Higher frequencies of offspring resulting from self-
fertilization may typify artificial Douglas-fir stands in
other parts of Europe as well. In 2 of the 3 stands in-
vestigated by Prar and ARrNAL (pers. comm.), S was
estimated to be 0.15 or greater. Because higher levels of
selfed progeny lower the genetic quality of seed crops
(Muona, 1989; SorenseN and Mices, 1982), special precau-
tions should be taken in the collection and use of seed
from these artificial stands. In order to minimize selfed
offspring, seed collections should be limited to years with
especially good flower crops. In addition, seedlings should
be strongly culled in the nursery to help remove inbred
individuals (SorenseN and MiLEs, 1974). Tight spacing in
plantations may also be employed to favor non-inbred
individuals by encouraging competition (SorenseN and
MiLEs, 1982).

The results of this study illustrate a number of useful
applications of isozymes in practical forestry. Isozymes
may be employed to test the affinity of artificial stands
from unknown seed sources, and, at least crudely, to
identify their provenance of origin. In addition, isozyme
analyses can help in evaluating the genetic quality and
diversity of seed crops, and, subsequently, can help
foresters make decisions regarding regeneration.
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Growth Differentiation in White Spruce Crop Tree Progenies

By ST. MAGNUSSENY)

(Received 10th March 1993)

1. Abstract

Stem analysis of 288 36-year-old dominant and codomi-
nant ’crop’ trees in 18 white spruce open-pollinated fami-
lies revealed a strong genetic control of height growth
(heritabilities of 0.3 to 0.6). Heritability estimates for
volume growth peaked around age 20 when they reached
a level of 0.3 only to decline rapidly thereafter. Rank

1) Forestry Canada, Petawawa National Forestry Institute, Chalk
River, Ontario, K0J 1J0, Canada
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stability and the coefficient of genetic prediction between
age 36 family means and means obtained at earlier ages
were not sufficiently strong to warrant early selection for
either height or volume. Height-age and volume-age rela-
tionships were successfully modelled with a quadratic log-
linear model with three interpretable parameters. Herita-
bilities of the growth curve parameters varied from 0.14 to
0.72. The opportunity to improve the growth curves by
20%, for all ages was explored by using a restricted selec-
tion index of the growth curve parameters. An improve-
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ment of 6% to 12% in both height and volume per breeding
cycle and unit selection intensity is realistic. Growth
curve analysis is recommended for the analysis of longi-
tudinal growth series.

Key words: variance components, heritability, coefficient of ge-
netic prediction, rank stability, growth curves, volume.

2. Introduction

White spruce (Picea glauca (MokeNcH) Voss) is one of the
most planted species in eastern Canada (KuHNkKE, 1989;
RauscHER, 1987) and effurts to improve the growth and fit-
ness of this economically important species are occurring
on a large scale (Beaurieu and Corriveau, 1985; CARTER
and SimpsoN, 1985; Fowirer, 1986; NienstaEpT and KAang,
1987; RauTer and Ying, 1979). A high potential for genetic
improvement of this highly variable species (NIENSTAEDT
and TEicH, 1972) has been supported by numerous findings
of a strong population and within-population differentia-
tion of growth in replicated experiments (for example,
Corriveau et al, 1987; Kine and Ruporr, 1969; MURRAY,
1984; NiensTAEDT ‘and RIEMENSCHNEIDER, 1985; TEicH, 1973;
TeicH et al., 1975). Most of the available information on
the potential for tree improvement through selection and
breeding stems from provenance trials. Information on
the performance of white spruce progenies is still scarce
and has mainly been concerned with the performance
during the first 20 or so years from seed (for example,
KuaLiL, 1985; NIENSTAEDT, 1984; MerriLL and Monn, 1984;
NIENSTAEDT and RIEMENSCHNEIDER, 1985). The present study
presents growth curves (height and stem volume) and
genetic parameters of 36-years-old potential crop trees in
18 white spruce families growing in eastern Ontario. Both
conventional and growth curve analyses will be shown.
Growth curve analysis offers the advantage of a more
succinct and parsimonious presentation of the growth re-
sults than the univariate approach to results from
different ages (MacNusseN and KREMER, 1992, in press;
MagNusseN and Park, 1991). The present report also
updates and extends 2 earlier evaluations (ages 8, 11, and
22) of this experiment (Hoist and TEicH, 1969; Yine and
MORGENSTERN, 1979).

