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Overall wood density is a complex trait resulting from the

interaction of three components: average earlywood density, average

latewood density, and latewood proportion. In order to better

understand the genetic control of wood density in juvenile Douglas-fir

(Pseudotsuga menziesii (Mirb.) Franco), and to assess the utility of

information on its components for improving the efficiency of selection

for overall wood density, wood density components were examined in 15-

year-old trees of 60 open-pollinated families. Wood density traits were

obtained on a ring-by-ring basis by X-ray densitometry of increment

cores. In addition to providing information on overall wood density

traits over the entire cores, these data made it possible to examine

changes in wood density traits with increasing distance from the pith.

Relationships between wood density traits and growth phenology, and

their implications for tree breeding, were also examined.

Overall core density showed strong genetic control (h = 0.59) and

a negative genetic correlation with bole volume (rA = -0.52). Wood

density components were strongly genetically related with overall core

density, but they were also strongly related among themselves and had

lower heritability than overall core density. Therefore, information on



density components would not be useful for improving the efficiency of

selection for overall core density, or for reducing the negative

correlated response on volume growth. It is possible, however, to

substantially increase volume growth without loss in wood density, or

even while slightly increasing wood density, when both traits are

included in selection indices. Genetic control of overall core density

and its components increased with age (ages 7 to 15). Overall core

density and its components at age 15 were also strongly genetically

correlated with their respective traits at all younger ages examined.

Thus, early selection for overall core density at age 15 would be very

effective. Including density components as secondary traits did not

enhance the efficiency of early selection for overall core density.

Ring density and its components (adjusted by ring size) followed

different age trends, but the slopes of the trends did not differ

significantly among families. A plateau in the earlywood density trend

was observed around age 12 in some trees, and families varied in the

proportion of trees having this plateau. This proportion was not

correlated with overall core density or with growth traits at age 15.

It is hypothesized that the plateau in earlywood density trend might be

related to an earlier juvenile-mature transition age.

Overall core density and all its components were negatively

correlated with dates of cambial growth initiation and latewood

transition, and positively correlated with date of cambial growth

cessation. Thus, selection for higher wood density would cause a slight

extension in the cambial growth period, and an earlier transition to

latewood formation. Wood density was not genetically correlated with

the date of budburst.
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GENETIC VARIATION OF WOOD DENSITY COMPONENTS IN COASTAL

DOUGLAS-FIR AND THEIR RELATIONSHIPS TO GROWTH RHYTHM

CHAPTER I

GENERAL INTRODUCTION

Increasing demands for wood products, coupled with intensive

management practices, is resulting in the harvest of younger and faster

grown trees. Due to the greater proportion of low-density juvenile wood

in these trees at rotation age, wood quality has become a major concern.

Increasing the density of juvenile wood, or reducing the length of the

juvenile wood formation phase through selection and breeding, might help

offset some of the expected losses from utilizing young trees.

Efficient application of tree breeding principles to improve these

characteristics in Douglas-fir, however, is hampered by lack of

knowledge of the genetic control of wood density in this species and its

relationships with other growth and adaptive traits.

Wood density is a complex trait resulting from several interacting

components. If, for example, an increment core is extracted from a

tree, wood density can be considered at two levels: at the level of

individual rings and over the entire core. At the individual ring

level, mean ring density (RD) is determined by the average of earlywood

(ED) and latewood densities (LD) weighted by their proportional

contribution to the total ring width. That is,

RD = ED (1 - LP) + LD (LP)

ED + LP (LD - ED) (1.1)
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where LP is the latewood proportion in the ring.

Similarly, at the core level, overall density can be expressed in

terms of overall earlywood density, overall latewood density, and

overall latewood proportion, which are the averages over the entire core

of the three ring density components. Although wood density is assessed

in only a specific portion of the stem (normally breast height) when

increment cores are utilized, this is the only means of non-

destructively sampling stems. Fortunately, density of the entire stem

usually is strongly related to breast height density determined from

increment cores, especially in young trees (Cown, 1976).

The general goals of the study described in this dissertation were

to: 1) determine the degree of genetic control of wood density

components in young coastal Douglas-fir (Pseudotsuga menziesii var.

menzjesji (Mjrb.) Franco); 2) determine the extent to which individual

density components influence overall density in this species; and 3)

assess the genetic relationships between wood density components and

annual growth rhythm traits. X-ray densitometry was employed to

measure, on a ring-by-ring basis, each density component on increment

cores taken from 15-year-old open-pollinated progenies of 60 parent

trees (Figure 1.1). In addition to estimating mean ring density and its

components over the entire core, changes in ring density components with

increasing distance from the pith were investigated.

To accomplish the general goals, the study has been separated into

four parts, which correspond to the next four Chapters. In Chapter II,

the utility of wood density components for improving selection

efficiency of overall wood density at age 15 is examined. Because a
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particular value of overall density can result from different

combinations of its components, it was hypothesized that genetic gain in

overall density can be improved when information on individual density

components is utilized in selection programs. The potential usefulness

of the individual components will depend on the magnitude of their

heritabilities and their interrelationships with each other and with

overall density. Genetic relationships between wood density components

and intra-ring density variation and volume growth, two traits

previously identified as having undesirable (negative) genetic

correlations with wood density in Douglas-fir, are also examined in this

Chapter. If individual density components are less negatively

correlated with these traits than is overall core density, they may be

useful for increasing the efficiency of multi-trait selection. It might

be possible, for example, to emphasize selection on particular wood

density components that increase overall wood density, yet have the

least negative impact on other traits. This possibility was explored by

comparing several multi-trait selection criteria using index-selection

methods.

In Chapter III, age-age correlations in overall wood density and

the potential for early selection of wood density are investigated. The

feasibility of early selection is largely determined by the strength of

age-age genetic correlations and age-associated changes in the genetic

control (heritability) of the selected trait. It was hypothesized that

information on individual density components in younger trees might be

useful for predicting overall wood density at older ages and, therefore,

increasing the efficiency of early selection for this trait. To better
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understand the genetic control of wood density over time, changes

associated with age in the genetic interrelationships between overall

wood density and its components were also examined.

In Chapter IV, genetic variation in age trends of wood density and

its components, and their genetic correlations with overall wood density

traits, are investigated. Age trends refer to the pattern of variation

of ring density components in the radial direction (i.e., with

increasing distance from the pith). Differences in age trends among the

components will affect the level of inter- and intra-ring density

variation across the stem, and the relative influence of the components

on overall wood density. Age trends for each density component were

described for each tree by using linear regression. The slope of the

regression line, therefore, measures the rate of change in the component

with increasing age. If genetic differences in the slopes are present,

it might be possible to increase uniformity of wood density across the

stem by selecting trees or families with smaller slopes. The

possibility of selecting for a shorter juvenile wood formation phase is

also explored in this Chapter. Selecting for an earlier age of

transition to mature wood formation would improve overall wood quality

by reducing the proportion of low-density juvenile wood in the stem.

Genetic differences in the age of transition to mature wood have been

associated in loblolly pine with family differences in the age at which

the age trend in ring density reaches a plateau or otherwise shows a

sharp decrease in slope (Loo et al. 1985, Bendtsen and Senft 1986).

Since a plateau in the ring density trend must be correlated with

associated changes in the density components, age trends in one or more
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of the individual components might prove to be more sensitive indices of

the transition from juvenile to mature wood.

In Chapter V, the genetic relationships between wood density and

growth rhythm traits are explored. These relationships are of interest

because wood formation is controlled to a large extent by physiological

processes associated with the annual growth cycle in both the cambium

and shoot. By comparing the diameter growth curve for a particular

year, for which growth phenology is known, to a plot of wood density

across the annual ring formed the same growing season, it is possible to

derive several traits related to the process of wood formation (i.e.

timing of latewood transition, lengths and rates of early and latewood

formation) for that year. It was expected that individual density

components would have strong genetic associations with these derived

wood formation traits. It was hypothesized, for example, that earlywood

and latewood densities are primarily related to rate of cambial growth

during their respective formation periods, whereas latewood proportion

is mostly determined by the length of the latewood formation period.

Knowledge of the genetic interrelationships between wood density

components and wood formation traits will increase our understanding of

wood development in Douglas-fir, and might help us to better understand

the genetic relationships between overall density and growth rhythm

traits. This information will also enhance our ability to breed for

wood density without inadvertently producing a negative impact on

adaptation, which might result from extending or otherwise altering the

growing period.
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Figure 1.1. Density profile of an increment core sample as obtained by
X-ray densitometry analysis. The earlywood-latewood boundary in each
ring is defined here as the point where density equals the average of
the minimum and the maximum densities in the ring.



CHAPTER II

GENETIC VARIATION OF WOOD DENSITY COMPONENTS IN YOUNG

COASTAL DOUGLAS-FIR: IMPLICATIONS FOR TREE BREEDING

ABSTRACT

The genetic control of wood density components (earlywood density,

latewood density, and latewood proportion) and their relationships with

overall density in coastal Douglas-fir (Pseudotsuga menziesii (Mirb.)

Franco), were examined in order to assess the utility of this

information in breeding for wood density. The genetic relationships of

wood density with intra-ring density variation (IRV) and bole volume

growth were also investigated. Increment core samples were taken at

breast height from 15-year-old trees of 60 open-pollinated families.

Averages across each core sample for overall wood density and its

components and for IRV were determined by using X-ray densitometry.

Bole volume at age 15 for the same trees was derived from data on tree

height and diameter at breast height. Although wood density components

varied significantly among families and were under moderate genetic

control (h>O.24), none had a higher heritability than overall density

(h=O.59). Density components had strong genetic correlations with

overall density (rAO.74), but were also strongly related among

themselves (O.S7rAO.92). Thus, density components have limited value

in improving the efficiency of selection for overall density.

Confirming earlier reports, overall density was positively correlated

7
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(rAO.72) with IRV and negatively correlated (rA=-O.52) with bole

volume. Comparison of several selection indices containing wood density

and one or more growth traits, however, showed that it is possible to

obtain substantial gains in bole volume without loss in wood density, or

even with modest wood density improvement. By restricting the response

in wood density, the change in IRV can also be limited.



INTRODUCTION

With the move in forest management to shorter rotations, wood

quality has become a major concern, mainly because of the higher

proportions of low-density juvenile wood found at harvest age in younger

and faster grown trees (Bendtsen 1978, Pearson and Gilmore 1980). Wood

density is probably the most important indicator of wood quality because

of its important role in determining wood strength, pulp yield, and

several other wood properties (Panshin and DeZeeuw 1980). One

alternative for helping to offset some of the negative effects of short-

rotation trees on wood quality would be to breed for increased density

of juvenile wood. Increasing density of the juvenile core would improve

the quality of this section of the tree, and might help to increase

uniformity of wood density across the stem (Nicholls et al. 1980). In

addition, earlier studies have shown a strong correlation between

juvenile and mature wood (Gown 1976, Keller and Thoby 1977, McKimmy and

Campbell 1982), so improvement in mature wood density should result as

well.

Efficient application of breeding methods to increase density of

juvenile wood in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco),

however, is hampered by lack of precise information on the genetic

control of this trait. Although the presence of at least moderate

levels of genetic variation for wood density is well documented in this

species (McKimmy 1966, Kennedy 1970, Gown 1976, Bastien et al. 1985,

King 1986), heritability estimates have been quite variable, with values

ranging from 0.05 to 0.90 (McKimmy 1966, Gown 1976, Bastien et al. 1985,

9
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King 1986).

Understanding the genetics of wood density is complicated by the

composite nature of this trait. In temperate softwoods, where annual

rings are easily identified, wood density (WD) can be considered the

product of several interacting components, including the proportion of

each ring that is earlywood or latewood and the relative densities of

each (Nicholls et al. 1980); that is:

WD = ED (1 - LP) + LD (LP)

= ED + LP (LD - ED) (11.1)

where:

ED = Earlywood density,

LD Latewood density, and

LP - Latewood proportion (i.e., proportion of annual

ring that is latewood).

A particular value of wood density can result from different

combinations of its components. Therefore, knowledge of the genetic

control of these components and their interrelationships would help in

understanding the genetics of overall wood density. Moreover,

information about the relative influence of individual components on

overall wood density might prove useful for increasing the efficiency of

selection for wood density, either by selecting directly for one or more

components, as suggested by Nicholls et al. (1980), or by incorporating

them as secondary traits in selection indices (Sales and Hill 1976).

Selection indices employing secondary traits can improve the response in

the trait of interest if one or more of the secondary traits has higher

heritability than the trait of interest and has a high genetic
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correlation with that trait (Baker 1986). In addition, if two or more

secondary traits which are strongly correlated with the primary trait

are included in the index, the index would be more efficient if the

secondary traits were weakly interrelated among themselves (White and

Hodge 1990).

In previous studies, undesirable genetic relationships between

wood density and other economic traits in Douglas-fir have been

observed. Particularly important is the negative genetic correlation

between wood density and bole volume (Bastien et al. 1985, King 1986),

and the strong positive correlation between wood density and intra-ring

density variation (Vonnet et al. 1985, Bastien et al. 1985). Intra-

ring density variation influences veneer quality, with high intra-ring

density variation producing increased variation of veneer thickness and

more veneer fissures (Keller and Perrin 1980, Birot et al. 1983, Aubert

1984, Thibaut 1987). Because gains from selection on wood density alone

might be offset by a significant reduction in growth rate, or by a

concomitant increase in intra-ring density variation, it is important to

verify these relationships in other populations of Douglas-fir.

