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ABSTRACT 

Relationships among a variety of densitometric characteristics of juvenile and mature hood from 
360 trees growing in two plantations of a 19 12 Douglas-fir [Pseudotsuga menziesii (Mirb ) Franco] 
Heredity Study were examined. Variables included earlywood density (EWD) and widtkl (EWW); 
latewood density (LWD), width (LWW), and proportion (LWP); average ring density (RD); and total 
ring width (RW). The RD components (EWD and LWD) had strong phenotypic and genetic correlations 
with their respective RW components (EWW and LWW). However, no phenotypic correlation existed 
between average RD and total RW, and genotypic correlation was weak. The relationship between 
wood density and radial growth varied by plantation and genotype. The potential exists for i nproving 
wood density in juvenile and mature wood by selection, with only a minor impact on radiitl growth. 
Selection during the juvenile period to improve mature wood quality is feasible for RD, EW D, LWW, 
and LWP. Further, selection to improve juvenile RW does not result in reduced wood dens ty during 
maturity. 

Keywords: Douglas-fir, juvenile wood, mature wood, ring density correlations. 

INTRODUCTION 

A phenotypic correlation coefficient is a 
measure of the closeness of the relationship 
between two observed (phenotypic) character- 
istics. Such a relationship might be inherent, 
a response to the environmental conditions, or 
both. Genetic correlation between two traits is 

I This is Paper 28 13 of the Forest Research Laboratory, 
Oregon State University, Corvallis. 
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ucts, College of Forestry, Oregon State University, Cor- 
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an expression of whether or not the traits are 
inherited as a unit. The main basis for this 
correlation is the control of two l r  more traits 
by a single gene or, more often, by a group of 
genes (Falconer 1989). Thus, genetic correla- 
tions can be used in breeding pr~grams to in- 
dicate the relative size and direction of change 
brought about in a trait of interest through 
selection for a trait that is more easily ob- 
served, measured, or inherited. 

This paper describes relationships between 
seven densitometric variables d,:termined by 
Abdel-Gadir et al. (1993) for vood in two 
Douglas-fir [Pseudotsuga men;:iesii (Mirb.) 
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Franco] genetic plantations. The objectives of 
the study were: (1) to examine the extent of 
phenotypic and genetic correlations among 
some intra-ring characteristics within and be- 
tween juvenile and mature wood zones, and 
(2) to analyze the influence of planting site, 
provenance, and family on the relationship be- 
tween ring density and ring width. Only a rel- 
atively small number of families were avail- 
able for the study and these families were from 
different populations. Therefore, no attempt 
was made to calculate correlated responses or 
to suggest selection strategies. 

MATERIALS AND METHODS 

The study material was obtained from two 
plantations of the 19 12 Douglas-fir Heredity 
Study, described in detail by Munger and Mor- 
ris (1936). The sample, collected by Mc- 
Kimmy and Campbell (1982), contained 360 
mature trees from 30 half-sib families (parent 
trees) representing 10 provenances (geographic 
seed sources). The provenance locations ranged 
from northern Oregon to northern Washing- 
ton, and altitudes, from about 30 m to 1,170 
m. The planting locations were Wind River in 
southwestern Washington (335 m elevation) 
and Mount Hood in northwestern Oregon (850 
m elevation). 

Abdel-Gadir et al. (1993) made measure- 
ments by X-ray densitometry on two 12-mm 
cores from each tree in two replications in each 
of the two plantations. Detailed description of 
the equipment and scanning procedure is given 
by Hoag and McKimmy (1 988). In each sam- 
ple core, juvenile wood was represented by 
rings 6-15 from the pith because ring 6 was 
the closest ring to the pith available in every 
core. Mature wood was represented by rings 
15-25 from the bark because rings near the 
bark were narrow and intra-ring density pro- 
files could not be resolved accurately with the 
X-ray densitometer. Nonweighted averages for 
seven intra-ring characteristics of juvenile 
wood samples and mature wood samples were 
determined: earlywood density (EWD), late- 
wood density (LWD), average ring density 
(RD), earlywood width (EWW), latewood 

width (LWW), total ring width (RW), and late- 
wood proportion (LWP). Densities were de- 
termined in g/cm3 and widths in mm; all mea- 
surements were made at 9% moisture content. 
Intra-ring variables were based on an early- 
wood-latewood boundary established by a 
density of 0.5 g/cm3 in the transition zone. 