3. Material and Methods

Wind-pollinated families (progenies) from 18 mature
white spruce trees were tested in a replicated experiment
on a glacial till site in the Research Forest of the Peta-
wawa National Forestry Institute, Chalk River, Ontario.
The parent trees were selected among the dominant and
codominant trees in 5 stands within the Ottawa Valley.
Visited stands were (number of selections given in pa-
rentheses): Maple Leaf (2), Sundridge (2), Carnavorn (2),
Sandy Lake (4), and Algonquin Park (8). Seed from the
selected parents were sown in 1954 and outplanted as 2+2
seedlings in the experiment in the spring of 1958 at a 1.8m
square spacing. The experimental design was randomized
complete block design with 50 tree plots (5 rows of 10
trees each) and 4 replications (blocks).

Data for this study were gathered in the spring of 1990
(age 36) from a stem analysis performed on a sample of
16 felled ’crop’ trees per family (4 per replicate and
family to a total of 288 trees). Trees selected for stem
analysis were random samples of the ’best’ onethird of
the innermost 24 trees in each plot. These ‘best’ individ-
uals were dominant and codominant trees of good form,
having a healthy crown, and without any visible sign of
damage. On a per area basis the selected ’crop’ trees re-

present the final crop of approximately 700 trees per
hectare at an age of about 70 years (RauscHer, 1987). Sur-
vival at age 36 was 67%, with individual families ranging
from 54% to 78%¢ (a difference of 8% in survival is signif-
icant at the 5% level of significance). Diameter at breast
height averaged 13.7cm in all trees and 17.8cm (+30%) in
the 288 trees felled for stem analysis. Tree heights aver-
aged 11.2m in the experiment and 12.5m (+12%) in the
selected ’crop’ trees.

A total of 7 cross sectional disks were removed from
each felled tree, one at breast height (1.3m) and 6 taken at
equal distances along the remainder of the stem. Location
(height) of the disks was recorded in the field to the
nearest 0.5 cm. Disks were sanded and 2 orthogonal radii
of disturbance-free growth were identified and penciled on
the disk, and their length (center to inside bark) measured
to the nearest 0.5mm with a ruler. Boundaries of annual
growth rings were determined manually via an image
analysis system (which displayed the 1 to 8 times magnified
image on a black and white monitor) and a cross-hair
target device (with automatic data capture) on the dis-
played image. Errors associated with the determination of
ring boundaries were helé¢ below 0.lmm at all times.
Height-age and diameter-age relationships were deter-
mined from the algorithm suggested by CArRMEAN (1972)
and recommended as the most appropriate in a compara-
tive study of 6 alternative methods (DyEr and BaILEy, 1987).
Diameters were taken as the area weighted average of
the two radial measurements. Stem-volume (inside bark)
calculations of the 8 stem segments were done using
SMaLiaN’s formula for a frustrum of a cone (Avery and
BURKHART, 1983).

Individual estimates of height and stem volume at
various ages underwent an analysis of variance according
to the following model:

Y,-j,,=u+t‘.+§j+8‘.j+eijk EQ1)
where Yj;; is the trait (height or volume) value of the
k'th tree (k=1,2,3,4) in the j’th replicate (j=1,2,3,4) in
family i (i=1,2,.,,18), x4 is the overall experimental mean
value, 7; denotes the effect attributed to the ith family
(Z'7; = 0), ¢; is the effect associated with block j (3¢; = 0),

i 3

6i,~ stands for the interaction of families with replicates
(the ’'plot’ effect, 339;; = 0), and g;; is the residual of
ij

Y;;x not accounted for by any of the preceding terms
(22 3¢, = 0). All effects except for the overall mean in
1ik

EQ 1 are considered to be random effects with variances
6tam.» O’rep.» O plotr aNd 0%, (W for within plot), respectively.
No allowance was made to include stand effects in EQ 1
on the grounds of the sparse sampling scheme which
would, at best, only generate unreliable stand estimates.
In the selection of parent trees one half (9) was charac-
terized as having a ’slender’ crown and the other half
as having a ’broad’ crown. However, no effect of crown
type has been demonstrated in any of the height or
volume analyses and no consideration has been given to
this stratification (see also Hovst and TEeicH, 1969; Yine and
MORGENSTERN, 1979).