Knowledge of the genetic relationships between individual wood

density components, bole volume, and intra-ring density variation might

help minimize deleterious correlated responses when selecting for

increased wood density. By emphasizing selection on components that

show the least negative genetic correlations with growth, wood density

could be improved while having the least negative impact on growth rate.

In a similar fashion, individual density components might minimize the

impact on intra-ring density variation when wood density is the target
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of selection (Nicholls et al. 1980).

The objectives of this study were: (1) to determine the genetics

of wood density components in Douglas-fir and their interrelationships

with overall wood density, intra-ring density variation and bole volume;

and, (2) to evaluate the implications of these relationships for tree

breeding.



MATERIALS AND METHODS

Plant material

Sixty open pollinated families of coastal Douglas-fir growing in

the Coyote Creek progeny test plantation near Eugene, Oregon, were used

in this study. These families correspond to sets 2 and 4 (30 families

each) of the Noti Breeding Unit in the Umpqua Tree Improvement

Cooperative (Silen and Wheat 1979). The parent trees were

phenotypically selected in natural stands between elevations of 150 and

450 m in the central Coast Range of Oregon. Each set of families was

planted in 1974 (1-0 plug seedlings) as a separate randomized complete

block design experiment with four replications. Families in each block

were represented by a four-tree non-contiguous plot, with trees assigned

to planting spots at random. Up to the time when the measurements for

this study were made, survival for these two sets was about 85%.

Although mortality during the first two years after planting was

replaced with trees from the original families, replacements were not

included in the analyses.

Measurements

At the end of the 1987 growing season, when trees were 15 years-

old from seed, total height and diameter at breast height were measured

on all trees. With these data, individual-tree bole volume was

estimated using an equation for young Douglas-fir trees (Adams and Joyce

1990).

To determine wood density traits, one 5-mm increment core sample

13
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extending from pith to bark was taken at breast height (1.37 m) from the

south side of each tree during the summer of 1988. Wood samples were

dried to an equilibrium moisture content of about 9%, sawn to a uniform

thickness of 1.5 mm in cross section, and then were chemically extracted

with a solution of toluene:ethanol (2:1 vol) for 24 hours to reduce bias

in the estimation of wood density (Taylor 1974). After extraction,

samples were dried again to the initial equilibrium moisture content

(9%) and kept in this condition throughout the remaining analyses.

Intra-ring density information for each core sample was obtained

by using a direct scanning X-ray densitometry system (Hoag and McKimmy

1988). An X-ray beam is passed through the wood sample at equal step

increments of 0.053 mm (i.e., 19 sampling points per mm). The amount of

X-ray passing through the sample at a given point, which is inversely

related to density of wood at that point, is registered by a sensor. A

current output proportional to the amount of X-radiation detected is

generated by the sensor and converted to voltage value which is stored

in the computer. After the system is calibrated, voltage output is

converted to wood density values. The first and last annual rings from

the samples were discarded because they were incomplete. For each of

the remaining rings, minimum, maximum, and average density values, and

total ring width were obtained. Widths and average densities for

earlywood and latewood, as well as latewood proportion, were also

determined, using the average of the minimum and maximum ring densities

as the criterion for defining the point of transition from earlywood to

latewood (Green and Worrall 1964, Nicholls and Wright 1976).

Many criteria have been used to evaluate intra-ring density
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variation (Olson and Arganbright 1977, Kanowski 1985). The criterion

most recently used, however, is the standard deviation of density values

(all X-ray data points) across the annual ring as described by Ferrand

(1982) and Walker and Dodd (1988). In this study, intra-ring density

variation for an individual ring (IRV) was estimated by the following

equation:

IRV {((RD-ED)2*EW + (RD-LD)2*LW)/RW]°5 (11.2)

where:

RD = Average ring density,

ED = Earlywood density,

EW Earlywood width,

LD = Latewood density,

LW = Latewood width, and

RW = Ring width.

This equation is a simplification of that used to obtain the standard

deviation of density values in a given ring, which assumes this

variation is primarily due to average differences in earlywood and

latewood densities. Values obtained with this equation were closely

correlated (r=O.96) with the standard deviation of density values in a

sample of 111 annual rings.

Weighted average values across the total core sample were

calculated for individual ring variables, including overall density,

earlywood density, latewood density, and intra-ring density variation,

by weighting each individual ring value by its respective width. Core

latewood proportion was obtained as the sum of latewood width of
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individual rings divided by the length of the core sample. Although it

might be preferred to weight individual ring values by ring area to

obtain overall density values (Kanowski, 1985), weighting by ring width

was chosen for several reasons. First, a preliminary correlation

analysis (n=806 cores) showed that average core values based on the two

types of weightings were strongly correlated (r=0.97). In addition,

width-weighted averages are equivalent to density values that would be

obtained by determining wood density of the whole increment core using

gravimetric methods. Since use of gravimetric methods on increment core

samples is the cheapest non-destructive approach that still provides a

good indication of whole-tree density (Gown 1976), it was of interest to

simulate that approach.

Genetic parameter estimation

Variance and covariance analyses for all wood traits averaged

across the core sample and for growth traits at age 15 (diameter,

height, and bole volume) were performed using plot means. Missing

values for two plots (from a total of 240) were estimated according to

the method described by Steel and Torrie (1980, p. 209). Within-plot

variances and covariances, as well as the harmonic mean of trees per

plot, were estimated separately by pooling individual-plot values.

Components of variance and covariance were estimated from the

appropriate mean squares and cross products, using a random effects

model (Table 11.1). Standard errors of variance components were

estimated following the procedures given by Namkoong (1979).

To determine the genetic control of wood density traits,
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individual-tree and family heritabilities were estimated as in Falconer

(1981). The additive genetic variance (a) was estimated as 3 times the

family component of variance (o(S)), assuming that open-pollinated

families are related to a greater extent than haif-sibs (Campbell 1979,

Sorensen and White 1988). The numerator used to estimate family

heritability was ¼c, which is appropriate for estimating gain from the

progeny of a clonal seed orchard after roguing of clones based on

performance of their open-pollinated families in progeny tests (Namkoong

et al. 1966). The coefficient of ¼ is used because gains are realized

by planting the half-sib progeny obtained from the seed orchard.

Standard errors for heritability estimates were calculated according to

the procedures outlined by Osborne and Paterson (1952).

The relationships between traits were examined by estimating their

respective genetic correlations, as well as their standard errors,

following Becker (1984, p. 114). To evaluate the genetic

interrelationships between wood density components and their direct and

indirect effects on overall wood density, a path coefficient analysis,

based on the estimates of genetic correlations, was done as described by

Kempthorne (1957).

Construction of selection indices and response to selection

To evaluate the implications of the genetic relationships between

wood density and its components, and between wood density, intra-ring

density variation, and bole growth, expected genetic gains from parent-

tree selection involving wood density, or wood density in combination

with other traits were investigated. To evaluate gains in a single



18

trait (e.g. wood density) when selection is based on that trait, or

indirectly on a single other trait, equations for direct and indirect

response were used (Falconer 1981). When one or more density components

were used as secondary traits to select for wood density, or multiple

trait selection was of interest (e.g. , selection for wood density and

bole volume), index methods were employed (Lin 1978). In this case,

selection was based on an index (I) which is defined as:

I = b1X1 + b2X2 + ... + bX (11.3)

where the X's represent the traits used as criteria for selection and

the b's are the coefficients associated with each trait in the index.

The index coefficients are derived in such a way that the correlation

between the index and the aggregate breeding value of the tree, which

might be a function of one or more traits, is maximized (Lin, 1978).

To explore the effectiveness of wood density components as

secondary traits to select for increased overall core density while

reducing the correlated response in intra-ring density variation,

several unrestricted selection indices (Smith and Hazel type; Lin 1978)

were constructed. The breeding value of trees in this case was

considered to be a function of overall core density alone.

To assess expected gains in wood density and bole volume when both

traits are selected simultaneously, restricted and unrestricted indices

were constructed. Selection indices with the Kempthorne-type

restriction (Kempthorne and Nordskog 1959) were used to optimize the

response in bole volume while limiting the change in overall core
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density to zero. Unrestricted selection indices were employed when the

method of desired gains was used to determine economic weights of the

two traits (Cotterill and Jackson 1985). The RESI program described by

Cotterjll and Jackson (1981) was used to calculate the b coefficients

and to compute expected genetic gains from applying the selection

indices.



RESULTS AND DISCUSSION

Genetic control of wood density components and intra-ring density

variation

Analyses of variance showed significant differences (p<O.Ol) among

families in average core sample values for all wood density traits

considered. Population means for earlywood, latewood, and overall wood

densities were 0.346, 0.824, and 0.455 g/cm3, respectively; while

averages for latewood proportion and intra-ring density variation were

22.7% and 0.198 g/cm3 (Table 11.2). The mean for overall core density

is slightly larger than values reported elsewhere for juvenile wood in

Douglas-fir (0.409 g/cm3 in Keller and Thoby (1977), 0.432 g/cm3 in Gown

and Parker (1979), 0.416 g/cm3 in McKimmy and Campbell (1982), and 0.363

g/cm3 in King (1986)). It is difficult to determine, however, whether

the greater overall density in these 60 families represents a real

difference among populations, because juvenile wood density estimates

are greatly influenced by the methods employed, particularly the

moisture content used as a reference (e.g. a 9% moisture content was

used in this study), as well as by the number of rings included and

their distance from the pith (Gown and Parker 1979).

As reported previously in Douglas-fir (Bastien et al. 1985, King

1986), wood density traits have low coefficients of variation (in this

case, only around one-third of those reported for growth traits (Li

1990)), but they are moderately to strongly inherited (Table 11.2).

Thus, even though phenotypic variation may be low, these traits are

expected to respond well to selection in tree improvement programs.
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None of the individual wood density components had estimates of

heritability greater than that found for overall density. The same

results were found in a provenance-progeny study of Douglas-fir in

France (Bastien et al. 1985, Vonnet et al. 1985). Wood density

components, however, appear to be under stronger genetic control than

overall wood density in juvenile Pinus radiata (Nicholls et al. 1980).

Genetic relationships between wood density traits

All of the wood density components were strongly correlated

genetically with overall density, and were also strongly interrelated

among themselves, especially earlywood density and latewood proportion

(Table 11.3). This indicates that these traits are probably controlled

to a large extent by the same set of genes. Similar conclusions have

been reached in earlier studies with Douglas-fir (Keller and Thoby 1977,

Birot et al. 1983), although the genetic relationships between traits

were not as strong as reported here.

Intra-ring density variation is also strongly and positively

correlated with overall density, but it seems to be much more strongly

related to latewood density than to any other individual density

component (Table 11.3). The unfavorable genetic association between

intra-ring density variation and overall density has also been observed

in other populations of Douglas-fir (Keller and Thoby 1977, Bastien et

al. 1985, Vonnet et al. 1985). These results are not surprising,

however, since it can be seen from equation 11.2 that Lntra-ring density

variation will increase as average ring density increases. In addition,

the difference between average latewood density and average ring density
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is normally much larger than the difference between average ring density

and average earlywood density, so variation in latewood density would be

expected to have a larger impact on intra-ring density variation than

any other wood density component. This would explain the stronger

genetic correlation found between intra-ring density variation and

latewood density, as compared to any other wood density component.

As a result of the strong interrelationships found between the

wood density components, the relative influence (direct effect) of each

component on overall core density, as estimated by path coefficient

analysis (Figure 11.1 and Table 11.4), differs somewhat from the

expectations based on their respective correlation coefficients alone

(Table 11.3). Earlywood density appears to have, by far, the largest

direct effect on overall density, even though earlywood density and

latewood proportion have similar genetic correlations with overall wood

density. These results contrast with earlier studies in Douglas-fir and

slash pine where the role of latewood proportion in explaining variation

in overall wood density has been emphasized, with other components

receiving less attention (Smith 1955, Kennedy 1961, Squillace et al.

1962). The larger direct effect of earlywood density found in our

study, however, is probably due to the low proportion of latewood in

these young trees. It can be seen from equation 11.1, which relates the

components to overall density, that if latewood proportion is small (or

it shows limited variation), differences in overall density among trees

will depend primarily on differences in earlywood density. In addition,

a large proportion (on average, 57%) of the effects of individual

components on overall wood density seems to be realized indirectly



through their relationships with the other components. Thus, even

though latewood proportion was found to be strongly correlated with

overall density (rA=O.95) almost half of its influence on overall

density (0.46) is due to its strong correlation with earlywood density

(Table 11.4).

Implications of genetic interrelationships between wood density traits

for breeding of overall density

Even though the components were strongly correlated with overall

density, because of the lower heritabilities of the components and their

strong interrelationships, expected response in overall density from

direct selection for this trait (Table 11.5, selection criterion 1) was

always greater than indirect selection based on one or more components

(Table 11.5, selection criteria 2, 3, and 4). For similar reasons,

adding the components as secondary traits in a selection index (Table

11.5, selection criteria 5 and 6) did not increase the expected response

to selection for overall density. Gjedrem (1967), and Sales and Hill

(1976) found that inclusion of secondary traits in an index to select

for a desired trait is more efficient than selection based on the

desired trait alone only when the heritability of the desired trait is

lower than the secondary traits, or when the secondary traits have low

genetic but high phenotypic correlations with the desired trait. In the

last situation, secondary traits are useful primarily to correct for

environmental effects on the desired trait. White and Hodge (1990) also

show that adding several secondary traits to an index is not appreciably

better than direct selection if the secondary traits are strongly
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correlated with each other. Moreover, adding secondary traits that are

highly correlated into a selection index might reduce the precision of

the index, since the sampling variance of the estimated covariance is

higher for strongly correlated traits than for weakly correlated traits

(Baker 1986).

