92.4
Dm 14 11.81  1.148 3.7 4+ 5.6 0.1 2.8 915
Dm 15 12,41 1.286 3.8 48 01 5.4 89.7
st 14 2,00 0.261 3.7 3.3 15 0.3 BT
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Table 7. — Summarised results of analysis of variance of Tywi

data.
2
Assessment Mean op N Significance , Varfance cqmponegt % ,
L B 8 r og os or ofb Oe

Ht 01 0.49 0.002 4.0 dk Rkk bk 14.3 5.9 6.0 73.8
Ht 02 0.67 0.006 4.0 **x k% *k 1.1 3.7 3.1 82.1
Ht 03 0.87 0.008 4.0 * Fhk 7.9 5.8 0.3 1.9 84.1
Ht 04 1.23 0.015 3.7 * Frkk 9.7 6.0 0.2 0.6 83.5
Ht 05 1.47 0.018 3.9 * R 1.1 7.0 3.3 78.6
Ht 06 1.82 0.027 3.7 kk kkx 12.0 5.3 1.9 80.8
He 07 2.15 0.038 3.7 * *dkk 8.6 7.1 0.5 83.8
Ht 08 2.47 0.048 3.7 * Fkk 6.4 7.9 0.2 2.5 83.0
Ht 09 2.95 0.064 3.6 * bidd 5.2 5.5 0.2 4.6 84.5
Ht 10 3.34 0.065 3.6 # *k 4.0 5.2 0.3 4.1 86.8
Ht 11 3.80 0.098 3.6 *kk 2.4 4.6 0.4 2.8 89.9
He 12 4.40 0.104 3.6 Fkk 1.5 6.2 1.0 3.9 87.4
Ht 13 4.78 0.118 3.6 *EE 0.7 5.7 0.7 3.0 89.9
Dm 08 5.29 0.176 3.6 % 6.5 2.0 91.5
Dm 11 7.93 0.425 3.6 * 2.3 0.5 2.1 95.1
Dm 12 6.99 0.437 3.6 * 2.7 1.4 95.9
Dm 13 7.56 0.472 3.6 # 2.1 1.5 95.9
Dm 15 9.16 0.629 3.6 2.2 1.8 96.0
st 13 2.28 0.382 3.6 2.2 4.1 0.6 3.5 89.6

When the percentage contributions of each variance
component are considered, there is a reversal of the situa-
tion for height at Bush; often gca accounting for more
variation than sca. For diameter the relative proportions
are similar to those found at Bush. Another feature of
the height results at Tywi is a clear falling trend in the
contribution of gca from 14.3% at year one to a negligible
0.7% at year 13.

Combined Analysis Across Sites

Ten height assessments and two diameter assessments
were made at the same age in both experiments and were
therefore available for a combined analysis across sites.
In addition, though the stem straightness assessments
were made after 13 years at Bush and after 14 years at
Tywi, it seemed reasonable to combine these assessments
for an analysis across sites. Such an analysis not only
gives tests of significance for the difference between sites
and for the main genetic effects across sites but it also
provides tests for the interaction of the latter with sites.
The data set from Bush was made compatible with that
from Tywi by the omission of the data from all families
of parent C and all selfed families as a prerequisite of the
combined analyses.

For height from nine years onwards there are highly
significant differences between sites; these are a reflection
of the comparisons of overall means already noted in
tables 6 and 7. The results of these combined analyses
are presented in table 8 as rounded mean squares. The
effects of sites and blocks within sites which are of less
interest than the genetic effects have been omitted from
the table. For each assessment, a comparison of the mean
squares for interactions between genetic effects and
blocks within sites with the within-plot mean square in-
dicates that these are fairly homogeneous. However, for
the majority of assessments there is a marked contrast
between these mean squares and those for the interaction
of genetic effects with sites. When the latter are tested
against their respective interactions with blocks a large
number of them (printed in italics) reach significance at
p < 0.05. For most assessments, the size of these interac-
tions with sites masks the significance of tests of main
genetic effects. In only a few instances (again indicated
by italics) do main effects reach significance overall at
p < 0.05. Only for height at five years and for stem
straightness are main effects significant overall without
the presence of significant interactions with site.