The form of the analysis of variance (ANOVA) is out-
lined in table 1. At age 11 all trees had heights exceeding
the breast height (1.3m). Between age 8 and age 11 the
number of trees exceeding the 1.3 mark increased from

259



Table 1. — Form of the ANOVA (age 11 to 36).

degrees
Source of of Expected
variation freedom  Mean squares
Replicates 3 Oy G 1t +720% ep
Families 17 02w+402p1°t+160'2fam
Fam. x Repl. 51 °2w+4°2plot
Withinplot 216 W
Total 288

117 to 288. The correct form of the Expected Mean
Squares in table 1 were adjusted accordingly for these
ages. Variance components were estimated by equating the
observed mean squares to the expected ones and solving
the ensuing equations. Variances of the estimated variance
components were calculated from standard formulae as
given by, for example, BEcker (1984). Statistical significance
of family effects were assessed with the observed F-ratio
of the mean squares (MS) MS;,,,./MS¢,,. x rep. bY cOmparing
it to tabulated values of the F distribution with 17 and
51 degrees of freedom. F-ratios exceeding the 5% probabi-
lity level of a type I error were declared significant.

It was assumed that the families were made up of true
half sibs and, therefore, that the family variance com-
ponent estimated one quarter of the additive genetic
variance (FALCONER, 1981). This interpretation ignores the
fact that both full sibs and selfs are likely to occur in the
progenies of a single parent (Cores and FowLEr, 1976;
FowLer and Park, 1983; Kinc et al; 198%). "Although the
estimated additive genetic sariance will be overestimated
by this assumption, the absence of a verified correction
factor justifies the given interpretation.

The degree of additive (exploitable through selection
and breeding) genetic control over height and volume
growth was calculated in the form of individual narrow
sense heritability (h%) and family mean repeatability
(h%, ). Equaticns 2 and 3 give the computational formulae.
Implicit in both expression is the assumption of no stand
effect and similar allele frequencies in these stands. In
a survey of isozyme variation of white spruce in the
Ottawa Valley CueLiak et al. (1988) found no significant
stand differentiation in allele frequencies (only 0.7% of
the genic variance was attributable to ’stands’). The made
assumptions seems, therefore, reasonable. Standard errors
of the heritability estimates were obtained via the ’delta’
method (a TAavLOR series expansion) as outlined by Gorbon
et al. (1972).

4x o2
H=—m—stm &
ofam + c’.rep + o-pIot + 0.w
(EQ3)
2
h2 _ 0fam
fam — 2

2 2 2
°fam+°rep/4 +cplot/4+cw/16

The value of juvenile (age<<36) height or volume as a
predictor of age 36 genetic worth (additive genetic value)
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was assessed via the ’'coefficient of genetic prediction’ or
CGP (BarapaT, 1976) which is the standardized regression
of the genetic value of one trait (the ’juvenile’ expression)
on the phenotypic (observable) value of the same trait at
age 36. In other words CGP predicts the standardized
change in genetic worth at age 36 obtained by a change
of one standardized unit in the phenotypic expression of
the juvenile trait (realized by selection of superior pheno-
types). Barapar (1976) provides the computational details.
Phenotypic rank stability of family means over age was
gauged by the SrearmaN rank correlation coefficient (Sne-
pEcoR and CocHRAN, 1971).

Both the height-age and the volume-age relationship of
single trees (Yj;) could be described by a simple linear
model (on a natural log-log scale):

(EQ4)

Y, = exp (a‘.jk + B,.J.k X log (age) + Yije X log2age) + &k

where a;ji, fijx, and y;; are the intercept of the log trans-
formed trait value at age one, the slope of the linear
relationship between the log transformed trait value and
the log of age, and the curvature of this relationship,
respectively. § is essentially the initial relative growth
rate (growth per unit size and unit time) and y is half the
rate at which the relative growth rate declines with age.

m
12
]

0 15 20 25 30 35 40
Age

0 15 20 25 30 35 40
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Figure 1. — Height (top) and stem volume (bottom) over age for
a single tree. Circles represent the observed values and the full
line the fitted regression model (cf. EQ 4).