Phenotypic correlation coefficients among 
all characteristics were calculated based on tree 
averages (360 observations). Moreover, the re- 
lationship between wood density and ring width 
was determined in each ofthe provenances and 
families, as well as with family and provenance 
averages over and within plantations. 

Using the family components of variance 
( u ~ , , ~  and uKy,2) and covariance (COV K,,y, ), ad- 
ditive genetic correlations (Eq. 1) between two 
characteristics (x, y) were computed as the 
family intra-class correlation coefficients (Fal- 
coner 1989). 

Estimates of family variance and covariance 
were obtained from analyses of variance using 
the model described by Eq. 2. 

Y,,, = p + f, + p, + (fp), + b, + 
+ (fb)ik + ,eijkl (3 

where Yijk, is the observation of tree 1 of family 
i in block k within plantation j; p is the overall 
mean; f, is the effect of family i; p, is the effect 
of plantation j; (fp),, is the interaction of family 
i and plantation j; b, is the effect of block k 
within plantation j; (fb), is the interaction of 
family i and block k; and eij, is the normally 
and independently distributed random devi- 
ation of tree 1 of family i in block k within 
plantation j. All analyses were carried out us- 
ing the Statistical Analysis System computing 
package (SAS Institute 1988). 

RESULTS AND DISCUSSION 

Correlations among traits 

Table 1 lists the phenotypic correlation co- 
efficients between all pairs of the seven den- 
sitometric characteristics in juvenile (upper 
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TABLE I. Correlation coefficients" between all possible pairs of intra-ring characteristics in juvenile and mature wood.b 

EWD LWD RD EWW LWW RW LWP 

EWD -0.29 0.56 -0.67 -0.22 -0.56 0.38 
(0.000 I) (0.000 1) (0.OOOl) (0.000 I) (0.000 1) (0.OOOl) 

LW D 0 . 1 4  0.56 -0.23 0.72 0.56 0.55 
(0.007) (0.000 I) (0.000 I) (0.0001) (0.000 1) (0.0001) 

RD 0.54 0.72 -0.61 0.60 0.04 0.93 
(0.000 1 ) (0.0001) (0.0001) (0.0001) (0.45) (0.0001) 

EWW -0.54 0.40 -0.23 0.64 0.96 -0.14 
(0.0001) (0.000 I) (0.0001) (0.000 I) (0.000 1 ) (0.009) 

!.WW 0.24 0.45 0.54 0.16 0.84 0.65 
(0.000 I) (0.000 I) (0.000 1 )  (0.003) (0.0001) (0.0001) 

RW 0 . 2 3  0.11 -0.06 0.80 0.72 0.15 
(0.0001) (0.04) (0.23) (0.0001) (0.0001) (0.004) 

LWP 0.63 0.53 0.94 -0.67 0.59 -0.1 1 
(0.000 1) (0.0001) (0.000 I) (0.0001) (0.000 I) (0.04) 

Juvenile wood above and mature wood below diagonal. Coeffic~ents are significantly different from zero at the probability levels gven between parentheses. 
I' EWD = earlywood density, LWD = latewood dcnslty, R D  = average ring density, EWW = earlywood width, LWW = latewood w dth, RW = total ring 

wldth, and LWP = latewood proportion. 

right) and mature (lower left) wood. All of these 
relationships were linear. During the juvenile 
period, RD was positively, moderately, and 
equally correlated with EWD and LWD. Each 
of these components explained about 30% of 
the variation in RD among trees. There was a 
slight trend indicating that the higher EWD 
trees had slightly lower LWD. Ring density 
had a very strong correlation with LWP; about 
87% of the phenotypic variation in RD among 
trees could be explained by variation in LWP. 
This result and the results of Smith (1 955) and 
Kennedy (1 96 1) suggest that variation in RD 
and LWP depends on almost the same set of 
factors. Most of these relationships were sim- 
ilar during maturity. 