These analyses confirm the differential expression of
genetic effects already noted at the two sites and indicate
that more appropriate conclusions must be drawn within



Table 8, — Mean squares from analyses of variance combined across sites.

Height Diameter Straightness

score

Item ar 02 03 04 05 06 09 10 11 12 13 13 15 13/14
GCA 5 1032 1533 3743 6516 905 1701 1230 1088 1517 848 5018 7836 3166
SCA 9 197 532 705 1586 185 600 368 437 747 991 1568 1452 751
Reciprocal 15 79 97 214 273 51 128 196 240 311 341 547 637 498
GCA x sites 5 276 365 308 196 66 577 584 664 489 917 6121 6453 361
SCA x sites 9 132 180 273 329 33 260 295 347 344 620 289 427 672
Reciprocal x sites 15 82 113 176 250 56 200 310 350 358 457 476 596 233
GCA x blocks 35 31 80 122 188 21 80 116 131 202 147 524 690 300
SCA x blocks 63 29 76 131 204 34 80 86 113 167 152 572 1749 362
Reciprocal x blocks 105 33 84 120 237 33 96 118 122 141 137 617 919 349
Within plots 743—808 32 72 133 199 38 84 105 134 126 166 642 815 313

each site. Such an analysis of the Bush data set, reduced
as indicated above, was found to give results very similar
to those of the 7 x 7 analysis already presented in table 6.

Discussion

One of the important features of these experiments is
that they present the progeny of some of the earliest
successful controlled crosses carried out in Sitka spruce
in Britain. Furthermore, this complete set of diallel fa-
milies was among the first to be made in a forest tree
species. As pointed out by SamueL et al. (1972), when the
early growth of this material was reported, there are some
shortcomings in the constitution of the set of parents
since they were primarily selected on the basis of fecun-
dity and cannot be considered typical of superior pheno-
types used in the breeding programme for this species.
For the estimates of genetic parameters which the diallel
mating design affords, however, it is necessary to consider
the extent to which the parents could be taken as a
general sample of Sitka spruce phenotypes. The fact that
they were not the subject of high selection intensity for
vigour supports this view but, in common with much
Sitka spruce in Britain of the same age or older, the seed
origin of the parents is unknown. It is fairly likely that
the plants were from seed which came from the Queen
Charlotte islands (the most important and appro-
priate general source of Sitka spruce seed for British
forestry), but there was evidence from extensive analysis
of growth patterns in early-tests that at least one of the
parents could derive from more southerly latitudes
(Samuer, unpublished). These are all factors which point
to a need for caution in interpreting the results of the
analyses reported here in a too wide or definitive context.

Nevertheless, there is @ number of clear conclusions to
emerge from the analysis of this exhaustive series of
measurements. It is obvious that selfed families in the
context of an outbreeding species such as Sitka spruce
have no serious contribution to make to the evaluation of
genetic parameters. When the rather confusing effects of
selfs are removed, both additive and non-additive ef-
fects have been detected in most analyses. For height
and stem straightness, both effects were normally detect-
able whereas for diameter, additive effects predominated,
non-additive effects being often negligible.

In general the proportions of additive variance, despite
undeniable fluctuation from year to year, are slightly
lower than those found in the population study designed

to estimate these effects (SamueL and JounsTone, 1979) in
which additive variance accounted for 6% to 7% of the
phenotypic variance for height from planting to 11 years
and 3% to 4% for diameter over the period 12 to 14 years
(SamueL, unpublished).

There are, however, clear differences between the rela-
tive proportions of additive and non-additive components
at the two sites. These are demonstrated in table 9 in
which the ratio of additive to non-additive variance is
presented for all assessments. These figures have been
derived directly from table 6 and 7 since the variance
components for gca and sca estimate one quarter of the
additive and one quarter of the non-additive variance
respectively. (Becker, 1975). For height, although there
are marked contrasts between the two sites, notably
during the first six years, there is reasonable agreement
in the results over the period from 10 years to 13 years.
During the early period, the results are characterised by
the high proportions of gca at Tywi. For diameter, the
situation is confused by the very large ratios in years 14
and 15 at Bush caused by the very small and non-sig-
nificant amounts of sca which were nevertheless esti-
mated. If these are disregarded, there is broad agreement
among the remaining assessments with higher ratios for

Table 9. — Additive:non-additive variance ratios at each assess-
ment at Bush and Tywi.