'he error term (¢;;%) accounts for the lack of fit between
the model expectations and the observed trait values.
Further aspects of the coefficients have been demonstrated
by MacnusseN and Park (1991) and MacNussEN and KREMER
(1993, in press). The regression coefficients of individual
trees were determined by non-linear regressions using the
Gauss-NewtoN method of estimation (Garrant, 1987). Figure
1 illustrates a typical example of the goodness of fit. A
multivariate analysis (MANOVA) of the three regression
coefficients was performed using the same model ex-
pansion as in the univariate case of single tree heights and
volume (cf. EQ 1). Variances, covariances, and heritability
estimates of the 3 regression parameters were obtained in
a similar way as outlined for height and volume. Estima-
tion errors of a, f#, and y were ignored in these computa-
tions. The excellent fit and small standard deviations on
the estimates (<7%0) justified this omission. Wi.x’s likeli-
hood ratio criterion (MorrisoN, 1976) was used in the mul-
tivariate analysis of the significance of family effects on
the regression coefficients o, f§, and y. The form of the
multivariate analysis of variance followed in principle the
above outline for the univariate traits (height and volume).

With the breeding objective of improving the height
and volume growth curve by 20% for any given age by
recurrent selection and breeding of superior genotypes, a
selection index was constructed that would achieve this
objective in the shortest possible time frame (by maxi-
mizing the correlation between the index and the ge-
netic worth of the selection candidates, (Baker, 1986;
Hazer, 1943)). According to the model in EQ 4 an increase
in a will provide a ‘lift’ of the entire growth curve. With
the inherent correlations among the growth curve para-
meters an unrestricted selection for a will lead to changes
in beta and gamma coefficients that will tend to counteract
the ’lift’. From EQ 4 we.can derive that an improvement
of the a by 0.183 (exp(0.183)=1.20) while restricting the 2
remaining coefficients (# and y) to 0 change would ac-
complish the breeding goal. Using the formulae for a
selection index with restriction (Lin, 1985), index weights
were calculated and the rate of genetic progress per unit
selection intensity and generation were determined. Errors

Height (m)

12 16 20 26 28 32 36
Age

0Fr——
4 8

Figure 2. — Trend in average (fat solid line) and family mean
height (dashed lines) over age.

Volume (dm3)
180+
1601
1401
1201
1001
80-

Figure 3. — Trend in average (fat solid line) and family mean
stem volume (dashed lines) over age.

of the selection index coefficients due to sampling were
determined via the formulae given by Tarris (1968).

4. Results and Discussion

Between ages 10 years and 36 years the average tree
height increased from 1.6m to 12.5m. The age-trend in
average height and in the means of individual families is
illustrated in figure 2. Family differences increased from
approximately 0.5m at age 10 to 1.8m at age 36. Relative
to the mean of all families these differences amounted to
28%0 and 15%o, respectively. Tree heights followed, by and
large, a normal distribution with notable differences only
at age 30 and 31 (test: Suariro and WiLk’s W-test on within
plot residual heights, Suariro and WiLk, 1965). Statistically
significant family differences were found at all but one
age (age 12); the F-ratio for families fluctuated between
2.04 (P=0.03) and 3.11 (P<0.01) with a maximum around
age 16. It was, however, not possible to locate these sig-
nificant difference in trees 21 years or older (test: Bon-
FERRONI, significance level 5%, MILLER, 1981). In younger
trees the statistical separation of the means was weak,
with only 2 broadly overlapping (70% or more) groups
identifiable as statistically different from each other. Until
age 12 the height growth rate was very low, probably as
a result of the typical planting 'check’ in this species (BaLL,
1990; BerLur and Ek, 1988; RauscHER, 1987). A period from
age 14 to age 32 is characterized by an almost constant
annual 0.5m increase in height. Generally the height
growth depicted in figure 2 compared favorably with
results published for eastern Canada and the Great Lakes
region (King and Ruporr, 1969; MEerriLL and Monn, 1984;
Murray, 1984; NiensTAEDT and RIEMENSCHNEIDER, 1985). The
mean height of the selected ’crop’ trees are about 15%
above the age 11 and age 22 results published earlier for
the entire trial (Houst and TeicH, 1969; Yine and MORGEN-
STERN, 1979).

