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Age-Age Correlations and Early 
Selection for Wood Density in Young 
Coastal Douglas-Fir 
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Age-age correlations and age-associated changes in the genetic control of wood density 
and its components (earlywood density, latewood density, and latewood proportion) were 
investigated in 15-yr-old trees of 60 open-pollinated families of coastal Douglas-fir 
(Pseudots•ga menz•sii var. memiesii (Mirb.) Franco). The possibility of using wood 
density components as secondary traits to increase the effidency of early selection for 
overall wood density was also explored. Heritability estimates for overall density and its 
components increased with age, mainly because of a decrease in the error variance as the 
number of rings in the core sample increased. Overall density and its components at age 
15 had strong genetic correlations with their respective traits at all younger ages ana- 
lyzed. Moreover, with few exceptions, age-age genetic correlations were greater than 
phenotypic correlations. Early selection to improve overall density at age 15 was quite 
effident (relative effidency above 79%), even when selection was based on core density 
at the youngest age (age 7). Using wood density components as secondary traits pro- 
duced a slight increase in the effidency of early selection only at the youngest ages, 
presumably because age-age correlations for overall core density were atready strong, 
limiting the possibility of additional improvement. FOR. Scl. 38(2):467-478. 
ADDITIONAL KEY WORDS. Pseudots•ga •r•nziesii, heritability, genetic gains, correlated 
response, index selection. 

ETERMINING THE AGE AT WHICH TREES OR FAMILIES in genetic tests can be 'reliably selected for relative performance at a later age (often, rotation 
age) is critical to the efficiency of tree improvement programs, because 

age of selection determines, to a large extent, the length of the breeding cycle and 
the amount of genetic gain that can be achieved per unit of time (Lambeth 1980, 
McKeand 1988). Selection at an early age, with the goal of improving a trait 
expressed at a later age, is a particular case of indirect selection, in which re- 
sponse in the older trait is a correlated response of selection on the early trait 
(Nanson 1969). 

The ratio of genetic gain in an older trait expected from indirect selection based 
on an early trait, relative to the gain expected when the older trait is selected 
directly, is called the relative efficiency (RE) of indirect (early) selection. Assum- 
ing equal intensity of selection at both ages, RE is expressed by the following 
equation (Falconer 1981): 

RE = rAe o * (hJho) * 100 (1) 

where rAeo = the genetic correlation between the trait selected at the early age 
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and the trait of interest at an older age, and h e and ho are the square roots of the 
heritabiliries of the early and older traits, respectively. Thus, the degree to which 
heritability of the selected trait and its genetic correlation with the older trait 
change with age is important in evaluating the feasibility of early selection. When 
the trait at both ages is the same, the correlation is called an "age-age genetic 
correlation." The appropriate heritabiliries depend on the particular selection sys- 
tem involved (e.g., individual-tree heritabiliries are used for mass selection, and 
family heritabiliries for selection based on family means). 

Previous studies on efficiency of early selection have primarily focused on 
growth traits (Lambeth et al. 1983, Foster 1986, Gill 1987, Cotterill and Dean 
1988, Magnussen 1988, Riemenschneider 1988), and only limited information on 
age trends of heritability of wood density or age-age correlations for this trait is 
available (McKimmy 1966, Nicholls 1967). There is some evidence, however, 
that genetic variation for wood density can be large (Stonecypher and Zobel 1966, 
Cown 1976, Loo et al. 1984) and that early selection for both juvenile and mature 
wood density is feasible (Nebgen and Lowe 1985, Gonzalez and Richards 1988). 
In general, previous studies have emphasized early selection based on an indi- 
vidual trait, usually the same trait as the trait of interest at the older age. Infor- 
marion on multiple early traits, however, may improve the efficiency of early 
selection (Foster 1986, Cotterill and Dean 1988, Burdon 1989). 