Being negatively correlated with EWW and 
positively with LWW, RD appeared to have a 
weak, nonsignificant correlation with RW in 
both zones (Table 1). In contrast, the R D  com- 
ponents had strong, significant correlations 
with their respective RW components, but the 
signs were different. Growth rate and density 
were negatively correlated in earlywood (EWD 
and EWW), but positively correlated in late- 
wood (LWD with LWW). These results dem- 
onstrate the tendency for fast growth to be as- 
sociated with thin-walled tracheids in 

earlywood, but with thick-walled tracheids in 
latewood. Such trends were probably a direct 
response of the differentiating cells in the cam- 
bial zone to the relative availabilit) of pho- 
tosynthates and growth regulators at different 
times during the growing season. 

The relatively high, positive correlation (r = 

0.64) between EWW and LWW during juve- 
nility suggests that trees with early fast growth 
had a tendency to maintain that growth rate 
throughout the season. However, the EWW- 
LWW correlation dropped drarr~atically (r = 

0.16) when the trees approached maturity; this 
decrease was accompanied by a comparable 
increase in the size of the negatit e correlation 
between LWP and EWW (Table 1). 

Phenotypic correlation coefficients between 
some traits are low; therefore, trees that are 
highly valued for one trait may or may not be 
highly valued for another-for example, trees 
that have high EWD may or m~ay not have 
high LWD. Fast-growing trees rnay be high- 
or low-gravity trees, and they may have low 
or high proportions of thick-walled tracheids. 
These observations, coupled with the high pos- 
itive RW-LWW relationship, do not support 
the general understanding that a fast growth 
rate results in low-gravity trees due to the lack 
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of latewood. The relationship between RW and 
LWP, albeit not strong, was positive in juve- 
nile wood, and negative in mature wood. 

Results of the additive genetic correlations 
(r,) are presented in Fig. 1. Because genetic 
correlation coefficients usually have high stan- 
dard errors, Goggans (1 964) has suggested that 
only the sign and the relative size of the genetic 
correlation be considered. In this study, esti- 
mates were obtained for the pairs where family 
components of variance were significantly (P 
5 0.05) different from zero. This was the case 
for most of the properties studied in juvenile 
wood, as well as for EWD, LWW, LWP, and 
R D  in mature wood. Family variation was bi- 
ased upwards because the families were from 
different populations. Therefore, this discus- 
sion is limited to trends rather than magni- 
tudes of individual correlations. 

Results indicate that the inverse phenotypic 
relationship between EWD and EWW and the 
positive one between LWD and LWW (Table 
1) had substantial genetic bases in juvenile 
wood (Fig. 1). In contrast to these relation- 
ships, a weak, negative genetic correlation ex- 
isted between average RD and RW. The lack 
of sizable correlation between RD and RW 
suggests that selection for juvenile wood den- 
sity may be carried out with little or no prej- 
udice against growth rate. Because of this in- 
dependent inheritance, fast growth rates also 
can be combined with either dense or light 
wood in a breeding program. Contrary to these 
results, King et al. (1988) and Bastien et al. 
(1985) reported significant correlations be- 
tween wood density and diameter and volume 
growth in unrelated populations of Douglas- 
fir. 