Although direct selection for overall core density might be the

most efficient selection criterion for improving wood density, selection

for increased overall core density will lead to an estimated 3.5%

increase in intra-ring density variation as a correlated response (Table

11.5, selection criterion 1). Basing selection for wood density on

earlywood density and latewood proportion (Table 11.5, selection

criterion 4), however, appears to produce nearly the same response in

overall density, while reducing the negative effect in intra-ring

density variation to 2.74%.

Genetic relationships between wood density and growth traits and

implications for breeding

Moderately strong negative genetic correlations were found between

bole volume and all density components (Table 11.6). These unfavorable

correlations appear to be primarily due to strong negative relationships

between wood density traits and diameter growth (DBH), because the

correlations between density traits and height were small. Similarly,

strong negative genetic correlations between wood density and diameter

growth in Douglas-fir were found by Keller and Thoby (1977), McKimmy and

Campbell (1982), Nepveu (1984), Bastien et al. (1985), and King et al.

(1988). Negative genetic correlations between these traits have also
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been reported in other coniferous species (Chang and Kennedy 1967,

Bendtsen 1978, McKinley et al. 1982, Dean et al. 1983, Loo et al. 1984,

Fries 1986). In studies with southern pines, however, no correlation,

or even a slightly positive correlation between wood density and growth

rate have been found (Goddard and Cole 1966, Matziris and Zobel 1973,

Rink and Thor 1973, Meier and Goggans 1977).

The emphasis in most coastal Douglas-fir tree improvement programs

is in improving bole volume growth (Silen and Wheat 1979). Thus,

potential implications of selection for this trait on wood density are

of interest. The observed negative correlation between bole volume and

intra-ring density variation (Table 11.6) is presumably good because it

means that selecting for increased growth rate would reduce intra-ring

density variation. The negative correlation between bole volume and

overall wood density, however, is a potential problem, since selection

for bole volume alone will lead indirectly to trees with lower juvenile

wood densities. Moreover, the use of individual wood density components

either as indirect or auxiliary traits for selection of wood density

would not alleviate this problem, since they have similarly strong

negative correlations with volume growth.

Implications of the genetic relationships between wood density and

growth traits on breeding for both volume growth and overall core

density were explored by comparing various selection criteria, using

selection index methods and the data in this study (Table 11.7).

Selection for volume alone without regard for wood density (selection

criterion 1) will produce the maximum estimated increase in volume

growth (13.37%), and the largest reduction in intra-ring density
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variation, but at the expense of a reduction in overall core density

(-2.41%), which in turn decreases wood strength. Although at first

sight, a reduction of 2.41% in average wood density might appear

unimportant, especially when compared with the gains obtained in bole

volume, the impact of this reduction is substantial in terms of dry

weight of fiber per hectare. For example, given a managed stand of

coastal Douglas-fir producing 1000 m3/ha in a 60-year rotation (which

seems reasonable for a site class II, Curtis et al. 1982), and assuming

an average wood density of 0.455 g/cm3, a decrease of 2.41% in wood

density would represent a reduction of about 11,000 kg of dry fiber per

hec tare.

Selection for core density alone (criterion 2), on the other hand,

is expected to increase wood density by 5.66%, but this will lead to an

increase in intra-ring density variation, a substantial reduction in

volume growth (-8.47%), and, as a consequence, bole weight will be

reduced by 3.29% with respect to the original population. Because of

the large economic value placed on bole volume, this option is unlikely

to ever receive serious consideration. Nevertheless, along with option

1 it is a useful point of reference for showing the results of assigning

different economic weights to these traits.

From the results of these two extreme situations, it is obvious

that multi-trait selection methods will be necessary to prevent undue

loss in either trait. Restricted selection indices offer one of the

best approaches for limiting the change in one trait while improving the

other (Rehfeldt 1983 and 1985, Cotterill and Jackson 1981, Dean et al.

1986). A selection index imposing the restriction of no change in
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overall core density (criterion 3) would produce 20% less volume than

expected if selection were on volume alone, but total bole weight would

remain about the same, with the additional advantage of no reduction in

wood strength. Selection based on height growth alone (criterion 4)

also seems to be a good option, giving slightly less volume gain and

only about one-third the loss in wood density expected if selection were

on volume alone. Total bole weight, however, was higher for this

selection criterion than for any other explored. Fries (1986) obtained

similar results when comparing selection methods to improve dry stem

biomass in Pinus contorta. The better overall response from selection

for height, as compared to selection for volume alone is due to the

strong positive genetic correlation between height and volume, coupled

with the weak negative correlation between wood density and height

mentioned earlier (Table 11.6).

Given the weak negative genetic correlation observed between

height and overall core density, a selection index based on these two

traits was constructed with the goal of optimizing gains in bole volume

(by using a Binet-type restriction; Binet 1965), while limiting the

response in overall core density (selection criterion 5) This

selection criterion is expected to produce nearly as much response in

bole weight as in selection for height alone, without decreasing overall

core density and with only a small reduction in volume growth (compared

to criterion 1). The overall response in bole volume is not modified

substantially when volume is added to this index (criterion 6). The

last alternative (criterion 7) illustrates that it is possible to obtain

a slight increase in overall density (1.2%), with only a small reduction
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in bole weight (less than 10% with respect to its maximum response), if

less gain in bole volume is acceptable. More emphasis on increasing

wood density, however, may not be desirable because it causes gain in

volume to drop rapidly. Increasing the response in overall density

would also have a negative correlated effect on intra-ring density

variation.

Choosing the last option may have additional important

implications. First of all, even a slight increase in juvenile wood

density is helpful in offsetting reductions in overall wood density

expected from shorter rotation ages. Kellogg (1982) estimated the move

to shorter rotations in coastal Douglas-fir would result in a decrease

of 2% to 5% in average wood density, due to a larger proportion of

juvenile wood found in younger trees. Thus, an increase of 1.2% in

overall density of juvenile wood would be important in reducing that

deficit. In addition, it has been argued by King et al. (1988) that

selecting for a positive response in two traits that are negatively

correlated may help to break the negative genetic correlation between

those traits caused by the pleiotropic action of genes.

Final decisions regarding the weighting given to wood density and

volume growth in selection indexes will require more information about

their relative contributions to product value in this species (i.e.,

their contribution to the value of lumber, plywood, pulp, etc.). It

should be kept in mind, however, that an increase in the emphasis on

selection for one trait will always be accompanied by a smaller response

on the other. Maximum gains cannot be obtained on both traits at the

same time.
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If simultaneous improvement in both traits is desired, it might be

worthwhile considering other breeding strategies. Dean et al. (1983)

suggested that one possible solution for improving two negatively

correlated traits, such as volume growth and wood density, is to select

for those traits in separate "lines" or populations, using the multiple

population concept of urdon and Namkoong (1983). It is argued that the

hybrid progeny of such lines might have better growth and wood density

than can be achieved through the simultaneous selection in one line.

This alternative, however, might not be appealing because of the long

time required to achieve desired results.



CONCLUSIONS

The results of this study are in agreement with earlier reports in

coastal Douglas-fir that juvenile wood density is strongly inherited and

can readily be manipulated by selection and breeding. Also supporting

earlier work, moderate unfavorable correlations between wood density and

bole volume and intra-ring density variation were observed.

Separation of wood density into components indicated that overall

density in young trees is primarily influenced by earlywood density.

All individual components, however, had strong genetic correlations with

overall wood density, but lower heritabilities than the composite trait.

Furthermore, because of the strong genetic interrelationships between

the density components and overall density, the components were

similarly unfavorably correlated with bole volume growth and intra-ring

density variation. Therefore, information on individual density

components appear to have little or no value for improving the

efficiency of selection for overall wood density in this species, or for

reducing the potential negative effects that selection for wood density

might have on those other traits. Under these circumstances, breeding

programs would not benefit from the additional effort and expense

required to measure individual density components.

Despite the moderate negative genetic correlation between wood

density and bole volume, comparisons of alternative selection indices

including both traits showed that substantial gains in bole volume can

be achieved without loss in wood density, or even while wood density is

slightly increased, when the appropriate indices are employed. Given

the value of wood quality, it is important to measure both traits in
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Douglas-fir tree improvement programs. If selection is based on bole

volume alone, lower wood quality can be expected. Comparisons of

selection indices also indicated that significant, unwanted, increases

in intra-ring density variation would occur only if wood density is

given precedence over bole volume in selection programs. This is

unlikely given the strong emphasis placed on improving volume growth in

Douglas-fir tree improvement programs.



r13

ri = a + bri2 + cr13
r24 = arl2 + b + cr23
r34 arl3 + br23 + c

Figure 11.1. Model of path coefficient analysis of the genetic
relationships between wood density components and overall core density.
Where: a, b, and c are the direct effects to be estimated, and are
the genetic correlations between traits.
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Table 11.1. Form of the variance and covariance analyses for wood
density and growth traits at age 15.

Sets s -1 a/k + + ba + fo(5) + bfo

Blocks/set (b-l)s o/k + + fa

Families/set (f-1)s a/k + + bo($)

Block*Fam./set (f-1)(b-1)s o/k +
(plot error)

/ For covariance analyses, cross products are used instead of mean
squares.

s - number of sets.

b = number of blocks/set.

f number of families/set.

k = harmonic mean of trees per plot for all sets.

= number of trees in plot i.

t = total number of plots in the experiment.

= within-plot variance.

= plot-to-plot variance.

= variance among families in sets.

variance among blocks in sets.

- variance among sets.
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Source of Degrees of Expected mean squaresa
variation freedom

Within-plot E(n-1)



Table 11.2. Estimates of population means (X), phenotypic (P) and
genetic (A) coefficients of variation, and narrow sense heritabilities
(h) for overall core density and its components, and intra-ring density
variation at age 15.

Coefficients of
variation (%)

/ Range over 60 family means shown in parentheses. Differences among
families for all traits were significant (p<O.Ol).

b/
Density values are based on a moisture content of 9% in the samples.
Approximate basic density values (based on oven-dry weight) can be
calculated by dividing X by 1.095.
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Trait p A h±s.e.

Earlywood 0.346 g/cm3 7.33 5.02 0.47 ± 0.11
density (0.324-0.375)

Latewood 0.824 g/cm3 5.54 3.31 0.36 ± 0.10
density (0.763-0.875)

Latewood 0.227 15.78 7.79 0.24 ± 0.08
proportion (0.202-0.260)

Overall 0.455 g/cm3 7.29 5.62 0.59 ± 0.12
density (0.419-0.499)

Intra- ring
density 0.198 g/cm3 9.64 4.80 0.25 ± 0.09
variation (0.175-0.217)



Table 11.3. Estimates of genetic correlations between wood density
components and intra-ring density variation at age 15a

/ Standard errors of genetic correlation estimates are given in
parentheses.
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Trait
Latewood
density

Latewood
proportion

Overall
density

Intra- ring
density
variation

Earlywood density

Latewood density

Latewood proportion

Overall density

0.61
(0.14)

0.92
(0.12)

0.57
(0.20)

0.97
(0.02)

0.74
(0.10)

0.95
(0.06)

0.56
(0.19)

0.99
(0.05)

0.58
(0.18)

0.72
(0.12)



Table 11.4. Path-coefficient analysis of direct and indirect genetic
effects of wood density components on overall density at age 15a

Wood density components

a,/ Model of path coefficient analysis is shown in Figure 11.1.
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Earlywood
density

Latewood
density

Latewood
proportion

0.50 0.23 0.36

(0.47) (0.51) (0.59)

0.30 0.46

0 . 14 0.13

0.33 0.21

0.97 0.74 0.95

Direct effect on
Overall density:

Indirect effects on
Overall density:

via Earlywood density

via Latewood density

via Latewood proportion

Totals
(Genetic correlations)



Table 11.5. Expected response in overall core density and correlated
response in intra-ring density variation at age 15 when different wood
density components are used as selection criteria.
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Response (oh)a

Selection criteria Overall core
density

Intra-ring density
variation

1. Overall core density (CD) 5.66 3.47

2. Earlywood density (ED) 5.29 2.60

3. Latewood proportion (LP) 4.53 2.35

4. ED and LP 5.48 2.74

5. CD and ED 5.66 3.46

6. CD, ED, and LP 5.66 3.55

/ Response expected in seed orchard offspring when
parental clones (i=1.354) are selected.

the top 20% of



Table 11.6. Estimates of genetic correlations between core density
components and growth traits at age 15a

/ Standard errors of genetic correlation estimates are given in
parentheses.
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Trait DBH Height Volume

Earlywood density -0.66 -0.24 -0.55
(0.18) (0.21) (0.18)

Latewood density -0.44 -0.08 -0.30
(0.24) (0.24) (0.23)

Latewood proportion -0.54 -0.10 -0.46
(0.25) (0.26) (0.18)

Overall density -0.63 -0.19 -0.52
(0.18) (0.21) (0.18)

Intra-ring density -0.51 -0.07 -0.38
variation (0.27) (0.26) (0.26)

DBH 0.77 0.96
(0.13) (0.02)

Height 0.90
(0.06)



Table 11.7. Expected response in intra-ring density variation, overall
core density, bole volume, and bole weight at age 15 when different
selection criteria are used.
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/ Response expected in seed orchard offspring when the top 20% of
parental clones (il.354) are selected on the basis of the various
selection criteria given in the left-hand column.

b/ Bole weight = [Average bole volume]*[Average core density].

C/
Selection index in which the response in overall core density was
restricted to the percentage indicated.