Total stem volume (inside bark) showed an exponential
increase over age (Fig. 3), from 4dm?® per tree at age 12 to
132dm?® per tree at age 36. Family differences increased in
absolute terms with age (range 0.01dm3 to 0.06dm?® at age
12 versus 111dm3 to 149dm? at age 36) but decreased on a
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relative scale from a sixfold difference at age 12 to a 28%
difference (on the mean) at age 36. The analysis of variance
revealed a quadratic trend in the F-ratio for families,
starting at 1.1 around age 12 and increasing to approxi-
mately 2 around age 20 only to decrease again to 1.1 around
age 36. Only family mean volumes between ages 16 to 23
differd significantly (P<{0.05); nevertheless, the simultane-
ous inference about the family means with the BoNrerONI
test failed to separate any homogenous subgroups (MILLER,
1981). The average stem volume of 24dm?® at age 25 is at
the lower range of average stem volumes reported for a
25-year-old provenance study in Quebec (Beaurieu and
Corriveau, 1985). On a per hectare basis the 36-year re-
sults correspond to a volume of 92m?3 (with 700 crop trees
per hectare).

Throughout the ages covered the families continued to
change ranks for both height and volume. Figure 4 depicts
the SpearMaN rank correlation of the family ranking at
age 36 with the ranking held at younger ages. Family
ranking from age 14 and onwards were significantly
(P<0.01) correlated with ranking at age 36. On the average,
the rank correlation of family mean height between any
2 ages dropped at an annual rate of 0.03. There was no
sign that the annual change in the rank correlation would
decrease in trees older than 15 years. Hence, the correla-
tion of family ranking of heights would vanish in about
30 years. This makes any attempt at juvenile selection (age
< 40) a very risky proposition. At age 22 the rank correla-
tion between the family means of all trees and family
means of ‘crop’ trees was 0.88 (P<0.01), as opposed to
only 0.32 (P>0.10) at age 11. In other words ‘crop’ tree
selection (for height) at age 11 is not possible in white
spruce. ) N

Rank correlations of family means of stem volume (Fig.4)
showed an even faster rate of change than found for
height. The average annual drop in the family mean rank
correlation of stem volume was 0.04 per year between
ages 13 and 36. There was no manifest tendency for the
changes in family mean ranking to slow with age. After

Is
10

0.8+

LI | T T T T T T T T T
8 12 16 20 24 28
Age
Figure 4. — Spearman rank correlation (rs) between age 36
family means and means at younger ages. Rank correlations for
family mean height are indicated by the solid line and those of

stem volume by the dashed line. Critical values at the 5% level
of significance=0.468, and 0.590 for the 1% level of significance.
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Figure 5. — Age trends in variance components for height.
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Figure 6. — Age trends in variance components for stem volume.

25 years, then, the rank correlation of family volume
means would vanish. Only ranks obtained after age 19
were statistically significant correlated with age 36 ranks.
A trial selection for volume of the top 5 families at age
12 would only include one family among the top 5 at age
36; the average rank of the top 5 families at age 12 would
drop from 3 to 10 during the 24 years. These results points
to considerable risk or outright loss of genetic gain that a
breeder might incur by embracing juvenile selection based
on a few significant correlations of juvenile traits (KuavrIL,
1985; Yine and MORGENSTERN, 1979).