In this study, overall wood density of 60 open-pollinated families of coastal 
Douglas-fir (Pseudotsuga menziesii var. menziesii [Mirb.] Franco) at age 15 was 
estimated by X-ray densitometry of increment core samples (Vargas-Hernandez 
and Adams 1991). At this age, all wood is considered to be juvenile wood (Megraw 
1985). From the X-ray data, average density of each annual ring outward from the 
pith was determined and used to calculate average core densities at various ages. 
In addition, average density of each ring, as well as average core density (CD) at 
a given age, were partitioned into three components: earlywood density, late- 
wood density, and latewood proportion. 

At present, many tree improvement programs in coastal Douglas-fir are 
planned to make final selections between 15-20 years of age (Silen and Wheat 
1979). Can overall wood density at age 15 (i.e., CD-15) be reliably predicted at 
much younger ages? Being able to select earlier than age 15 is important for 
several reasons. First, if genetic improvement in juvenile wood density is desired, 
it might be possible to shorten the breeding cycle by making an earlier prediction 
of overall density at age' 15. The effect of this early prediction on mature wood 
density depends on the genetic relationship between early age and mature wood 
density. Presumably, if the relationship between early age and age 15 is strong, 
selecting at an earlier age would produce a similar response in mature wood 
density than delaying selection to age 15. Determining the relative efficiency of 
early selection is also useful if an early culling of parents is necessary (e.g., 
roguing clones in a seed orchard or reducing the number of individuals in breeding 
programs prior to controlled mating). In addition to addressing the general ques- 
tion of early selection, this study had the following objectives: (1) to describe age 
trends in variance components and heritabiliries for wood density and its compo- 
nents, (2) to describe age-age correlations for wood density and its components, 
and (3) to assess the utility of infomarion on wood density components for the 
purposes of early selection of CD-15. 
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During the summer of 1988, one pith-to-bark (5 mm) increment core sample was 
taken at breast height (1.37 m) from each tree of two sets of 30 open-pollinated 
families (sets 2 and 4) established at the Coyote Creek progeny test site, near 
Eugene, OR. The parent trees, part of the Noti Breeding Unit in the Umpqua 
Tree Improvement Cooperative (Silen and Wheat 1979), were selected in natural 
stands located between 150 and 450 m elevation in the central Coast Range of 
Oregon. Each set of families was planted in 1974 as a separate randomed 
complete block design experiment with four replications. Four-tree noncontiguous 
family plots were established in each block, with trees in each plot assigned to 
planting spots at random. Cores were taken from all surviving trees (total 806) in 
the two sets (84% of those originally planted). 

Intra-ring density information for each sample was obtained by using the direct 
scanning X-ray densitometry system described by Hoag and McKimmy (1988). 
The first and the last rings from every sample were excluded from further analysis 
because they were usually incomplete. For each of the remaining annual rings in 
the samples, earlywood density, latewood density, latewood proportion, and av- 
erage ring density were obtained directly from the X-ray density profiles. The 
average of the minimum and maximum density in the ring was used as the crite- 
rion to separate earlywood from latewood (Green and Worrall 1954). This crite- 
rion assumes earlywood and latewood are present in all annual rings, and density 
of cells at the transition point may change from year to year. 

The number of growth rings in each sample varied slightly as trees reached the 
breast-height sampling position at different ages. Annual rings were identified and 
numbered starting from the bark inward, to account for year-of-ring formation. 
When different numbers of growth rings are present in cores, counting the rings 
from the pith outwards introduces a confounding effect, since the growth rings at 
the same distance from the pith may not have been formed the same year. By 
identifying each ring by its year of formation, average values of core density and 
its components could be derived cumulatively from the earliest age of formation 
(age 7 in most samples) to age 15 (i.e., core ages 7 to 15). To obtain the averages 
for each core age, the mean values of annual growth rings present in the sample 
up to that age were weighted by their respective width. The averages for each 
core age, therefore, represent the values that would have been obtained if incre- 
ment core samples had been taken every year at breast height, beginning at 
age 7. 