The moderately strong genetic correlation 
between juvenile EWD and LWD (r ,  = 0.56) 
indicates that these traits were not inherited 
independently. These two density components 
had a strong, positive genetic correlation with 
average RD (Fig. 1). A selection program aim- 
ing only at high EWD to indirectly increase 
RD or to reduce density variation within 
growth rings may bring about a decrease in 
radial growth because of the close, negative 

JUVENILE WOOD 

EWD'EWW 

LWD'LWW 

MATURE WOOD 
I I 1 

EWD'LWD 

I-I 

RD'EWD 

RD*LWD 

0 0.3 0.6 0.9 

COEFFICIENT OF CORRELATION 

FIG. 1. Comparison of genetic and phenotypic corre- 
lations for intra-ring characteristics in juvenile and mature 
wood. (EWD = earlywood density, EWW = earlywood 
width, LWD = latewood density, LWW = latewood width, 
RD = average ring density, RW = total ring width, and 
LWP = latewood proportion.) 

I I 
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I 

L. 

EWD-EWW genetic relationship. Further, se- 
lection for LWW and LWP may inherently 
result in increased wood density. Because 
LWW and LWP are easily measured, this as- 
sociation, if coupled with moderate to strong 
heritabilities, could potentially alleviate at least 
some of the laboratory expense associated with 
determining wood density. 

Family differences were significant for only 
four traits in mature wood; therefore, few ge- 
netic correlations were calculated in mature 
wood. Genetic relationships of mature wood 
RD with EWD, LWW, and LWP remained as 
high as they were in the juvenile wood zone. 
This dependent inheritance suggests that these 
intra-ring characteristics are controlled to a 
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TABLE 2. Correlation coeficient~ among all possible pairs of intra-ring characteristics between juvenilt8 (4 and mature 
(M) 

MEWD MLWD MRD MEWW MLWW MRW MLWP 

JEWD 0.48 -0.31 -0.03 -0.12 -0.14 -0.17 -0.02 
(0.0001) (0.0001) (0.6 1) (0.02) (0.006) (0.001) (0.66) 

JLWD 0.02 0.84 0.72 -0.32 0.43 0.04 0.60 
(0.75) (0.0001) (0.0001) (0.0001) (0.0001) (0.42) (0.0001) 

JRD 0.45 0.42 0.63 -0.39 0.34 -0.07 0.57 
(0.0001) (0.0001) (0.OOOl) (0.000 1) (0.0001) (0.20) (0.0001) 

JEWW -0.05 0.33 0.29 0.16 0.51 0.43 0.26 
(0.3 1) (0.000 1) (0.000 1) (0.002) (0.0001) (0.0001) (0.0001) 

JLWW 0.24 0.57 0.70 -0.14 0.74 0.34 0.66 
(0.0001) (0.0001) (0.0001) (0.006) (0.000 I) (0.000 I) (0.000 1) 

JRW 0.05 0.45 0.47 0.06 0.65 0.44 0.44 
(0.30) (0.0001) (0.000 I )  (0.25) (0.0001) (0.0001) (0.0001) 

JLWP 0.40 0.42 0.64 -0.39 0.43 -0.01 0.63 
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.82) (0.0001) 

.' Coefficients are significantly different from zero at the probability levels given In parentheses. 
I' EWD = earlywocd density, LWD = latewood density, RD = average ring density, EWW = earlywood width, LWW = latewood wi,lth, RW = total ring 

width, and LWP = latewood proportion. 

large extent by the same set of genes. Although 
differences among families for RW were not 
significant in mature wood, the genetic cor- 
relation of this trait with mature RD was es- 
timated (Fig. 1) to suggest the direction of this 
relationship, which is lacking in the literature. 
Although phenotypic correlation was negligi- 
ble, the genetic association between RW and 
RD appears to be favorable in mature wood. 

Juvenile-mature wood correlations 

Table 2 lists the correlation coefficients for 
all possible combinations of characteristics be- 
tween juvenile and mature wood. Correlations 
for EWD, LWD, RD, EWW, LWW, RW, and 
LWP between juvenile and mature wood were 
highly significant (P 5 0.001). 