Selection criteria

Response (%)

Intra-ring
density
variation

Overall
core
density

Volume Bole
weightb

1. Volume (VOL) -1.50 -2.41 13.37 10.64

2. Overall core density (CD) 3.47 5.66 - 8.47 - 3.29

3. VOL and CD (0% change)c 0.00 0.00 10.53 10.53

4. Height (HT) -0.28 -0.89 12.19 11.19

5. HT and CD (0% change)c 0.27 0.00 10.97 10.97

6. VOL, HT, and CD (0% change)c 0.14 0.00 11.11 11.11

7. VOL, HT, and CD (+1.2% change)c 0.55 1.13 8.95 10.18



CHAPTER III

AGE-AGE CORRELATIONS AND EARLY SELECTION FOR WOOD DENSITY

IN YOUNG COASTAL DOUGLAS-FIR

ABSTBACT

To assess the potential for early selection of wood density in

coastal Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), 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. The possibility of using wood

density components as secondary traits to increase the efficiency of

early selection for overall wood density was also explored. Increment

core samples were taken at breast height from 15-year-old trees of 60

open-pollinated families. Average values of wood density and its

components at the different ages represented in the core samples (ages 7

to 15) were estimated by using X-ray densitometry. 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 were strongly genetically correlated with their respective

traits at all younger ages analyzed. Moreover, with only a few

exceptions, age-age genetic correlations were always greater than

phenotypic correlations. Therefore, using phenotypic instead of genetic

correlations will underestimate the efficiency of early selection,

40



41

especially at very young ages (i.e., ages 7 to 11). Early selection to

improve overall density at age 15 was quite efficient (relative

efficiency above 79%), even when early selection was based on core

density at the youngest age (age 7). Using wood density components as

secondary traits, however, produced only a slight increase in the

efficiency of early selection at the youngest ages, presumably because

age-age correlations for overall core density were already strong, so

there was little room for additional improvement.



where

INTRODUCTION

Determining 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 the response in the

later trait relies on the correlated response from selection on the

early trait (Nanson 1969).

The ratio of genetic gain on 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. Assuming equal intensity of

selection at both ages, RE is expressed by the following equation

(Falconer 1981):

RE rACO * (he/ho) * 100 (111.1)

= Genetic correlation between the trait selected at

the early age and the trait of interest at an older

age. When the trait at both ages is the same, the

correlation is called an age-age genetic correlation,

he Square-root of heritability of the selected (early)

trait, and
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h0 Square-root of heritability of the trait of interest

(older trait).

Thus, the degree to which heritability of the selected trait and its

genetic correlation with the older trait (e.g., age-age correlation)

changes with age is important in evaluating the feasibility of early

selection.

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, though, that much genetic

variation for wood density exists in young progeny tests (Stonecypher et

al. 1964, Stonecypher and Zobel 1966, Talbert et al. 1983, Loo et al.

1984, Cown 1976), and that early selection for wood density is feasible

(Nebgen and Lowe 1985, Gonzalez and Richards 1988). In general,

previous studies have emphasized early selection based on an individual

trait, usually the same trait as the trait of interest at the older age.

Information 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 (Mirb.) Franco) at age 15

was obtained by X-ray densitometry of increment core samples (Chapter

II). At this age, all wood is considered to be juvenile wood (Megraw

1985). From X-ray densitometry data, mean wood density of each annual
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ring outward from the pith can be determined and used to calculate

average core densities at various ages (for example, average core

density at age 10 can be obtained by calculating the average density of

the rings present in the core sample at that age). In addition, mean

wood density of each ring, or average core density at a given age, can

be partitioned into three components: mean earlywood density, mean

latewood density, and latewood proportion. Information on genetic

parameters of wood density components over time might be useful for

helping to understand the genetic control of overall wood density at

different ages. Particularly important in this context is the degree to

which genetic relationships between individual components and overall

density change with age. Although information on wood density

components is not useful for selection of overall wood density at age 15

(Chapter II), it still is important to determine whether wood density

components have value for early selection purposes.

At present, most tree improvement programs in coastal Douglas-fir

plan to make final selections between 15-20 years of age (Silen and

Wheat 1979). Can overall wood density at this age be reliably predicted

at much younger ages? In addition to addressing this general question,

the following objectives were of interest in this study: (1) to describe

age trends in variance components and heritabilities for wood density

and its components, (2) to describe age-age correlations for wood

density and its components, (3) to examine the relative influence of

wood density components on overall density at different ages, and (4) to

assess the utility of information on wood density components for the

purposes of early selection.



MATERIALS AND METHODS

Measurements

During the sununer of 1988, one pith-to-bark (5-mm) increment core

sample was taken at breast height (1.37 m) from each tree of 60 open-

pollinated families in a 15-year-old progeny test of coastal Douglas-

fir, established at Coyote Creek, near Eugene, Oregon. These families

corresponded to sets 2 and 4 (30 families each) of the Noti Breeding

Unit in the Umpqua Tree Improvement Cooperative (Silen and Wheat 1979).

The original parent trees 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 randomized

complete block design experiment with four replications. Four-tree non-

contiguous family plots were established in each block, with trees in

each plot assigned to planting spots at random. Up to the time when the

increment core samples were taken, survival for these two sets was about

85%.

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

discarded 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 whole 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 criterion to

separate earlywood from latewood (Nicholls and Wright 1976).
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The number of growth rings in each sample varied slightly as trees

reached the breast-age sampling position at different ages. Annual

rings were identified and numbered starting from the bark inward, so

they represent the age of the tree at which they were formed (Dodd and

Power 1986). Average values of core density and its components were

obtained cumulatively from age 7 (first annual ring from the pith in

most samples) through 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. These averages, therefore, represent those values that would be

obtained if increment core samples had been taken every year, beginning

at age 7. Weighting individual ring density values by ring width,

rather than by ring area (Kanowski 1985), was chosen because the average

core values obtained this way would be similar to those obtained using

gravimetric methods to estimate wood density from increment cores, which

is the most coimnonly employed non-destructive method of estimating wood

density in standing trees. Overall core density obtained in this manner

has been shown to be strongly correlated to whole-tree wood density in

young Douglas-fir (Cown 1976).

Statistical analyses

Analyses of variance for all ages were performed according to the

random effects model for individual-tree data (Table 111.1) using the

SAS GLM procedure (SAS 1987), and the type III sums of squares. Type

III sums of squares are least squares estimates that take into account

the imbalance in number of observations per plot. Analyses of
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covariance between all pairs of traits at the same age, and between

traits at different ages were also computed as in Table 111.1, using

expected cross-products instead of expected mean squares. Due to the

differences in the number of growth rings in each core sample, early

ages (age 7 and age 8) were not represented in all core samples.

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

the individuals having these particular growth rings, so they were

performed separately from the age-age covariance analyses at ages 9 to

15 (n=806 cores and 3 missing plots).

To describe the age trends in variance components and

heritabilities for wood density traits (Objective 1), family/sets,

error, and within-plot variances were estimated by equating the Mean

Squares for family/sets, error, and within-plot to their respective

expectations from the model (Table 111.1), using the estimates of the

coefficients given by the SAS GLM procedure. Age trends in variance

components were expressed in terms of coefficients of variation to avoid

potentially confounding scale effects. Individual-tree and family

heritabilities were estimated as in Falconer (1981), assuming that the

variance among open-pollinated families (a(5)) estimates 1/3 of the

additive genetic variance (o) (Campbell 1979, Sorensen and White 1988).

The numerator used to estimate family heritability was ¼ of the additive

genetic variance (a), which is appropriate for estimating gain from the

progeny of a clonal seed orchard after roguing of clones based on the

performance of their open-pollinated families in progeny tests (Namkoong

et al. 1966). Standard errors for heritability estimates were
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calculated following the procedures given by Osborne and Paterson

(1952).

To describe age-age correlations for wood density and its

components (objective 2), genetic and phenotypic correlations for all

pairwise combinations of core ages, 7 through 15, were calculated for

each wood density trait. Genetic correlations were estimated using the

appropriate variance and covariance components according to Becker

(1984), while the phenotypic correlations were estimated as simple

correlation coefficients (Falconer 1981). Standard errors for 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.

To examine the relative influence of wood density components on

overall core density at different ages (objective 3), genetic

correlations between overall core density and its components at each

particular core age were calculated. The direct genetic effects of

individual components on overall density at a given age were estimated

by path-coefficient analysis, using the model described in Chapter II.

The relative efficiency (RE) of parent tree selection for overall

core density at age 15 (older trait) based on early measurements of
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overall core density (early trait) was calculated using equation 111.1,

assuming the same selection intensities at both ages. The efficiency of

wood density components as additional traits in early selection for

overall core density (objective 4) was assessed by using index selection

methods. Selection indices which incorporated information on particular

wood density components, in addition to overall core density at age of

selection, were employed to maximize gains in overall core density at

age 15 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 is not measured in the interest of

reducing the length of the selection cycle. To calculate the relative

efficiency of early selection based on the selection indices, expected

gains in overall core density at age 15 from index selection based on

early traits, were estimated with the RESI program (Cotterill and

Jackson 1981) and divided by the gain expected from direct selection at

age 15.



RESULTS AND DISCUSSION

Age trends in population means, variance components, and heritability

Population means for earlywood density and overall core density

both decreased slowly with increasing core age, but levelled off in the

last two years (Figure 111.1). Latewood proportion decreased sharply

during the first four years, from 0.384 at age 7 to 0.214 at age 11, and

then also levelled off. Latewood density, unlike the other wood density

traits, increased steadily from 0.659 g/cm3 at age 7 up to 0.824 g/cm3

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 analyses of variance showed significant differences (pO.OS)

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 during the first 5 years (Figure 111.2). The reduction

in environmental variance with increasing age can be attributed to the

higher precision in estimating the average values of wood density traits

as the number of growth rings included in the sample increased. The

coefficient of additive genetic variance, on the other hand, followed

different age trends among traits, slightly increasing for earlywood

density and overall core density, but decreasing for the two other

traits (Figure 111.2). The absolute changes in additive variance,

however, were small compared to the overall reduction observed in

environmental and phenotypic variance for all traits.
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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

coefficient of environmental variance, than in the coefficient of

additive variance.

The strong decrease in the coefficient of environmental variance,

observed for all traits, resulted in a steady increase in heritability

estimates for overall core density and its components, especially during

the first 5 years (Figure 111.2). Age trends in heritability were quite

similar for all traits, with overall core density always showing the

strongest genetic control and maintaining its relative advantage over

all the other traits (Figure 111.3). 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 showed the

highest and lowest heritabilities, respectively, among the components,

except at age 7, when all the components had similar estimates. This

suggests that latewood proportion is more strongly affected by

environment variation than any other wood density component. Based on

average values of individual rings, Nicholls (1967), and Nicholls and

Brown (1971) also found much lower heritabilities for latewood

proportion than for average ring density at different ages in Pinus

radiata.

Previous studies in Douglas-fir found similar increases in the
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heritability of wood density (McKimmy 1966) and its components (Cown

1976) with 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 (Gown 1976) or core sections (Mckimmy 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. The similarity of heritability trends found in Douglas-fir is

in contrast with differences among studies found in other species. In

Pinus radiata, for example, based on individual growth rings, Nicholls

(1967) reported that heritability of average ring density remains

relatively constant with age, whereas Nicholls and Brown (1971) found it

increased with age. In P. taeda, Zobel (1964) found that heritability

of wood density increased for at least the first 15 years, whereas Loo

et al. (1984) reported similar heritability values up to age 10.

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

Cansel 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
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respective values at age 15, were normally stronger and more stable than

the corresponding phenotypic correlations (Figure 111.4). This

indicates that as the age interval increases, genetic correlations

decline more slowly than phenotypic correlations. Similar results have

been observed for growth traits (Lambeth et al. 1983, Cotterill and Dean

1988, Riemenschneider 1988). Thus, using age-age phenotypic

correlations rather than genetic correlations to evaluate efficiency 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 years or less, but increased to about 0.15

when the difference in age was 8 years. Thus, a larger error might be

expected in estimates of potential gains from early selection at younger

ages.

There seems to be no clear 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 the age-age genetic correlation for a

particular trait normally corresponds to its degree of genetic control,

since genetic correlations are estimated on the basis of genetic

effects; and trends of decreasing age-age genetic correlations with

decreasing genetic control of traits have been reported (Squillace and

Gansel 1974, Steinhoff 1974). Apparently, when the genetic control of a
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trait is weak, as is the case of latewood proportion in our study,

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 all overall core density traits (Figure III.5a). Rings separated in

age by as much as 5-7 years 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 due to autocorrelation. Phenotypic correlations between

individual ring values at different ages, however, were considerably

lower than those observed for age-age correlations of overall core

density and its components involving similar age differences (Figure

III.5b). Therefore, it seems that autocorrelation has a greater

influence on phenotypic correlations, probably because of a stronger

effect of shared environment on phenotypic than on genetic correlations.

Relative influence of wood density components on overall density at

different ages

The relative influence of individual density components on overall

density, as measured by path-coefficient analysis, appears to be

relatively stable in juvenile cores of different ages. Earlywood
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density had the largest direct effect of all the components, except at

age 7 when latewood proportion was slightly more important (Figure

111.6). With increasing core age beyond 13 years, however, the relative

influence of earlywood density seems to decrease slightly, being

replaced by an increasing influence of latewood proportion on overall

density. This trend resembles the age trend normally followed by

latewood proportion in annual growth rings, in which this trait steadily

increases as trees get older (Megraw 1985). If this trend actually

continues with increasing core age, then latewood proportion eventually

would become the most important component of wood density in mature

trees, as has been previously observed (Kennedy 1961, Worrall 1970).

Efficiency of early selection for overall core density

The relative efficiencies of different selection criteria for

early selection of overall core density are presented in Table 111.2.