Analyses of variance for all ages were performed according to the random 
effects model for individual-tree data (Table 1) using the SAS GLM procedure 
(SAS Institute 1987), and type III sums of squares. SAS type III sums of squares 
are partial sums of squares in which each effect is adjusted for all other effects in 
the model. This is one of many approaches used to estimate variance components 
from unbalanced data. Analyses of covariance between all pairs of traits at the 
same age, and between traits at different ages were also computed as in Table 1, 
using expected cross-products instead of expected mean squares. Early rings 
(ages 7 and 8) were not represented in some cores; thus, covariance analyses for 
age 7 (n = 521 cores and 19 missing plots) and age 8 (n = 737 cores and 5 
missing plots) with all other ages included only individuals having these rings. 
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TABLE 1. 

Form of the variance and covariance analyses for overall core density and its 
components measured at different ages. 

Degrees of 
Source of variation freedom Expected mean squares a 

Sets s - 1 
Blocks/sets s(b - 1) o•w + k4• + 
F•es/sets s•- 1) 
Plot e•or s(b - 1)•- 1) b • + k• 

t 

Wi•-plot 
i=1 

s = number of sets (2); b = number of blocks/set (4); f = number of families/set (30); k i = 
coefficient associated with the jth variance component; ni = number of •xees in plot i; t = total 
number of plots; •r2• = within-plot variance; • = plot-to-plot variance; •s) = variance among 
families in sets; (r•) = variance among blocks in sets; • = variance among sets. 

a For covariance analyses, cross products are used instead of mean squares. 
b Actual degrees of freedom varied depending on the total number of missing plots (see text). 

Covariance analyses involving all other ages included the full complement of core 
samples (n = 806 cores and 3 missing plots). 

For each age, variance components of wood density traits were estimated by 
equating mean squares with their respective expectations from the model (Table 
1), using the estimates of the ki coefficients given by the SAS GLM procedure. 
Variance components were expressed in terms of coefficients of variation to avoid 
potentially confounding scale effects. Individual-tree heritabilities (h•) were esti- 
mated as in Falconer (1981). Because open-pollinated families in the progeny test 
came from parent trees in wild stands, additive genetic variance ((r•) was esti- 
mated as three times the family component of variance ((r}s)), assuming individ- 
uals in these families are related to a greater extent than are half-sibs (Campbell 
1979). Family heritabilities of interest were those appropriate to calculating ex- 
pected gain from parent tree (ortet) selection, where ortets are selected on the 
basis of their open-pollinated offspring in a progeny test, and clones of the se- 
lected ortets are put into a seed orchard to produce improved offspring. These 
heritabilities were estimated according to Namkoong et al. (1966): 

h.• = COV.4(X, Y)/%•x (2) 
where COV.4(X, Y) = ¾4 (r•, is the additive genetic covariance between the mean 
of an ortet's progeny (X) and the mean of the offspring from its seed orchard clone 
(Y), and (r•x is the phenotypic variance of family means in the progeny test 
(Vargas-Hernandez and Adams 1991). Standard errors of heritability estimates 
were calculated following the procedures of Osborne and Paterson (1952). Be- 
muse the data in this study are from a single test site, estimates of additive 
variances and covariances may be biased. Heritability estimates, particularly, will 
be biased upwards if family x site interactions exist. 

To describe age-age correlations for wood density and its components, genetic 
and phenotypic correlations for all pairwise combinations of core ages, 7 through 
15, were calculated for each wood density trait. Genetic correlations were esti- 
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mated using the appropriate variance and covariance components according to 
Becker (19tM), while phenotypic correlations were estimated as simple correla- 
tion coefficients (Falconer 1981). Standard errors of genetic correlations were 
calculated as outlined by Becker (1984). Because the annual rings in a younger 
core make up part of the same core at an older age (i.e., they have rings in 
common), age-age correlations for average core values can exist even when the 
wood properties of different aged rings are uncorrelated (Lambeth et al. 1983). 
To determine the degree to which individual rings of increasingly different ages 
are correlated for each wood trait, genetic and phenotypic correlations were 
calculated between individual ring values for all pairwise combinations of ring ages. 