Age trends in the variance components of height and
volume are provided in figures 5 and 6. A linear increase
in the variance of heights with age was evident until
around age 28, when a slight dip occurred. Most of the
total height variance was due to the within-plot tree to
tree variation (54% to 66%) which is a typical result in
most forest genetic trials (Finns et al, 1992). Families,
blocks, and plots contributed comparable amounts of var-



iance (10% to 15%) to the total. The stem volume vari-
ances due to within-plot differences and plots increased
exponentially with age whereas the block and family
variances only increased linearly. Over 2/3 of the total
variance was due to the among-tree variation in a plot,
and about 20% was due to variations among plots. Fami-
lies contributed a relative variance of 6% to 8% between
ages 16 and 22 years but only about 1% after age 26. The
age trend in both height and volume are typical for most
forest genetic trials with conifers (FIinns et al., 1992).
Heritability of height remained fairly strong (0.34 to 0.59)
throughout the experiment but with a declining trend
starting around age 14 (Figure 7). Family mean repeata-
bility followed the trends in the individual tree heritabil-
ities but at a slightly (~0.05) higher level. Previously re-
ported individual tree heritabilities for height in this
experiment have been considerably lower (Horst and TEIcCH,
1979; Yine and MoORGENSTERN, 1979). The elimination of the
strong influence of non-crop trees (which are smaller and
often suppressed) from the within-plot variances is the
main cause for this difference in level of heritabilities (see
also MaTtHEsoN and Raymonp, 1984). A focus on crop trees
gives, everything else being equal, the most realistic view
of the potential for improvement in traits of economic
value. At age 36 the genetic gain in height growth would
be approximately 4% per unit selection intensity in a
simple mass selection on phenotypic values. Heritability
estimates reported by NienNsTAEDT and RIEMENSCHNEIDER
(1985), and NiensTAEDT (1984) for white spruce progenies
in the Lake States are quite similar to the values reported
herein. For height, the coefficient of genetic prediction
remained fairly constant around 0.4, indicating that the
loss in genetic gain in height growth at age 36 by selecting
of the best families between age 12 and 20 instead of at age
36 would be between 25% and 42% (as measured by the
difference to the family mean repeatability). Again, the
time advantage compared to the loss of absolute gain
per breeding cycle appears insufficient to support an en-
dorsement of early family selection. Due to the relatively
small family sample sizes the standard errors of the
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Figure 7. — Age trends in individual narrow sense heritability
(h2i) of tree height, family mean repeatability (h'fam) of tree
height, and the coefficient of genetic prediction (CGP) between

family mean height at age 36 and the family mean height at
younger ages.
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Figure 8. — Age trends in individual narrow sense heritability
(hz‘.) of stem volume and the family mean repeatability (h?, ) of
stem volume.

fam

heritabilities and CGP were large (~50%0) compared to the
estimates themselves.

Volume individual tree heritabilities peaked around age 20
at values of approximately 0.30 and then declined sharply
to near zero values at age 30 (Figure 8). Family mean
repeatability were generally 50% to 100% higher and
with the same trends as in the individual tree heritabilities.
It is conjectured that the peak in volume heritability coin-
cides with the peak in inter-tree competition as hypothe-
sized by others (for example, NamMxoonG et al., 1972; FRANK-
LIN, 1979). The.low heritabilities at dge 36 means that ge-
netic gains in volume at that age will be modest. In this
example a gain of about 1% per unit selection intensity is
to be expected albeit with a standard error of similar
magnitude. Low or 0 genetic control over diameter growth
is main cause for the trend in volume heritabilities (FosTEr
1986; MerriL and MonN, 1984; Yine and MORGENSTERN,
1979). The coefficient of genetic prediction (CGP) for
volume at age 36 remained low (<0.10 non significant)
throughout the experiment (not shown).

Summary statistics of the growth curve analyses are
provided in table 2. Family effects on both height and
volume growth curve parameters (a, f, and y) were statis-
tically highly significant (Fy,,(51,147) =2.24 (P<0.01) for
height and F,,,(51,147)=1.65 for volume (P=0.01)). Individ-
ually and combined the MANOVA residuals of the three
growth curve parameters appeared (P>0.44) to be nor-
mally distributed (Camrserr, 1980). Note the strong negative
correlation between the £ and the y coefficients, indicating
that trees with a high initial growth rate also have a faster
decline of the relative growth rate over time. Similar
correlation patterns have been reported for larch prove-
nances (MacNussEN and Park, 1991) and for a progeny trial
with maritime pine (MacnusseN and KREMER, 1993, in press).
In other words, time will tend to equalize or outright
reverse the juvenile ranking based on relative growth
rates. The decline in heritability after a short-lived juve-
nile peak is partly due to this negative correlation be-
tween initial growth rate and its subsequent rate of
decline. Structural changes in the trees as they age, shifts
in allocation pattern over time, and aging per se are
believed to be factors that lowers the (relative) growth
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Table 2. — Average regression coefficients for the growth curves of height
and stem volume (cf. EQ 4); the total phenotypic standard deviation of the

regression coefficients and the correlation (r,

PearsoN product moment)

amongst the coefficients. All correlations are highly significant (P<Z0.001).