As expected from the strong age-age genetic correlations for overall

core density, early selection for core density at age 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 797. of the gain in overall

density at age 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 indexes, seems to produce only a slight improvement
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in the relative efficiency of early selection (Table 111.2). At the

earliest ages, in particular, relative efficiencies of early selection

were improved by only 4 to 8 percent when all three density components

were included along with overall core density in the selection index.

The limited usefulness of wood density components for increasing the

efficiency 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 overall core density at age 15, which were

always greater than 0.9. White and I-lodge (1990) have shown 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. Thus, wood density components might become more important for

early selection of overall core density as the difference between the

age of selection and the target age increases beyond the ages considered

in this study, because age-age genetic correlations for overall core

density would be expected to decrease.

The ability to utilize density components in indexes for early

selection, however, requires a priori information on the genetic and

phenotypic covariances between the core density components at the age of

selection and overall wood density at age 15. 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

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
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included in the selection index increases, because the weights assigned

to the traits in the index are sensitive to changes in the correlations

between traits (Burdon, 1989). In addition, 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 efficiency.



CONCLUS IONS

This study shows that heritability estimates for overall core

density and its components steadily increase with core age. Because the

coefficients of additive genetic variance changed little with core age,

the increase in heritability was primarily due to a decrease in

environmental and phenotypic variance components with time, presumably

because of the higher precision in estimating average core density

values as the number of rings in the core sample increased.

Strong genetic correlations between core density values at younger

ages and their respective values at age 15 were observed for all wood

density traits. With the exception of latewood proportion at very young

ages, phenotypic correlations were always smaller than genetic

correlations, and approached the values of genetic correlations only at

the oldest core ages. Therefore, if age-age phenotypic correlations are

used to estimate age-age genetic correlations, the relative efficiency

of early selection for overall core density will be underestimated.

Because of strong age-age genetic correlations and a moderate to

strong heritability of overall core density, even at the youngest ages,

early selection with the goal of improving overall core density at age

15 would be very efficient. Using information on wood density

components as secondary traits in selection indices, however, would

produce only a slight increase in the efficiency of early selection at

the youngest ages. The strong age-age correlation in overall core

density, which already explains most of the variation in overall core

density at age 15, appears to be the reason why information on density
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components adds little to the efficiency of early selection.

This study investigated age-age genetic correlations in juvenile

wood density only (i.e., in 15-year-old trees). 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. If early selection for mature wood

is to be considered, it is necessary to know the genetic relationship

between mature wood density and wood density at the age of selection.

Two earlier studies in Douglas-fir suggest the correlation between wood

density at age 15 and mature wood density may be quite strong (McKimmy

and Campbell 1982, Gonzalez and Richards 1988). Given that heritability

for wood density remains relatively stable between ages 10 to 15, and

that genetic correlations between these ages are high, selection for

mature wood density at age 10 should be nearly as effective as early

selection at age 15. Although it may prove necessary to wait until age

15 or later before making final selections on other traits (e.g., stem

form or growth rate) in Douglas-fir, it is useful to know that wood

density can be selected with fairly reasonable precision at early ages.

For example, wood density may be given heavy weight when early

selections are used to rogue seed orchards, or for the purposes of

culling breeding populations prior to controlled crossing programs.
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Table 111.1. Form of the variance and covariance analyses for overall
core density and its components measured at different ages.

Sets (S)

Blocks/Set

Families/Set

Plot error

Within-plot

s-1

s(b-l)

s(f-l)

s(b-l) (f1)b

+ k6a + k7Jf(s) + kaa(S) +

+ k4a + k5a(S)

+ +

+ k1a

&/ For covariance analyses, cross products are used instead of
mean squares.

b1 Actual degrees of freedom varied depending on the total number of
missing plots (see text).

s = number of sets.

b = number of blocks/set.

f = number of families/set.

= Coefficient associated with the jth variance component.

= number of trees in plot i.

= within-plot variance.

= plot-to-plot variance.

= variance among families in sets.

Ub(s) = variance among blocks in sets.

= variance among sets.
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Source of Degrees of Expected mean squaresa
variation freedom



Table 111.2. Relative efficiencies (%) of early selection for overall
core density when different selection criteria are used.a

Selection criteriab

a1 Relative efficiency is genetic gain in overall core density at age 15
from early selection, relative to gain expected when selection is
applied to overall core density directly at age 15.

b,1 CD Overall core density at age of selection,
ED Earlywood density at age of selection,
LD Latewood density at age of selection, and
LP Latewood proportion at age of selection.
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Age of
selection

Overall
core
density

(CD and ED) (CD and LD) (CD and LP) (CD, ED, LD,
and LP)

15 100.0 100.0 100.0 100.0

7 79.5 82.8 82.2 82.3 86.2

8 87.6 89.7 88.5 90.0 90.3

9 89.0 91.0 89.3 91.0 91.5

10 92.0 93.1 93.0 93.4 93.4

11 97.7 97.8 97.9 97.8 98.5

12 99.0 99.1 99.3 99.1 99.3

13 99.4 99.4 99.5 99.5 99.6

14 99.9 99.9 99.9 99.9 100.0



CHAPTER IV

FAMILY VARIATION IN AGE TRENDS OF WOOD DENSITY TRAITS

IN YOUNG COASTAL DOUGLAS-FIR

ABSTRACT

In order to examine the extent of genetic differences in ring-to-

ring density variation and to explore the possibility of selection for a

shorter juvenile wood formation phase, the age trends of ring density

and its components were examined in 15-year-old trees from 60 open-

pollinated families of coastal Douglas-fir (Pseudotsuga menziesii var.

menziesii (Mirb.) Franco). A single increment core was extracted from

each tree at breast height and ring density information was obtained by

scanning X-ray densitometry. The youngest annual ring in most cores was

produced when the tree was 7 years old, so age trends from age 7 to 15

years were evaluated. Prior to analysis, earlywood density, latewood

density, and overall density for each ring in a core sample were

weighted by the ring area occupied by each trait to produce relative

ring density (P.RD) values. Age trends differed for the different

traits. Overall RRD and latewood RRD steadily increased with age over

the entire core, while latewood proportion showed a decreasing but

irregular trend during the early years of growth, followed by a steady

increase after age 11. Age trends in these traits were relatively

consistent over all trees sampled. Age trends for earlywood RRD varied

among trees, with a steady increase in this trait across all rings in
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some trees, while in others, a steady increase continued until around

age 12, when a plateau occurred. With the exception of earlywood RRD,

age trends did not appear to vary among families. Thus, selection for

less ring-to-ring variation in wood density does not seem possible.

Significant family differences were found in the proportion of trees

which reached a plateau in earlywood RRD by age 12. This proportion was

under moderate genetic control (family h2=O.30) and was not genetically

correlated with overall core density or growth traits at age 15.

Although the practical implications of these results are uncertain,

there are reasons to hypothesize that the plateau in earlywood RRD is an

indication of transition from juvenile to mature wood formation. Thus,

selecting for families having higher proportions of individuals with a

plateau in earlywood BID might lead to a reduction in the period of

juvenile wood formation. This hypothesis needs to be verified in older

trees.



INTRODUCTION

Wood density normally follows a predictable pattern of ring-to-

ring variation in the radial direction across the stem (i.e., a

predictable "age trend"). Most coniferous species that have been

examined show a tendency towards increasing ring density outward from

the pith, at least for the first 10 to 20 years, before levelling off

(Harris and Birt 1972, Cown and Parker 1978). Young Douglas-fir

(Pseudotsuga menziesii (Mirb.) Franco), on the other hand, normally

begins with a radial trend of decreasing average density in the first 3

to 5 annual rings from the pith, followed by a gradual increase as the

distance from the pith increases (Cown and Parker 1979, Megraw 1985,

Jozsa and Brix 1989).

Average (overall) ring density (ORD) is determined by three

interacting components, average earlywood density, average latewood

density, and the proportion of latewood in the ring (Nicholls et al.

1980). In Chapter III, it was shown that the relative influence of

different components on the average density of increment core samples

begins to change after 6 to 7 rings from the pith, suggesting that

density components follow different age trends. Although Megraw (1985)

made a similar observation, there have not been further attempts to

analyze the implications of age trends of individual density components.

Age trends in the individual components influence the age trend in ORD,

affecting the levels of ring-to-ring density variation across the stem.

Substantial genetic variation in the slope of the age trend (i.e.,

the rate of change per year) for ORD has been observed in loblolly pine

70



71

(Loo et al. 1985). Similarly, significant genetic variation might also

be present for the slope of the age trends of ORD and its components in

Douglas-fir. Steeper slopes in the age trends of these traits imply

larger ring-to-ring density variation. Thus, if genetic differences in

the slope of age trends are large enough, it may be possible to increase

the uniformity of wood density across the stem by selecting for trees or

families with smaller slopes.

Probably more important, however, is the possibility of using

genetic differences in age trends of ORD and its components to breed for

an earlier transition from juvenile to mature wood formation (Loo et al.

1985). Juvenile wood, formed during the early years of growth, normally

has relatively wide annual growth rings, low density, and several other

undesirable characteristics (i.e., shorter cell lengths, thinner cell

walls, lower wood strength, higher longitudinal shrinkage, etc.; Paul

1957, Yang et al. 1986). Therefore, reducing the proportion of juvenile

wood, by selecting for a shorter juvenile wood formation phase, is an

attractive option for improving wood quality (Loo et al. 1985).

An approach proposed to estimate the age of transition to mature

wood formation in loblolly pine employs the age trend of ORD values (Lao

et al. 1985). The age of transition is considered to be the age at

which the slope of the trend levels off (Loo et al. 1985, Bendtsen and

Senft 1986). This approach, however, is not useful in Douglas-fir where

ORD normally continues to gradually increase up to at least age 40

(Megraw, 1985), while the juvenile period is assumed to end around age

15 (Erickson and Harrison 1974, Cown 1976, Hoag 1988). In addition, ORD

in young Douglas-fir is strongly affected by ring size (McKimmy and
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Campbell 1982, Ferrand 1982), making it difficult to identify and

quantify the age trend for ORD. To adjust for the effects of ring size

on ORD, it has been suggested to weight ORD by ring area (Olson and

Arganbright 1977, Kanowski 1985), to obtain overall relative ring

density (RRD) values. The age trend of overall RRD in Douglas-fir has

been observed to steadily increase up to around ring 15 from the pith

and then level off, suggesting that this trend might be a useful

indicator of the age of transition to mature wood in this species (M.

Hoag, personal communication).

In this study, age trends in RRD traits are analyzed in 15-year-

old trees of 60 open-pollinated families of Douglas-fir. Although trees

at this early age would normally be expected to produce only juvenile

wood, the age trends may reveal some trees approaching the transition

from juvenile to mature wood formation sooner (at younger ages) than

others. In addition, because changes in the age trends of overall RRD

must be associated with changes in one or more of the individual

components, the age trends of the components may be more sensitive to

changes occurring early in the transition phase. The objectives of the

study were: (1) to determine the extent of genetic variation in age

trends of RRD traits and their relationships with overall density of

increment cores, and (2) to explore the possibility of selection for a

shorter juvenile wood formation phase in coastal Douglas-fir.



MATERIALS AND METHODS

Measurements

Pith to bark (5-mm diam.) increment core samples were collected at

breast height (1.37 m) during the summer of 1988 from 15-year-old trees

in the Coyote Creek progeny test plantation, located near Eugene,

Oregon. The open-pollinated families included in this study correspond

to sets 2 and 4 (30 families each) of the Noti Breeding Unit, in the

TJmpqua Tree Improvement Cooperative (Silen and Wheat 1979). Parent

trees are located in natural stands in the central Coast Range of

Oregon, between 150 and 450 m elevation. Each set of families was

planted as a separate randomized complete block design experiment with

four replications. Families in each block were represented at planting

by a four-tree non-contiguous plot, with trees assigned to planting

spots at random. At the time increment core samples were taken,

survival for these two sets was about 85%.

Information on wood density and its components for each core

sample was obtained by using a direct scanning X-ray densitometry system

(Hoag and McKimmy 1988). After discarding the first and last annual

rings from all the samples (because they were usually incomplete),

widths and average density values for earlywood, latewood and the

overall ring were obtained for each of the remaining rings. The

transition from earlywood to latewood was defined as the point where

density was midway between the minimum and maximum densities of the ring

(Green and Worrall 1964, Nicholls and Wright 1976). The number of

growth rings measured in each core sample varied because trees reached
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the breast-height sampling position at different ages. Annual rings

were numbered in descending order from the farthest (age 15) to the

closest to the pith, so they represented the age of the tree at the time

each ring was formed. Only core samples having the first annual ring at

age 7 or age 8 (n=737, 91% of total trees sampled) were included in the

analyses.

For each ring in an increment core sample, RRD values for

overall, earlywood, and latewood densities were calculated using the

following equation:

RRD = D * (A/EA), (IV.l)

where D Average density of the portion of the ring represented by

particular variable of interest (i.e., overall, earlywood, or

latewood density),

A Cross-sectional area of the ring corresponding to the

variable of interest, and

EA = Total cross-sectional area of the increment core occupied by

the variable of interest.

Latewood proportion (LP) is defined as the proportion of the cross

sectional area of the ring occupied by latewood. Since LP is already

expressed as a proportion, no adjustment for ring area was needed for

this trait.