The relative efficiency of parent tree (ortet) selection for CD-15 based on 
earlier measurements of overall core density was estimated using equation (1) and 
family heritabilities. The effectiveness of wood density components as additional 
traits in early selection for CD-15 was assessed by using index selection methods 
(Lin 1978). Information on one or more wood density components as well as 
overall core density at an early age were incorporated into selection indices by 
imposing a Binet-type restriction (Cotterill and Jackson 1981, Burdon 1989). The 
Binet restriction is intended to maximize indirect genetic response in traits which 
are of economic value but for some reason are not actually measured (Cotterill and 
Dean 1988), as in this case overall density at age 15, which might not be measured 
in the interest of reducing the length of the selection cycle. Expected gains in 
CD-15 from index selection were estimated using the RESI computer program 
(Cotterill and Jackson 1981). The RE of index selection was then calculated by 
dividing the gain from index selection by the gain expected from direct selection 
for CD-15. 

AGE TRENDS IN POPULATION MEANS, VARIANCE COMPONENTS, AND HERITABILITY 

As described in the Methods section, values for overall core density and its 
components in breast height increment cores were estimated retrospectively for 
trees ages 7 to 15 yr (i.e., for 9 different core ages). Population means for 
earlywood density and overall core density both decreased slowly with increasing 
core age, but leveled off in the last 2 yr (Figure 1). Latewood proportion de- 
creased sharply during the first 4 yr, from 0.384 at age 7 to 0.214 at age 11, and 
then also leveled off. Latewood density, unlike the other wood density traits, 
increased steadily from 0.659 g/cm 3 at age 7 up to 0.824 g/cm 3 at age 15. These 
age trends resemble those reported previously for average ring density and its 
components in young Douglas-fir (Cown and Parker 1979, Megraw 1985). The 
age trend for overall density appears flatter than in previous reports because 
cumulative core densities are used in Figure 1 rather than individual ring densities, 
and the scale on the Y axis is broader than normal. 

Analyses of variance showed significant differences (P •< 0.05) among families 
for all wood density traits, at all core ages. A strong decrease in the magnitude of 
the coefficient of environmental variance, and consequently in the coefficient of 
phenotypic variance, was observed for all traits between the seventh and twelfth 
years (Figure 2). The reduction in environmental variance with increasing core 
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•c,u• 1. Age-associated chaz•es i• population means for overall core density (CD) and its com- 
ponents. ED = earlywood density; LD = latewood density; and, LP = latewood proportion. 

age can be attributed to the higher precision in estimating the average values of 
wood density traits as the number of growth tings included in the sample in- 
creased. The coeffident of additive genetic variance followed different age trends 
among traits, slightly increasing for earlywood density and overall core density, 
but decreasing for the other two traits (Figure 2). The absolute changes in 
additive variance, however, were small compared to the overall reduction ob- 
served in environmental and phenotypic variances for all traits. 

The age trends in variance components for latewood density and latewood 
proportion resemble those normally observed for growth traits in young conifer 
plantations (Lambeth et al. 1983, Foster 1986, Gill 1987, Cotterill and Dean 
1988), in which all the coefficients of variation decrease with age, and there is a 
larger decline in the coeffident of environmental variance, than in the coeffident 
of additive variance. 

The strong decrease observed for all traits in the coeffident of environmental 
variance, resulted in steady increases in heritability estimates, especially between 
the seventh and twelfth years (Figure 2). At all ages, overall core density showed 
the strongest genetic control. Standard errors of heritability estimates for all traits 
were very similar, normally lower than 0.10 [the largest error (0.13) was obtained 
at age 15 for overall core density]. Earlywood density and latewood proportion 
always gave the highest and lowest heritability estimates, respectively, among the 
components, except at age 7, when all the components had similar values. This 
suggests that latewood proportion is more strongly affected by environmental 
variation than any other wood density component. Based on average values of 
individual tings at different ages, Nicholls (1967), and Nicholls and Brown (1971) 
also found much lower heritabilities for latewood proportion than for average ting 
density in Pinus radiata. 