Trait Coeff. | mean ¢sl:: r(o,B) | r(o,y) | rB,Y)
height o -9.51 |3.06 |-099 097 |-0.99
B 5.66 1.93
Y -0.64 |0.32
volume o -51.22117.63 | -0.99 | 0.99 | -0.99
B 28.19 |9.16
Y -3.49 | 130

rate and thus cause alpha and gamma to be negatively
correlated. The strong correlation amongst all 3 growth
curve parameters indicate that a transformation into a
growth curve dependent on only one parameter would
be feasible. However, this simplification would actually
complicate the interpretation because the single parameter
would then influence the intercept, the slope, and the
curvature of the growth trajectory-

Genetic control (as expressed in the heritability estimates)
of the growth curve parameters was quite strong for the
volume growth curves (Table 3) but only moderate for the
height growth curve. With an appreciable phenotypic
variance both at the individual tree 41evel and at the
family level the opportunities to improve by selection
and breeding each of the 3 parameters must be considered
as very favorable (improvements would range from 16%o
to 46% per unit of selection intensity). Given the high
standard errors of the heritability estimates (35% to 56%)
the confidence interval of the gain predictions will be
wide. It is of special interest to note the strong genetic
control of the coefficient associated with aging and struc-
tural change (y) because the full impact of the decline in
relative growth rates with age may not be felt until the
second half of the rotation. In light of the negative corre-
lation (the genetic correlations were similar to the pheno-
typic correlations listed in table 2) between f§ and y, a

juvenile selection for maximum tree size would be an
indirect selection for a high f-value but at the same time
a strong (negative) y-value leading to a selection for trees
with a faster aging process. For short rotation crops this
may hardly be a reason for concern but, with an estimated
rotation age between 60 and 80 for white spruce, the cu-
mulative effect of the negative correlation may become
quite serious. Selection for improved growth must, there-
fore, take the particular correlation structure of the growth
parameters into consideration before the desired long term
benefits can be expected to materialize (MAGNUSSEN and
KREMER, 1993, in press). Selection for ‘correlation breakers’
is feasible inasmuch as some individuals seem to com-
bine a high initial growth rate with a moderate rate of
decline over time. Nonlinear selection indices (MAGNUSSEN,
1991), which are selection indices constructed to achieve
maximum simultaneous gain in all index variables, and
selection indices for the optimum growth curve (TALLls,
1968; MacNusseN and KrReMER, 1993, in press) facilitates this
task. Growth curve analysis appears well suited for this
type of optimization in comparison with the more tradi-
tional evaluation based on achieved size at specific ages.

Selection on an index constrained to yield a specified
growth curve response would satisfy the long term breed-
ing objectives in a consistent manner (Lin, 1985; Taruss,
1968). Here a 20% improvement of height and volume

Table 3. — Variance components and heritabilities of growth curve parameters.

Trait CoefT. 0'2ph ozph.fam o:zfam \ hzi l"zfam
height | o 9.13 1.07 031 |0.14]0.29
B 3.55 0.51 0.22 |0.25]0.43
Y 0.09 0.02 0.01 [0.44|0.53
volume | o 310.71 | 80.43 51.82 | 0.67 | 0.64
B 83.80 | 20.66 15.01 | 0.72 | 0.73
Y 1.69 0.40 0.28 |0.66 | 0.70
°'ph = total phenotypic variance
"’ph.fam = family phenotypic variance
o’fam = family variance
he, = individual narrow sense heritability
h’fam = family mean repeatability
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Table 4. — Index coefficients and summary s
improved height and volume growth curves.

tatistics for the restricted selection indices for
Objective: 20% improvement by achieving an

0.1823 improvement in « while maintaining g, and y at their current levels.