Statistical analysis

Inspection of age-trend plots for individual trees showed that age

trends differed among traits (Figure IV.l). Overall RRD and latewood



RRD appeared to steadily increase across the whole core. LP showed a

decreasing but irregular trend in early years, then steadily increased

after age 11. The general form of the age trends for these traits was

consistent over all trees. The age trend in earlywood RRD, on the other

hand, differed among trees. In some trees, earlywood RRD appeared to

steadily increase over all rings, whereas in others, earlywood RRD

plateaued at age 11 or later.

For each core sample, a linear regression model was fitted to the

portion of each age trend that steadily increased with increasing age

(i.e., all rings for overall and latewood RRD, the first 5 rings for

earlywood RRD, and the last 5 rings for LP). Thus, the slope of these

regressions gave a measure of ring-to-ring variation over the portion of

the juvenile core where the greatest changes in those traits were taking

place. In addition, because latewood proportion normally increases as

trees approach the age of transition to mature wood formation (Bendtsen

and Senft 1986), the slope of the age trend for LP during the last 5

years might estimate the rate of increase in LP during this transition

phase. Coefficients of determination (R2) for the linear regressions

were normally high for all traits (in most cases R2>O.90).

To examine family differences in the slopes of these age trends,

analyses of variance of the slopes for all traits were performed

according to a random-effects model (Table IV.l), using the SAS GLM

procedure (SAS 1987). Type III sums of squares, which are least squares

estimates that take into account the imbalance in number of observations

per plot, were used to estimate the mean squares for each source of

variation. F-tests were used to determine significance of family
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differences in the slope of the age trends.

Because the plateau observed in the age trend for earlywood RRD

might be related to an earlier transition from juvenile to mature wood

formation, it was of interest to determine whether families differed in

the age at which this plateau is reached. The age at which earlywood

RRD reached the plateau was identified by fitting a two-segment

regression line, using piece-wise regression techniques (Neter et al.

1983). With this method, two regression lines were fitted

simultaneously, one to the rapid increase in earlywood RRD that occurred

in early rings, and the second to the relatively stable values for this

trait that occurred later. Regression models in which the age of

intersection of the two regression segments was varied from age 9 to age

15, were fitted to each sample. The point (age) of intersection of the

two regression segments in the best fitting model (i.e. , the model with

the lowest error sum of squares) estimated the age at which the plateau

was reached. The regression models, however, could not precisely

estimate changes in slope that might have occurred after age 13, because

there were not enough data points to fit the regression line after that

age, making it impossible to get an unbiased estimate of the mean age at

which the plateau in earlywood RRD was reached. Instead, the proportion

of trees per plot that reached the plateau in earlywood RRD by age 12

was estimated. Age 12 was chosen because most trees estimated to have a

plateau by the two-segment regression, did so by age 12. Presumably,

families with higher proportions of individuals reaching this plateau by

age 12 would, on average, reach the plateau at earlier ages.

To test for family differences in the proportion of trees per plot
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where = Additive genetic variance,

= MSF/k3 Phenotypic variance of family means,

MSF = Expected mean square of families/set, and

= Coefficient associated with the family component of

variance.

The additive genetic variance (o) was estimated as 3 times the family

component of variance (°())' assuming that open-pollinated families are
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with earlywood RRD plateau by age 12, an analysis of variance of this

proportion was done using a similar random-effects model as used for the

other traits (Table IV.l), except that the within-plot source of

variation was not included. Analysis of residuals showed a slightly

non-uniform variance among families in the error term for the proportion

of trees with earlywood RRD plateau. Although a Logit transformation

(Weisberg 1985) corrected this problem, the results of the analysis of

variance were basically the same, so the results using the non-

transformed variable (proportion of trees per plot) are presented.

To determine the degree of genetic control of the age trends,

family heritability estimates were calculated for those traits that

showed significant family differences (pO.O5), following Falconer

(1981). Variance components were estimated by equating the mean squares

in the analyses of variance to their respective expectations from the

model in Table IV.l, using the estimates of the 1< coefficients given by

the SAS GLM procedure. Family heritability (h) was estimated as:

h = (l/4)a (IV.2)



related to a greater extent than half-sibs (Campbell 1979). Standard

errors for heritability estimates were calculated according to Osborne

and Paterson (1952).

The genetic relationships of age trends with overall density of

the core sample, and with growth traits [diameter at breast height

(DBH), height, and volume] at age 15, were investigated by calculating

their respective genetic correlations, and their standard errors,

according to Becker (1984). Only those traits that showed significant

family differences were included.
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RESULTS AND DISCUSSION

Genetic variation in age trends of ring density and its components

Overall RRD increased, on average, 0.011 g/cm3 per year across

increment core samples (Figure IV.l). Latewood RRD increased over twice

as fast (0.026 g/cm3 per year) over the same period of time. LP, though

irregular during the early growth rings, increased on average 3.5% per

year in the later growth rings (portion of the core that showed a steady

increase). Earlywood RRD increased at about the same rate in the first

five years (0.013 g/cm3) as overall density did over the entire period.

Analyses of variance, however, showed no significant family differences

(pO.05) in the slopes of the age trends for any RRD trait, indicating

little or no genetic variation for these traits in the sample

population. Thus, there appears to be little opportunity for increasing

uniformity of wood density in the juvenile section of the tree by

selecting for flatter slopes in the age trends.

On average, the proportion of trees per plot with an earlywood RRD

plateau was 0.82, but this proportion varied significantly (p<O.Ol)

among families, with a range of 0.30 to 1.00. Even though the plateau

in the earlywood RRD trend was estimated to occur as early as ring 6

from the pith, there are reasons to believe that the plateau may be

related to the transition from juvenile to mature wood. As indicated

earlier, in a previous study of Douglas-fir (M. Hoag, personal

communication) overall RRD was found to plateau at around 15 rings from

the pith, which coincides with the age normally assumed as the

transition from juvenile to mature wood in this species (Erickson and
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Harrison 1974, Cown 1976, Senft et al. 1985, Hoag 1988). It seems

reasonable to expect genetic variation in the timing of this transition

and in the age at which the plateau occurs. In the present study, trees

were apparently too young to observe a plateau in overall RRD (i.e., the

number of rings from the pith were <10), but a plateau in earlywood RRD

was observed in many trees. Perhaps earlywood is more sensitive to

changes in cell morphology accompanying the transition from juvenile to

mature wood formation, and the plateau in overall RRD is not observed

until later because latewood RRD and latewood proportion are still

increasing at these early ages, more than compensating for the plateau

in earlywood RRD.

If these assumptions are correct, then the differences among

families in the proportion of trees reaching the plateau in earlywood

RRD by age 12, might be used as an early indicator of genetic

differences in the age of transition to mature wood formation, which

could be important for reducing the age of selection for this trait

(i.e., the age of transition). The estimated family heritability for

this proportion was 0.30 (±0.10), so at least a moderate response to

selection would be expected in this characteristic. This estimate of

family heritability is similar to that obtained for the age of

transition to mature wood in P. taeda (Loo et al. 1985).

Genetic relationships between the aze trends and overall core density

and growth traits

Because family differences in the slopes of the age trends were

not significant, genetic correlations involving these traits could not
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be estimated. The proportion of trees with an earlywood RRD plateau by

age 12 was not genetically correlated with overall core density, nor

with growth traits (Table IV.2). These results might be contrasted to

those in one study of P. taeda (Loo et al. 1985), where the age of

transition to mature wood (as estimated from age trends in average ring

density) was negatively correlated with both diameter growth (rA=-O.6l)

and overall core density (rA=-O.68), i.e., an earlier age of transition

was associated with both faster growth and higher wood density.

However, in another study in P. taeda, Bendtsen and Senft (1986)

suggested that the age of transition from juvenile to mature wood was

not related to growth rate or overall density, but correlation estimates

were not given.

The lack of genetic relationships between the proportion of trees

with an earlywood RRD plateau and overall core density and growth rate

suggests that selecting for families with a higher proportion of

individuals with earlywood RRD plateau by age 12 would result in a

shorter juvenile wood formation phase without negatively influencing

wood density or growth rate. Before proceeding, though, it will be

necessary to confirm that the plateau observed in the earlywood RRD

trend is, indeed, strongly related to the age of transition from

juvenile to mature wood formation. This could be done by examining the

age trends of RRD traits in trees that are already producing mature

wood, and determining the genetic relationship between the plateau in

earlywood RRD and the plateau in overall RRD. Obviously, this assumes

that the plateau in overall RRD is an acceptable indicator of the age of

transition to mature wood formation in this species. This assumption
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can be tested by comparing the age trend in overall RRD to changes in

other characteristics (e.g. latewood proportion, tracheid length, fibril

angle, or mechanical properties) normally associated with the transition

to mature wood.
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Table IV.l. Form of the variance and covariance analyses for age
trends of wood density traits.

Sets s -1 + k6a + k7a(5) + k8a($) + k9a

blocks/set (b-l)s + ka + k5o()

Families/set (f-l)s + + k3o(S)

Block*Fam./set (f-l)(b-l)s a + k1a

Within-plot' E(n1-l)

/ For covariance analyses, cross products are used instead of
mean squares.

b/ This source of variation was not included in the analysis of
variance for the proportion of trees with earlywood RRD plateau.

s = number of sets.

b = number of blocks/set.

f = number of families/set.

k Coefficient associated with the jtI variance component.

number of trees in plot i.

t = total number of plots in the experiment.

= within-plot variance.

= plot-to-plot variance.

of(s) = variance among families in sets.

= variance among blocks in sets.

= variance among sets.
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Table IV.2. Estimates of genetic correlations between the proportion of
trees with an earlywood RRD (relative ring density) plateau by age 12
and overall core density and growth traits at age 15a

Growth traits

/ Standard errors of genetic correlation estimates are given in
parentheses.

85

Proportion of trees 0,09 -0.04 -0.12 -0.11
with early-wood RRD
plateau by age 12

(0.24) (0.32) (0.30) (0.30)

Overall DBH Height Bole
Trait core volume

density



CHAPTER V

GENETIC RELATIONSHIPS BETWEEN WOOD DENSITY COMPONENTS

AND GROWTH RHYTHM TRAITS IN YOUNG COASTAL DOUGLAS-FIR

ABSTRACT

To obtain a better understanding of the genetic control of wood

formation in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), and to

assess the potential impact of selecting for increased wood density on

adaptation of trees, genetic relationships between wood density and its

components (earlywood density, latewood density, and latewood

proportion) and growth rhythm traits were examined in a 15-year-old

progeny test (60 open-pollinated families). Wood density traits were

estimated by X-ray densitometry of increment core samples. Timing of

budburst and diameter growth during the 1987 growing season were

available from an earlier study. By comparing the wood density profile

of the annual ring formed in 1987 with the diameter growth curve for the

same year, several wood formation traits (date of latewood transition,

lengths and rates of earlywood and latewood formation) were also

estimated for each tree.

Wood formation traits were found to be under weak genetic control

(h<0.20), and lengths of the earlywood and latewood formation periods

mostly determined by the timing of latewood transition, rather than by

timing of initiation and cessation of cambial growth. Overall density

of the entire core was negatively correlated with the dates of cambial
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growth initiation (rA-O.4l) and latewood transition (rA=-O.62), and

positively correlated with the date of cambial growth cessation

(rAO.4O). As a result of these relationships, higher wood density was

associated with a longer duration of cambial growth (rA=O.67) and a

slower rate of wood formation (rA=-O.37). All density components showed

similar relationships with cambial phenology and wood formation traits.

No significant genetic relationships were observed between wood density

traits and date of budburst. Although selection for increased wood

density is expected to cause only a slight extension of the cambial

growth period, it would also cause an earlier transition to latewood

formation, negatively affecting growth rate.



INTRODUCTION

Physiological studies have shown that wood formation in conifers

is regulated by seasonal changes in the physiological activity of the

tree crown (Larson 1960, Gordon and Larson 1968, Brown 1970, Nix and

Wodzicki 1974). Therefore, strong genetic relationships between wood

density and growth rhythm traits (i.e., phenology of shoot and cambium

growth) are expected in conifer species (Mergen et al. 1964, Smith 1977,

Dodd and Power 1986).

Knowledge of genetic relationships between wood density and growth

rhythm traits is important for understanding the physiological

mechanisms of wood formation, and the degree to which the phenotypic

relationships between these traits are under genetic control.

Understanding the genetic relationships between wood density and growth

rhythm traits is also important for tree breeding purposes. Shoot

phenology traits are normally under very strong genetic control, and

they are often more readily measured than wood density (Kennedy 1970).

Thus, if a strong genetic correlation exists between these traits,

selection for phenological traits might be effective for indirectly

improving wood quality (Mergen et al. 1964, Kennedy 1970). On the other

hand, undesirable genetic correlations between wood density and growth

rhythm could cause serious problems for tree breeders, because growth

rhythm traits are important for adaptation (Dietrichson 1961, 1964).

If, for example, wood density is negatively correlated with the dates of

budburst and cambial growth initiation (i.e., trees with earlier

flushing or cambial growth initiation have higher wood density),
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selection for increased wood density would result in increased

susceptibility to shoot and cambial damage from spring frosts.

Despite the importance of genetic relationships between wood

density and growth rhythm traits, very limited information is available

on these relationships in any conifer species. In fact, previous

studies, which primarily focused on phenotypic correlations between wood

density and shoot phenology, give contradictory results. In Norway

spruce (Picea abies (L.) Karst.), for instance, Mergen et al (1964)

found a positive phenotypic correlation between wood density and date of

budburst (i.e., trees with an earlier flushing date had lower wood

density), whereas Worrall (1970) found these traits to be unrelated.

Similarly, in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco),

McKimmy (1966) and Kennedy (1970) reported a negative correlation

between wood density and date of budburst, while Gown (1976) concluded

these traits were uncorrelated.