Previous studies in Douglas-fir found similar increases in the heritability of 
wood density (McKirnmy 1966) and its components (Cown 1976) with increasing 
age, at least for the first 10-15 growth rings from the pith. A strict comparison 
between different studies, however, is difficult because in some cases heritability 
estimates are based on individual growth rings (Cown 1976) or core sections 
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(McKimrny 1966), rather than on the whole core, as in this study. Nevertheless, 
it seems that the degree of genetic control for wood density traits in Douglas-fir 
changes with age. 

Knowledge of age trends in heritability is important for early selection. Most 
studies on the efficiency of early selection have assumed that heritability remains 
constant with age (Squillace and Gansel 1974, Lambeth 1980, Gonzalez and 
Richards 1988). If heritability really increases with age, as in this case for juvenile 
wood density in Douglas-fir, assuming the same heritability at younger ages as 
that for age 15 would overestimate the relative efficiency of early selection. 

AGE-AGE CORRELATIONS 

With the exception of latewood proportion, genetic correlations for overall core 
density and its components at younger ages, with their respective values at age 
15, were stronger and more stable than the corresponding phenotypic correla- 
tions (Figure 3). This indicates that as the age interval increases, genetic corre- 
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FIGURE 3. Genetic (a) and phenotypic (b) correlations for overall core density (CD) and its compo- 
nents at different ages, with their respective values at age 15. ED = earlywood density; LD = 
latewood density; and, LP = latewood proportion. 

lations decline more slowly than phenotypic correlations. Similar results have 
been observed for growth traits (Lambeth et al. 1983, Cotterill and Dean 1988, 
Riemenschneider 1988). Therefore, using age-age phenotypic correlations rather 
than genetic correlations to evaluate effidency of early selection as was done by 
Lambeth (1980) and Gonzalez and Richards (1988), will underestimate potential 
gains from early selection, especially if selection is applied at very young ages. 
Standard errors of genetic correlations were normally lower than 0.05 when the 
difference in core age was 6 yr or less, but increased to about 0.15 when the 
difference in age was 8 yr. Thus, a larger error might be expected in estimates 
of potential gains from early selection at younger ages. 

There seems to be no dear explanation for the different results found for 
latewood proportion, in which age-age genetic correlations at early core ages 
were weaker than the respective phenotypic correlations. One possibility could be 
a larger influence of environmental effects on the phenotypic correlations for this 
trait. Lambeth et al. (1983) argued that the magnitude of age-age genetic corre- 
lations for a particular trait normally corresponds to its degree of genetic control, 
since genetic correlations are estimated on the basis of genetic effects. In addi- 
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tion, trends of decreasing age-age genetic correlations with decreasing genetic 
control of traits were reported by Squillace and Gansel (1974). Apparently, when 
the genetic control of a trait is weak, as is the case of latewood proportion, 
environmental correlations might cause phenotypic correlations to be stronger 
than genetic correlations. 

Genetic correlations estimated between individual growth rings at different 
ages were almost as strong as the age-age genetic correlations for corresponding 
overall core density traits. Rings separated in age by as much as 5-7 yr had mean 
estimates of genetic correlations between 0.7 and 0.8 for most traits. Standard 
errors of genetic correlations between individual rings, however, were larger 
(between 0.10 and 0.30 in most cases) than those for overall core density values. 
Thus, averaging wood density traits over several rings resulted in more precise 
estimates of genetic correlations. These results indicate that the strong age-age 
genetic correlations observed in overall core density traits were not merely due 
to autocorrelation. Phenotypic correlations between individual ring values at dif- 
ferent ages, however, were considerably lower than those observed for age-age 
correlations of overall core density and its components involving similar age dif- 
ferences. Therefore, it seems that autocorrelation has a greater influence on 
phenotypic correlations, probably because of a stronger effect of shared environ- 
ment on phenotypic than on genetic correlations. 