Juvenile-mature phenotypic correlations 
were highest for LWD (r = 0.84) and LWW (r 
= 0.74). Thus, the values ofjuvenile wood for 
these traits were consistently indicative of those 
of the mature wood. Juvenile-mature wood 
correlations for EWD and RW were moderate; 
variation in each of these traits during the ju- 
venile period explained around 20% of the 
variation in the respective trait during matu- 
rity. The weakest phenotypic juvenile-mature 
wood relationship was that for EWW. The cor- 

relations for R D  or LWP between juvenile and 
mature wood suggest that a tree that produces 
high-gravity wood or LWP during the early 
years of growth (rings 6-15) would continue 
to do so during the mature period; for each of 
these traits the juvenile wood values explained 
about 40% of the mature wood %slues. These 
results concur with those of McK mmy (1 966) 
and Keller and Thoby (1977) to indicate that 
correlations of wood density near the pith with 
that of mature wood are poor; however, these 
correlations improve progressively as com- 
parisons are made between measurements on 
wood samples that are relatively close in age. 

Genetic correlations (ra) were obtained for 
the traits that exhibited significartt differences 
among families during both juvenile and ma- 
ture periods (Fig. 2). The positivl: phenotypic 
relationships for these traits aplsarently had 
strong genetic bases. In all cases, the genotypic 
correlation was generally greater lhan the phe- 
notypic one. Nepveu (1 976) noted that, if en- 
vironmental effects at the juvenile and mature 
stages are assumed to be independent, then the 
phenotypic covariance becomes a genetic co- 
variance. He further suggested that the phe- 
notypic correlation becomes a lower limit for 
the corresponding genetic correlation because 
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the denominator in the former ratio is greater 
than that of the latter. In this study, at least z 

0 
for RD, LWW, and LWP, phenotypicjuvenile- I- 4 0.8 
mature correlation coefficients can help ex- g 
plain the corresponding genetic correlations. 
The magnitudes of the genetic correlations in- 8 0.6 

dicate that trees with high-gravity wood during 
the early years ofgrowth would inherently pro- O 4  

duce high-gravity wood when they reach ma- 
turity. Consequently, juvenile selection for RD LL 0.2 8 
appears to be feasible. Similarly, selection for 0 

EWD, LWW, or LWP of the mature wood can o 
be achieved to a great extent by selecting for EWD RD LWW LWP 

these traits in young trees. INTRA-RING VARIABLES 

In addition to these single-trait correlations, FIG. 2. Comparison of genetic and ~ h e n o t ~ p i c  corre- 

relationships between density in mature wood lations between juvenile and mature wood for intra-ring 
characteristics with significant family effects. (EWD = ear- 

and intra-ring variables in juvenile wood were lywood density, RD = average ring density, LWW = late- 
explored. Mature wood R D  was most highly wood width, and LWP = latewood proportion.) 
correlated with juvenile latewood traits (LWD, 
LWW, and LWP), and least correlated with 
juvenile earlywood traits (EWD and EWW; power of Eq. 3, all juvenile wood variables 
Table 2). The moderately positive, phenotypic were allowed in the model by stepwise regres- 
correlation between mature RD and juvenile sion (PROC REG; SAS 1988); the significance 
RW indicates that trees that grew fast during level for entry and staying in the model was 
the juvenile period tended to produce denser specified as a = 0.05. Juvenile ring density 
wood during the mature period (Table 2). The (JRD; P = 0.0001), latewood density (JLWD; 
juvenile-mature genetic correlation between P = 0.019), and ring width (JRW; P = 0.0001) 
these two traits was r, = 0.16 (?0.09), indi- were significant in predicting mature wood 
cating that juvenile selection to improve radial density. Standard errors of these three regres- 
growth does not affect wood density during sion coefficients were, respectively, 0.102, 
maturity. Such selection may, in fact, bring 0.087, and 0.003. The fitted response function 
about a slight increase in mature wood density. was: 
However, mature RW had a nonsignificant 
phenotypic relationship with juvenile RD. 