Because of the difficulty of measuring cambial phenology,

relationships between wood density and cambial phenology traits have

been studied in only a few cases (Worrall 1970, Gown 1976). From those

studies, it appears that the relationships between wood density and

cambial phenology are quite complex. Average (overall) wood density

results from three interacting components, earlywood density, latewood

density, and latewood proportion, and it has been hypothesized that

these components are affected by different factors during the process of

wood formation (Worrall 1970, Nicholls and Wright 1976). Presumably,

cambial division is reactivated by shoot growth in the spring, and

earlywood is formed until shoot elongation stops, at which point
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latewood formation commences and continues until cambial growth ceases

in late summer (Wareing 1958, Wodzicki and Wodzicki 1980, Savidge and

Wareing 1984). Since cell diameter and cell wall thickness are affected

by the rate of cambial division, it might be expected that earlywood and

latewood densities are primarily related to the rate of cambial growth

during their respective formation periods. Similarly, latewood

proportion might be expected to be mostly determined by the length of

the latewood formation period. Knowledge of the genetic

interrelationships between wood density components and wood formation

traits (i.e., date of latewood transition, lengths and rates of early

and latewood formation) may help in understanding the relationships

between overall density and cambial phenology.

In 1987, shoot and cambial phenology data were collected from 60

open-pollinated Douglas-fir families growing on a single test site in

western Oregon (Li 1990). X-ray densitometry of increment cores

collected from the same trees in summer, 1988, provided wood density

profiles for the 1987 annual ring, as well as the entire core (Chapter

II). In this chapter, growth phenology and wood density traits in these

trees are compared, in order to: (1) estimate the extent of genetic

control of wood formation traits and their relationships with wood

density components; (2) determine genetic relationships between overall

core density and individual growth phenology traits; and, (3) examine

the potential effects of selection for increased wood density on

individual growth phenology traits.



MATERIALS AND METHODS

Plant materials

Families included in this study are growing in a progeny test at

Coyote Creek, near Eugene, Oregon. They correspond to sets 2 and 4 (30

families each) of the Noti Breeding Unit of the Douglas-fir Progressive

Tree Improvement Program (Silen and Wheat 1979). Parent trees were

phenotypically selected in natural stands located between 150 and 450 m

elevation in the central Coast Range of Oregon. Each set of families

comprised a separate randomized complete block experiment with four

replications. Families in each block were originally represented by a

four-tree non-contiguous plot, with trees assigned to planting spots at

random. Trees were 15-years-old from seed in 1987, when the

measurements were made. At that time, survival of trees in these two

sets was about 85%. Most mortality, however, occurred during the first

two years after planting, and dead seedlings were replaced with

seedlings from the same families. The replacements were not measured in

this study.

Measurements and derivation of traits

Details on the methods of shoot and cambium phenology measurements

of the 60 families in 1987 are presented by Li (1990); only an outline

is given here. With the aid of binoculars, the date of budburst in the

terminal shoot of each tree was estimated from observations made every 3

days. The date of budburst was defined as the date when new shoots were

visible for the first time outside the bud scales. Li, however, was not
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able to determine the date of budset in these trees because needles at

the top of the leader made it impossible to see the setting terminal bud

from the ground. Thus, date of budburst is the only shoot phenology

trait considered in this study.

Diameter growth at breast height (1.37 m) was monitored on a

weekly basis with a high precision caliper, by measuring the distance

(approximated to the nearest 0.01 mm) between two thumbtacks located on

opposite sides of the stem. Trees were measured from the week of March

26 until the week of September 27, when no further diameter change could

be detected. Cumulative diameter growth curves were generated for each

tree from the weekly diameter measurements. The dates at which 5% and

95Z of the diameter growth was completed estimated dates of initiation

and cessation of diameter growth, respectively. The length of the

cambial growth period was estimated as the difference in the number of

days between the dates of cessation and initiation of diameter growth.

To estimate wood density traits, a 5-mm diameter increment core

sample, extending from pith to bark, was taken from the same spot where

diameter growth was measured one growing season earlier (Chapter II).

Intra-ring density information across each core sample was obtained by

using a direct scanning X-ray densitometry system (Hoag and McKimmy

1988). Ring density and its components (i.e., earlywood density,

latewood density, and latewood proportion) for the annual ring formed in

the 1987 growing season, as well as average values of these components

for the whole core, were calculated from the X-ray density profiles.

The point in the ring where density equals the average of the minimum

and maximum density values for that ring was used as the criterion to
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separate earlywood from latewood (Green and Worrall 1964, Nicholls and

Wright 1976).

Wood formation traits were estimated by comparing, for each tree,

the cumulative diameter growth curve in 1987 with the densitometric

profile for the ring formed in the same year. The approximate date of

latewood transition was assumed to occur at the time when the percentage

of cumulative diameter growth was identical to the percentage of

earlywood in the annual growth ring (Figure V.1). This method assumes

that total ring width obtained from the core sample is closely

correlated to total diameter growth obtained from the growth curves. A

plot of ring width against total diameter growth showed that these

traits were linearly related, but the correlation between them was only

0.76. Several factors could have contributed to this imperfect

correlation, including asymmetric diameter growth around the stem,

differences among trees in the amount of phloem production, and

differences in shrinkage of the core samples. Non-uniform diameter

growth around the stem is the most likely cause of the correlation being

lower than expected. Diameter growth was estimated from measurements

that included cambial growth on two sides of the tree, whereas ring

width was estimated using only one side. Phloem growth, on the other

hand, is normally less than 10% of the total annual xylem growth, and it

is not expected to differ much among trees (Bannan 1957, Grillos and

Smith 1959). Similarly, radial shrinkage of the core samples at 10%

moisture content has been estimated to be only around 3% (Erickson 1955,

Kennedy 1961). Because of the imperfect relationship between ring width

and diameter growth, the error in estimating the date of latewood



transition on an individual tree basis may be large. Nevertheless,

residuals of the regression of ring width on total diameter growth were

randomly distributed among families, so the estimates of family means

for the date of latewood transition are likely to be unbiased.

The length of the earlywood formation period in 1987 was estimated

as the number of days from initiation of diameter growth to the date of

latewood transition, and the length of the latewood formation period was

estimated as the number of days from the date of latewood transition to

cessation of diameter growth. In addition, the rates of earlywood and

latewood formation in the 1987 annual ring were calculated by dividing

earlywood width and latewood width by the lengths of their respective

formation periods.

Data analysis

All variance and covariance analyses were performed on a plot-

mean basis using a random-effects model (Table V.1). Missing values for

three plots (out of a total of 240) were estimated according to the

method described by Steel and Torrie (1980). Within-plot variances and

covariances, as well as the harmonic mean for number of trees per plot

were estimated separately by pooling individual-plot values. Components

of variance and covariance were estimated from the appropriate mean

squares and cross products (Namkoong 1979).

To determine the genetic control of wood formation traits,

individual-tree heritabilities for those traits were estimated as in

Falconer (1981), assuming a coefficient of genetic relationship of 1/3

among progeny within open-pollinated families (Campbell 1979). Standard

94
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errors for heritability estimates were calculated following Osborne and

Paterson (1952). The genetic interrelationships of wood density and its

components with growth phenology and wood formation traits were analyzed

by estimating their respective genetic correlations (and their standard

errors) as in Becker (1984). Expected changes in growth rhythm traits

resulting from selection on overall wood density were explored by

estimating and comparing the correlated responses of individual growth

rhythm traits (Falconer 1981).



RESULTS AND DISCUSSION

Genetic control of wood formation traits

Analysis of variance showed significant differences (pO.O5) among

families in the date of latewood transition and the lengths and rates of

earlywood and latewood formation (Table V.2). These results are

important; despite the error in estimating the date of latewcod

transition, it still was possible to detect family differences in this

trait and all the traits derived from it. All the wood formation

traits, however, had low coefficients of genetic variation. In

addition, they had low estimates of individual-tree heritability

(h<O.2O), indicating they are under weak genetic control. The levels

of genetic variation and magnitudes of genetic control observed for

these traits are similar to those presented by Li (1990) for cambial

phenology traits (initiation, cessation and duration of cambial growth)

in the same families.

The average date of latewood transition during the 1987 growing

season was June 27 (i.e., 177 days after January 1, Table V.2); this

date is about one month earlier than the earliest average date of

transition (measured in 1971) estimated by Enimingham (1977) for several

provenances of young Douglas-fir growing in different sites in Oregon.

Differences between these two studies in the age of latewood transition

may be due to differences in seed source, year-to-year variation, or

tree age. Enimingham (1977) reported differences of 10 to 20 days in the

average date of latewood transition among provenances growing on the

same plantation site, with seed sources from drier areas having an

96
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earlier date of latewood transition. As to differences between years,

Kennedy (1961) reported a large variation in date of latewood initiation

from one growing season to the next, even in the same population of

Douglas-fir. In addition, Gregg et al. (1988) found that latewood

initiation in Pinus taeda occurred 3-4 weeks earlier in a growing season

with a relatively dry summer, than in a growing season with average

precipitation. According to the precipitation records for the area

where the progeny test in the current study is located, rainfall in 1987

was below average. Total rainfall during the first 6 months of 1987 was

83% of the average precipitation in that period for the last 15 years,

and total rainfall in the period April-June was only 56% of the average

in that period for the last 15 years. The possibility that low rainfall

caused the early date of latewood transition is supported by the fact

that diameter growth in these families ceased about one month earlier

than in the populations studied by Emmingham (1977). Differences in age

might also contribute to differences in the date of latewood transition.

Trees in the populations studied by Emmingham (1977) were 2-4 years

younger than trees in this study and, since the proportion of latewood

normally increases with age, it might be expected that our older trees

had earlier dates of latewood transition.

Of the four months of cambial growth in 1987 (Li 1990),

approximately 2½ months (71 days), on average, corresponded to earlywood

formation, and 1½ months (48 days) to latewood formation (Table V.2).

Families varied, however, 17 days in the mean date of latewood

initiation, 16 days in the length of the earlywood formation period, and

20 days in the length of the latewood formation period. These family
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differences are about twice as large as the range in family means

reported by Li (1990) for the total length of cambial growth (9 days).

Gregg et al. (1988) suggested that a large amount of variation in the

timing of latewood initiation, and thus in the lengths of earlywood and

latewood formation periods, should normally be expected in young trees

that are in the transition phase from juvenile to mature wood formation.

Although the transition from juvenile to mature wood in Douglas-fir

occurs at around 15 rings from the pith (Cown 1976, Senft et al. 1985),

and in this study trees had only 8-9 rings at breast height, there

appears to be some evidence that changes related to this transition are

occurring in these trees (Chapter IV).

The estimated average rate of earlywood formation (0.059 mm/day)

was greater (by about 40%) than the average rate of latewood formation

(0.042 imn/day) (Table V.2). In contrast, Emmingham (1977) found a

nearly constant rate of cambial growth over the entire growing season.

Genetic interrelationships between wood density components, wood

formation traits, and growth rhythm

Estimated genetic correlations of wood density and its components

with wood formation and growth rhythm traits were similar, regardless of

whether wood density traits were based on the 1987 annual ring alone, or

on the entire core sample. This is not surprising, however, since it

was shown earlier (Chapter III) that genetic correlations between wood

density traits at different ages were strong; in this case, genetic

correlations between wood density traits in the 1987 annual ring and

their respective values for the entire core varied from 0.73 to 0.94.
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Because one goal of this study was to examine the potential impact of

selection for increased wood density (based on information from the

entire core) on individual growth phenology traits, only the genetic

correlations of overall core density and its components with wood

formation and growth rhythm traits are discussed.

Estimated genetic correlations of overall core density and all its

components with dates of diameter growth initiation and latewood

transition were negative (Table V.3). This indicates that families with

higher wood density tend to have earlier dates of diameter growth

initiation and latewood transition. Wood density traits had stronger

genetic correlations with the date of latewood transition than with the

date of diameter growth initiation, suggesting that despite the positive

genetic association (rA=O.52 ±0.28) between initiation of cambial growth

and latewood transition, the timing of latewood transition is more

important in determining wood density. This seems logical, because an

earlier date of latewood transition would increase the length of

latewood formation at the expense of reducing the length of earlywood

formation, which would result in a higher proportion of latewood in the

ring. This is especially so in these data, where Li (1990) found little

family variation for date of cambial cessation or for total length of

cambial growth. As might be expected, the strongest genetic

correlations involving the date of latewood transition were found with

latewood density (rA=-O.75) and latewood proportion (rA=-O.66).

Although overall core density and its components were positively

correlated with date of cambial growth cessation, the standard errors of

these estimates were large. Nevertheless, the combined tendency for
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wood density to increase with both earlier diameter growth initiation

and later cessation, resulted in moderately strong positive genetic

correlations between wood density traits and the length of their

respective formation periods (e.g. , genetic correlation between overall

core density and length of the growing season was 0.67). The only

exception was the estimated correlation between earlywood density and

length of the earlywood formation period, which was weakly negative.

The positive genetic correlation between overall core density and length

of the growing season, therefore, was due to the positive correlations

of latewood density and latewood proportion with length of the latewood

formation period. Similar relationships were reported by Kennedy

(1961), and Nicholls and Wright (1976). Moreover, as in those earlier

studies, the length of the latewood formation period was negatively

correlated with the length of the earlywood formation period (rA=-O.77

±0.23), indicating again that the longer period of latewood formation

was primarily due to an earlier latewood transition date, rather than to

a later cessation of cambial growth.