Assessment Bush Tywi
Ht O1 - 2.42
Ht 02 0.58 3.00
Ht 03 0.16 1.36
Ht 04 0.58 1.62
Ht 05 0.36 1.59
Ht 06 0.39 2.26
Ht 07 - 1.21
Ht 08 - 0.81
Ht 09 0.41 0.95
Ht 10 0.86 0.77
Ht 11 0.63 0.52
Ht 12 0.29 0.24
Ht 13 0.19 0.12
Ht 14 0.26 -
Ht 15 1.57
Dm 08 - 3.25
Dm 11 - 4.60
Dm 12 - 1.93
Dm 13 2.00 1.40
Dm 14 56.00 -
Dm 15 48.00 1.22
st 13 - 0.54
st 14 2.20 -
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diameter measured at 8 and 11 years. There is reasonable
consistency for stem straightness.

Reciprocal effects reach significance in a number of
later height assessments at Bush and are estimable at
most height assessments. They normally account for
smaller proportions of phenotypic variance than the other
genetic effects and close examination of the data reveals
no consistency when comparing the performance of male
and female parentage at either the array of individual
cross level.

It is reasonable to conclude in general that height and
stem straightness are under stronger genetic control than
diameter and that again for height and straightness there
is at least as much non-additive as additive variation pre-
sent. Non-additive variation has little effect on the ex-
pression of diameter.

These results have implications for the strategies adopt-
ed in the improvement of Sitka spruce in Britain. Reli-
able data on the amount of additive variance have al-
ready indicated the likely achievements from programmes
of plus-tree selection combined with clonal orchards. It
is now clear that further substantial gains can be anti-
cipated from the use of breeding techniques that specifi-
cally exploit non-additive as well as additive variation.
These include such methods as the use of biclonal or-
chards composed of parents with proven specific com-
bining ability or, more importantly, the mass propaga-
tion by vegetative means of any good material derived
from the exploitation of non-additive variation. Perhaps
the most practical among the latter is the propagation of
seedling material derived from bulked mixtures of full-
sib families proven for sca; the techniques for this are
already established (Mason, 1986) and plant material has
been raised in._commercial quantities from mixtures of
proven half-sib families in Britain.

Whilst the results from the experiments reported here
point strongly to the use of both additive and non-addi-
tive variation in the improvement of Sitka spruce, it
would be unwise to attempt to derive anything but broad
estimates of genetic gains on the basis of this work.
Furthermore, the presence of non-additive variation for
height may point to the need for more detailed investiga-
tion on this subject. Barnes et al (1987), for example,
found evidence among full-sib families of Pinus patula
Scuiepe and Deppe of a single gene with possible over-
dominance controlling diameter growth. In the present
study there is also a considerable measure of disagree-

ment between the two sites used and there are some clear
trends in the estimates of variance components with time.
In particular the fall in the proportion of the total pheno-
typic variance attributable to gca has also been noted by
Frankun (1979) in a number of species, although the
present data only encompass the earlier part of the age
range he considered. This could also be a consequence of
the very small plot size used and the low number of
plants per family, notably at Bush. At the later assess-
ments, interaction between adjacent plots could be having
a serious influence. A set of crosses comprising an 8 x 8
diallel among parents drawn at random from those
contributing to the half-sib population study previously
referred to (SamueL and JounstoNe, 1979) is now complete
and should provide sufficient material for progeny test-
ing in larger plots with greater replication on more sites.
The results of these further tests should provide more
detailed substantiation of those basic conclusions estab-
lished from the work reported here.
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Abstract

A detailed karyotypic study by Giemsa C-banding has
been done in Fagus sylvatica L., Betula pendula RorH,
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