MRD = -0.063 + 0.79JRD + O.21JLWD 

A separate set of analyses based on family 
+ 0.025JRW (4) 

(plot) means was conducted to see how well 
average mature wood density of families can 
be predicted through their average juvenile 
wood properties. The single juvenile trait that 
best predicted family performance during ma- 
turity was juvenile latewood width (JLWW; P 
= 0.0001), which explained about 73% of the 
variation in mature wood density QMRD). The 
standard deviation from the regression was 
0.0236 and the fitted equation was: 

Latewood width was excluded from the model 
because it was highly correlated with the en- 
tering variables. Although the multiple regres- 
sion (Eq. 4) resulted in some increase in the 
amount of explained variation (adjusted R2 = 

80%) and a decrease in the mean error square, 
its major improvement over the simple re- 
gression (Eq. 3) was in Mallow's C ,  statistic (a 
measure of total squared error for a model 
related to the number of parameters; Neter et 

MRD = 0.439 + 0.1 1OJLWW 
al. 1989). For Eq. 3, when JLWW was the only 

(3) independent variable in the regression model, 
To increase the precision and predictive the C, value was 39.5, whereas for Eq. 4 the 
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TABLE 3. Correlation coefficients' between ring density and ring width based on groupings of interest. 

Juvenlle wood Mature wood 

Mount W~nd Pooled Mount Wind Pooled 
Hood River data Hood River data 

All rings 0 . 0 9  
(0.000 1) 

Tree -0.25 0.16 0.04 -0.30 
averages (0.0007) (0.03) (0.43) (0.0001) 

Family -0.25 -0.12 0.20 -0.23 
averages (0.05) (0.33) (0.02) (0.08) 

Provenance -0.25 0.02 0.35 0 . 2 8  
averages (0.29) (0.94) (0.03) (0.23) 

Coeficlents are s~gnificantly different from zero at the probab~hty levels given in parentheses. 

Cp value was 4.0 (=number of parameters in 
the model). This suggests that the multiple re- 
gression had a small total mean squared error 
with no indication of bias in the model. None- 
theless, Eq. 3 might be appealing because LWW 
is easier to measure than wood density and/or 
any of its primary components. 

Relationship between wood density and 
growth rate within groups 

The relationship between wood density and 
growth rate is of special interest because both 
traits are economically important. The terms 
"rate ofgrowth" and "growth rate parameters" 
or "growth rate components" are used occa- 
sionally when referring to RW and/or its com- 
ponents. These radial characteristics are not 
ideal measures of the rate of growth, which 
should be assessed as a three-dimensional 
property. However, they are part of volume 
growth, have high correlation with height 
growth, and are included in most lumber grad- 
ing systems because of their indirect relation- 
ship with several wood quality parameters. In 
timber grading, minimum standards of struc- 
tural-grade timber quality have been estab- 
lished on the basis of number of rings per unit 
length. 

Many foresters believe that faster growing 
trees have lower wood density. Although this 
appears to be the case for some tree species 
such as spruce (Keith 196 1 ; Olesen 1976), most 
hard pines show a lack of correlation between 
growth rate and wood density (Goggans 1 962; 

Goddard and Cole 1966; Matzin s and Zobel 
1973; Megraw 1985). Early studies on Doug- 
las-fir have shown that ring width is one of 
the factors that explain variation in wood den- 
sity (Janka 1921; Drow 1957; Mozina 1960). 
Knigge (1962) observed that wood near the 
pith is lighter than outer wood of si milar growth 
rate. He suggested that the influence of growth 
rate on wood density is more obvious during 
early years of growth. McKimmy ( 1959) noted 
that "a constant rate of growth with differing 
percentage of summer wood caused more vari- 
ation in specific gravity than did a constant 
percentage of summer wood untler differing 
rate of growth." In a later study, he confirmed 
that growth rate did not significantly affect 
wood density (McKimmy 1966). 