Estimated genetic correlations of overall core density and its

components with their respective rates of formation were all weak (and

of similar magnitude to their standard errors), but negative. Negative

correlations between these traits were not unexpected, because overall

core density was shown in Chapter II to have a negative genetic

correlation with bole diameter at age 15. The stronger genetic

correlations found between wood density traits and the length of their

respective formation periods, as compared to their rates of formation,

suggests that the length of the formation periods is more important in
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affecting wood density and its components. This interpretation,

however, should be made with caution, because of the interrelationships

between length of the formation periods and rates of formation ( i.e.,

rates of formation were estimated using length of the formation period

in the denominator, so these traits are not independent). Besides, the

magnitude of the standard errors associated with the correlation

estimates are large enough to indicate that differences between the

magnitudes of these estimates could be due entirely to sampling error.

The negative relationship observed between wood density and growth

rate may be primarily due to differences among families in the time of

latewood initiation, since a moderately positive genetic correlation

(rA=O.67 ±0.21) was found between the overall rate of wood formation and

date of earlywood-latewood transition, indicating slow-growing trees

tended to switch earlier to latewood production. This earlier latewood

initiation may be associated with greater internal water stress

developed early in the growing season in small trees, due to their

inability to compete against bigger individuals. Brix (1972) and Cregg

et al. (1988) have suggested that an increase in water stress can

promote the initiation of latewood production.

Unlike cambial growth phenology, budburst of the terminal shoot

does not appear to be correlated with any of the wood density traits

(Table V.4). Lack of genetic correlations between date of budburst and

wood density traits in these families is not surprising, because Li

(1990) found weak genetic correlations between date of budburst and

cambial phenology in the same materials. In earlier studies based on

phenotypic correlations, moderately negative correlations between wood
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density and date of budburst were found in Douglas-fir (Kennedy 1970,

McKimmy 1966). In our study, however, phenotypic correlations between

budburst and wood density traits were as weak as the genetic

correlations mentioned above. Discrepancies between our study and

previous studies may be partially due to the fact that earlier studies

either compared populations from a broader geographic range, having

large differences in both shoot and cambium phenology (McKimmy 1966), or

included only individuals with extreme dates of budburst (Kennedy 1970).

Correlations between traits may also differ among populations. In a

recent study, Bastien et al. (1985) found that estimated genetic

correlations between date of budburst and wood density varied from -0.7

to 0.4 in different populations of Douglas-fir.

Implications of selection for wood density on growth rhythm traits

The lack of genetic correlation between wood density and date of

budburst indicates that selection for wood density is unlikely to have

much of an influence on budburst phenology, and that budburst phenology

would not be useful as an indirect measure of wood density. In

addition, despite the moderate genetic correlations observed between

overall density and cambial phenology traits in this study, only weak

correlated responses in cambial phenology are expected from selection to

increase wood density. This is primarily due to the low heritability

and limited amount of variation observed in cambial phenology traits.

Based on the data presented in this study, mating of the top 20%

of parents selected for greater overall density would result in progeny

with an average cambial growth period 2 days longer than in progeny
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resulting from crosses among all parents prior to selection. Both an

earlier initiation and a later cessation would contribute to the

extended period of cambial growth. The extent to which this small

increase in the length of the cambial growth period may influence

adaptability, however, is unclear. Dietrichson (1961 and 1964) found an

increased cambial frost damage and snowbreak frequency in southern

provenances of Pinus sylvestris growing in Norway associated with an

extended cambial growth period, presumably because of an incomplete

lignification of the outer latewood zone. In those provenances,

however, the cambial growth period was over two weeks longer than the

average growth period for local sources. In addition, Dietrichson's

study was conducted in a harsher climate than normally experienced in

the Oregon Coast Range.

Selecting for increased overall wood density would accelerate the

transition from earlywood to latewood formation. Using the same

selection intensity indicated above, date of latewood transition in the

progeny of the selected parents would occur 2 days earlier than in the

population prior to selection. This would increase the length of the

latewood formation period at the expense of the earlywood formation

period, affecting negatively the rate of diameter growth.

Given the time and cost of measuring cambial phenology traits, it

is not likely that these traits will be included in tree improvement

programs for Douglas-fir in the Pacific Northwest. Nevertheless,

genetic correlations between wood density and cambial phenology do not

appear to be very strong, so even if the intensity of selection for

increased wood density were relatively high, the impact on cambial
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phenology is not expected to be great. The intensity of selection

applied for increasing wood density, however, is not likely to be large,

otherwise gains in volume growth would have to be sacrificed (Chapter

II). In addition, selection for increased volume growth is not expected

to have much effect on cambial phenology, because genetic correlations

between volume growth and cambial phenology traits also appear to be

weak in this species (Li 1990).
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Table V.1. Form of the variance and covariance analyses for wood
density, growth phenology, and wood formation traits.

Sets s-1

blocks/set (b-l)s

Families/set (f-1)s

Block*Fam./set (f-1)(b-1)s
(plot error)

a/k + + ba> + fa) + bfa

a/k + + fa(S)

o/k + cr + ba($)

a/k +

/ For covariance analyses, cross products are used instead of
mean squares.

s number of sets.

b = number of blocks/set.

f number of families/set.

k harmonic mean of number of trees per plot for all sets.

n1 = number of trees in plot i.

t = total number of plots in the experiment.

= within-plot variance.

= plot-to-plot variance.

Uf(s) = variance among families in sets.

gb(s) = variance among blocks in sets.

= variance among sets.
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Source of Degrees of Expected mean squaresa
variation freedom

Within-plot E(n-1) c7



Table V.2. Estimates of population means (X), phenotypic (P) and genetic
(A) coefficients of variation, and individual-tree heritabilities (h)
for wood formation traits in the 1987 annual ring.

/ Range over 60 family means shown in parentheses.

b/ p-value for testing differences among family means.

C/ Number of days after January l.
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pva1ueb

Coefficients of
variation (%)

h ± s.c.P A

177 days (<0.01) 5.67 1.81 0.10 ±0.05
(170-187)

71 days (0.05) 13.61 3.83 0.08 ±0.06
(65-81)

48 days (<0.01) 21.28 9.17 0.19 ±0.06
(38-58)

0.059 mm/day (0.02) 22.03 7.57 0.12 ±0.07
(0.049-0.068)

0.042 mm/day (0.01) 22.65 8.27 0.13 ±0.07
(0.033-0.049)

Trait

Date of latewood
transitionc

Length of the
earlywood
formation period

Length of the
latewood
formation period

Earlywood
formation rate

Latewood
formation rate



Table V.3. Estimates of genetic correlations between overall wood
density traits at age 15 and cambial (diameter) growth phenology and
wood formation traits in the 1987 growing season.a

/ Standard errors of genetic correlation estimates are given in
parentheses.

b/ Refers to the length (days) of the formation period for the
corresponding wood density trait. In the case of latewood proportion
(LP), the correlation is between LP and the length of the latewood
formation period.

C/ Refers to the formation rate (mm/day) for the corresponding wood
density trait. In the case of LP, the correlation is between LP and
rate of latewood formation.
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Wood
density Date of diameter growth

Date of
earlywood/
latewood
transition

Length of
formation
periodb

Formation
ratec

trait initiation cessation

Earlywood -0.24 0.51 -0.43 -0.32 -0.22
density (0.22) (0.31) (0.24) (0.28) (0.27)

Latewood -0.48 0.15 -0.75 0.63 -0.37
density (0.22) (0.35) (0.22) (0.18) (0.28)

Latewood -0.46 0.28 -0.66 0.65 -0.42
proportion (0.26) (0.35) (0.25) (0.20) (0.28)

Overall core -0.41 0.40 -0.62 0.67 -0.37
density (0.20) (0.30) (0.20) (0.28) (0.23)



Table V.4. Estimates of genetic correlations between overall wood
density traits at age 15 and date of budburst in the terminal shoot in
the 1987 growing season.a

Earlywood Latewood Latewood Overall
density density proportion density

/ Standard errors of genetic correlation estimates are given in
parentheses.
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Budburst -0.08 0.03 -0.20 -0.10
(terminal) (0.17) (0.18) (0.19) (0.17)
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CHAPTER VI

GENERAL CONCLUS IONS

This study examined the genetic control of wood density and its

components, the extent to which information on individual components

improve the efficiency of selection for overall density, and the genetic

relationships between wood density components and annual growth rhythm

traits in young coastal Douglas-fir. Wood density components, on a

ring-by-ring basis, were obtained by X-ray densitometry of increment

core samples taken from 15-year-old trees of 60 open-pollinated

families. In addition to providing information on wood density traits

averaged over the entire core, X-ray densitometry made it possible to

examine genetic parameters of wood density and its components at younger

core ages, and to follow age trends in each of the wood density traits

at the individual ring level.

Wood density had moderate amounts of genetic variation and was

under strong genetic control, confirming previous reports in Douglas-

fir. The study also confirmed the presence of a moderately negative

genetic correlation between wood density and volume growth, indicating

that selection to improve one trait alone would produce a negative

correlated response in the other trait. The individual density

components were strongly correlated with overall density, but were

highly interrelated among themselves and were under less genetic control

than overall density. Thus, information on the density components does

not appear useful for improving the efficiency of selection for wood
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density or for reducing negative impacts on growth. For the purposes of

improving overall wood density, less expensive methods of estimating

density from increment cores would be adequate.

The negative genetic relationship between wood density and bole

volume has important implications for tree improvement programs of

Douglas-fir in the Northwest, where bole volume growth is currently the

main criterion for selection. In order to avoid reductions in wood

density, it is necessary to include this trait in selection programs.

Although it will not be possible to achieve maximal gains in bole volume

without negatively affecting wood density, substantial gains in bole

volume can be achieved without loss in wood density or even while wood

density is slightly increased, if appropriate selection indices are

used. Comparison of selection criteria in this study illustrated some

of the possibilities in terms of simultaneous selection for wood density

and bole volume. Further research, however, is required to determine

the relative importance of these two traits on the final value of

different wood products. Incorporating economic weights for each trait

into selection indices would lead to index coefficients appropriate to

maximizing economic gains for a particular situation. The strength of

the genetic correlation between these two traits may vary among

populations, especially when extreme environments are considered, so

indices would need to be developed separately for each breeding

population. Further research is necessary to examine the stability of

genetic parameters for these traits in different test environments.

The genetic control of overall density and its components

increased with increasing core age. The observed increase in
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heritability, however, was primarily due to a reduction in the error of

estimating average density values as the number of rings in the sample

increased, rather than to an increase in additive genetic variance.

Thus, it is uncertain whether heritability will continue increasing at

older ages. Wood density and its components at age 15 showed strong

genetic correlations with their respective traits at all younger ages

evaluated in this study (i.e., ages 7-14). Due to the strong age-age

genetic correlations, early selection for overall density in juvenile

Douglas-fir appears to be very efficient; selecting at age 10, for

example, would result in nearly the same gains in wood density at age

15, as would selections made 5 years later.

Knowledge that wood density can be efficiently evaluated at early

ages could be very useful for roguing seed orchards or culling breeding

populations prior to a controlled mating program. This study, however,

was only focused on juvenile wood density. Although previous studies

have shown that density of juvenile wood is genetically correlated with

overall density at mature ages, further research is required to confirm

the strength of these juvenile-mature relationships, and to examine the

degree of genetic control for wood density in mature trees. This would

make it possible to determine whether early evaluations of wood density

(as those made in this study) can be used as a reliable estimate of

mature wood density.

Due to the limited number of annual rings present in the sample,

the analysis of age trends of relative ring density (RRD) traits did not

provide a conclusive answer with respect to the possibility of selection

for a shorter juvenile wood formation phase. Although RRD traits
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followed different age trends, the study failed to detect significant

family differences in the slope of these age trends. In addition, even

though the earlywood RRD trend was observed to plateau at around age 12

in some trees, and there were significant family differences in this

characteristic, the practical implications of those differences are

uncertain. There are reasons to hypothesize that the plateau in

earlywood RRD might be an early indicator of the age of transition from

juvenile to mature wood formation in these trees, but further research

using older trees is required to confirm or reject this hypothesis. In

order to test this hypothesis it will be necessary not only to determine

the genetic correlation between the ages at which the plateaus in

earlywood and overall RRD are reached, but also to confirm that the

plateau in overall RR.D is a reliable indicator of the juvenile-mature

transition age. If the hypothesis is correct, results from the present

study would be important for improving wood quality, because it might be

possible to reduce the amount of juvenile wood in trees by selecting at

age 15 families having greater proportions of individuals with the

earlywood RRD plateau.

Analysis of the genetic interrelationships between wood density

components and growth rhythm traits provided information about the

process of wood formation in Douglas-fir and the possible implications

of selection for increased wood density on adaptation of trees. The

negative genetic relationship between wood density and growth rate

observed in this population seems to be associated primarily with

differences among families in the date of latewood transition. Families

with higher wood density normally had an earlier date of latewood



114

transition, increasing the length of latewood formation at the expense

of the length of earlywood formation. Wood density was also positively

correlated with the duration of the cambial growth period, due both to

an earlier initiation and a later cessation of cambial growth. Unlike

cambial phenology traits, date of budburst was not correlated with wood

density traits.

Despite the unfavorable genetic relationships between wood density

and cambial phenology traits, the risk of extending the annual growth

cycle by selecting for increased wood density seems to be low, because

of the limited variation and weak genetic control observed in cambial

phenology. In this study, however, cambial phenology traits were

measured only during one growing season and it seems that rainfall

during that particular year was below average. Thus, the genetic

parameters estimated for cambial phenology and wood formation traits may

have been affected by this 'unusual' growing season. It is necessary to

follow-up this study by examining other populations and growing seasons,

in order to determine the stability of cambial phenology and wood

formation traits.
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