Index (I) = 6a.a+6b.ﬂ+ac,y

Gene-
rations
corr needed
Type (index, for 20%
of Index Index genetic improve-
Trait | selection | variable | coeff. (5) | s.e.(8) | OZ[pgex® | merit) ment®
height | mass o 0.211 0.768 | 4.83 0.36 2.2
B 0041 | 0.067
¥ —0.240 | 0.237
family o 0.843 3.071 | 8.94 0.54 3.0
B 0.164 0.270
Y —0.959 | 0.950
volume | mass o 0.071 0.026 | 0.281 0.23 0.5
B 0245 |[0.108
¥ 0.844 | 0.614
family o 0.282 0.102 | 2.122 0.15 1.5
B 0.978 | 0.432
¥ 3374 | 2.455

a) Includes error variance due to estimation from sample data (TaLLis, 1968).

b) Errors of index has been accounted for (TaLLis, 1968)

regardless of age was chosen as the long term breeding
objective. It is easy to see a gain in the o coefficient by
0.1823 (because exp(0.1823)=1.200) with no change in the
other 2 growth curve coefficients would accomplish this
improvement. Accordingly, a selection index with restric-
tions (Lin, 1985) was computed for both a simple mass
selection and a family selection. MacnusseN and KREMER
(1993) have shown that this way of achieving a desired
(optimal) growth curve is fairly efficient compared to a
more efficient, but also much more complex, calculations
of an index based on either a simultaneous selection on
all 3 parameters or on the selection for the desired ‘curve’
per se under the outlined global objectives of a 20% im-
provement.

Selection index coefficients and summary statistics for
the various selection scenarios (height, volume, mass,
family) are listed in table 4. It is apparent that selection-
on growth curve parameters promise to achieve the set
goal in a shorter time span than possible with selection
on a single trait value (either directly or indirectly by
juvenile selection) due to an integration of the entire
growth history into a few variance components. Despite
concerns about (a) the modest correlation between the
estimated index and the true genetic merit of the index,
(b) some negative eigenvalues of matrices used in the in-
dex calculations, and (c) large standard errors of the index
coefficients (Baker, 1986), an improvement of 6% to 10%
per breeding cycle and per unit selection intensity seems
plausible when the improved material is deployed to site
and climatic conditions comparable to those experienced
during the testing period.
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Genetic Variation in Second-Year Slash Pine Shoot Traits and Their
Relationship to 5- and 15-Year Volume in the Field
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Summary

Seedlings of 64 open-pollinated slash pine (Pinus elliottii
ENGELM. var. elliottii) families were grown from seed to 18
months of age in raised outdoor boxes under 2 nitrogen
(N) treatments (5 ppm and 50 ppm). Twenty-one shoot
characteristics were measured and analyzed, of which the
most promising twelve were evaluated for use in multi-
trait selection indices to predict parental breeding values
of 5- aid 15-year field volume. Genetic parameters were
estimated for each seedling trait and individual-tree
heritabilities ranged from 0.15 to 0.70. There was a mod-
erate to high degree of genetic commonality for all traits
across both N treatments (type B genetic correlations =
0.56 to 0.97). Caliper, green weight, and total height at 18
months were genetically correlated within each treatment
(type A genetic correlations = 0.72 to 0.97) and bud burst
was not correlated with any trait in either treatment.
Family means for height at 13 months (low N treatment),
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the difference in heights between 9 months and 13 months
(low N), bud burst (high N), and total numbers of branches
(high N) were the traits most positively correlated with
15-year breeding values for field volume growth (rj., =
0.24 to 0.37). All possible 2- and 3-trait indices were
formed and correlations between pradicted genetic values
and true breeding values (Corr(g,g8)) were calculated to
assess indices with the best predictive ability. Total num-
bers of branches (high N), total numbers of cycles (high N),
and the difference in height from 9 to 13 months (low N)
formed the most precise index for predicting 15-year
volume (Corr(g,8) = 0.51). This 3-trait index was not
effective at identifying the best 10% of the families used
in the experiment.

Key words: Heritability, genetic correlation, type B genetic cor-

relation, juvenile-mature correlations, selection in-
dices, genetic gain efficiency.
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