EFFICIENCY OF EARLY SELECTION FOR OVERALL CORE DENSITY 

The relative efficiendes of different selection criteria for early selection of CD-15 
are presented in Table 2. As expected from the strong age-age genetic correla- 
tions for overall core density, early selection for CD-15 was quite efficient, even 
at age 7 when selection was based on information from one growth ring only. 
Early selection at age 7, based on overall density alone, is expected to produce 
about 79% of the gain in CD-15 that would be obtained if selection were delayed 
until age 15. The efficiency of early selection based on overall density alone 
steadily improves with increasing core age, and by age 11 early selection is nearly 
as effective as direct selection at age 15. 

Using information on density components, as well as overall density in selection 
indices, seems to improve the relative efficiency of early selection, but only at the 
earliest ages (Table 2). Relative efficiencies, however, were improved by only 4 
to 8%, even when all three density components were included along with overall 
core density in the selection index. The limited usefulness of wood density com- 
ponents for increasing the effidency of early selection for overall core density can 
be partially attributed to the strong genetic correlations found between overall 
core density at younger ages and CD-15, which were always greater than 0.9. 
White and Hodge (1991) showed that if the genetic correlation between a single 
selected trait and a target trait is high, very little additional improvement in the 
target trait can be expected when additional traits are incorporated into the 
selection index. 

The ability to utilize density components in indices for early selection requires 
a pr/or/information on the genetic and phenotypic coradances between the core 
density components at the age of selection and overall wood density at the target 
age. These data would not be available unless they were generated in a previous 
generation of the same breeding population or in another breeding population. The 
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TABLE 2. 

Relative efficiencies (%) of early selection for overall core density at age 15 
(CD-15) when different selection criteria are used. a 

Selection criteria b 

Overall 

Age of core (CD, ED, LD, 
selection i• - s.e. ½ density (CD and ED) (CD and LD) (CD and LP) and LP) 

15 0.56 -+ 0.04 100.0 100.0 100.0 100.0 -- 

7 0.39 -+ 0.08 79.5 82.8 82.2 82.3 86.2 

8 0.53 -+ 0.05 87.6 89.7 88.5 90.0 90.3 
9 0.53 -+ 0.05 89.0 91.0 89.3 91.0 91.5 

10 0.54 -+ 0.05 92.0 93.1 93.0 93.4 93.4 

11 0.55 -+ 0.04 97.7 97.8 97.9 97.8 98.5 
12 0.56 -+ 0.04 99.0 99.1 99.3 99.1 99.3 

13 0.56 -+ 0.04 99.4 99.4 99.5 99.5 99.6 

14 0.56 -+ 0.04 99.9 99.9 99.9 99.9 100.0 

a Relative effidency is genetic gain in CD-15 from early selection, relative to gain expected when 
selection is applied directly to CD-15. 

b CD, ED, LD, and LP represent, respectively, overall core density, earlywood density, latewood 
density, and latewood proportion at age of selection. 

c Estimated family heritability of overall core density at each age of selection. 

accuracy of such estimates for the population of concern may, therefore, be 
questioned. Although this problem is common to any criterion used for early 
selection, it becomes more serious as the number of traits included in the selec- 
tion index increases, because the weights assigned to the traits in the index are 
sensitive to changes in the correlations between traits (Burdon, 1989). In addi- 
tion, the extra cost associated with obtaining information on the individual density 
components must be compared against the additional gains expected from the 
increase in selection effidency. 

This study investigated age-age genetic correlations in juvenile wood density 
only. Although selection at age 15 may be appropriate for improving density of 
juvenile wood, the degree to which selection at this age would be adequate for 
improving density of mature wood is uncertain. Previous studies in Douglas-fir, 
however, suggest that wood density at age 15 is correlated strongly enough with 
mature wood density (McKimmy and Campbell 1982, Gonzalez and Richards 
1988), that selection at age 15 should be effective in improving mature wood 
density as well. Since heritability for wood density remains relatively stable be- 
tween ages 10 to 15, and genetic correlations between these ages are high, 
indirect response in mature wood density should be nearly as great if selection is 
applied at age 10, as at age 15. 
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