In this study, average ring widths varied be- 
tween 2.3 and 7.7 mm in juvenile wood and 
between 0.9 and 3.0 mm in mature wood. As 
indicated previously, however, with correla- 
tions based on tree averages, no relationship 
exists between wood density and rate of radial 
growth in either juvenile or mature wood. This 
finding is in agreement with that c~f Smith and 
Kennedy (1 983); who, working with 10,000 
trees, concluded that the impact of fast growth 
on wood density was only slight. The data at 
hand allow further investigation of this rela- 
tionship because data can be sorted into groups 
of interest and means of different combina- 
tions can be examined. These results are given 
in Tables 3, 4, and 5. 

Correlation analysis of all ring data (1 0 rings 
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TABLE 4. Correlation coefficient9 between average ring 
density and total ring width based on tree averages in each 
of 10 provenances. 

Provenance Juvenile wood Mature wood 

Carson 
Race Track 
Wind River 
Damngton 
Lakeview 
Granite Falls 
Hazel 
Fortson 
Gates 
Palmer 

' Coefficients are significantly different from zero at the probability levels 
@"en in parentheses. 

per zone in each tree) indicated significant neg- 
ative correlations (Table 3), but nonetheless 
was of no practical importance. Ring width 
explained less than 1% of the variation in RD 
in juvenile wood and less than 2% in mature 
wood. 

When tree averages in juvenile wood were 
sorted by plantation, the relationship was neg- 
ative in the slow-growing trees at Mount Hood 
but positive in the fast-growing trees at Wind 
River. During the mature period, RD and RW 
were inversely correlated in both plantations; 
however, the correlation seems to be stronger 
in the plantation with low-gravity trees (Mount 
Hood). These results support the significant 
plantation effect that was established for these 
traits in a previous study (Abdel-Gadir et al., 
1993). 

The results of family mean correlations be- 

tween RD and RW over plantations suggest 
that, in juvenile wood, fast-growing families 
tend to produce high-density wood; this rela- 
tionship was insignificant in mature wood. 
Correlation of family means by plantation in- 
dicates that the RD-RW relationship was non- 
significant at the plantation that produced fast- 
er growth (Wind River); the less favorable 
growth conditions at Mount Hood allowed ex- 
pression of a negative correlation between the 
two traits. Similar results were obtained in a 
study involving 34 open-pollinated families of 
7-year-old Douglas-fir (Megraw 198 5). Con- 
sidering provenance means for KD and RW, 
the only significant correlation was the positive 
correlation, based on averages over planta- 
tions, in juvenile wood. 

The relationship between RD and KW when 
the genetic constitution is kept constant was 
examined also. The results (Table 4) indicate 
that the association between the two traits is 
population-specific. During the juvenile peri- 
od, the relationship was nonsignificant in 8 of 
the 10 provenances. In the other two prove- 
nances, a distinct negative correlation was ev- 
ident in the Haz:l provenance and a positive 
correlation in the Damngton provenance. Both 
provenances were from the Stillaquamish Riv- 
er Valley in northwest Washington and, rela- 
tive to the others, they ranked, respectively, 
fourth and ninth for RD. Also, during the ma- 
ture period RD related significantly to RW in 
only two provenances, Hazel and Palmer (Ta- 
ble 4), which ranked fourth and sixth for RD, 
respectively. The relationship was negative in 

TABLE 5. Average ring density (RD, g/cm-'), total ring width (R W, mm), and correlation coejicient (v between average 
ring density (RD) and total ring width (R W) in each of seven latewood proportion (L WP) classes. 

Juvenile wood Mature wood 
LWP 

classes R D  RW r R D  RW r 

0.2004.249 0.446 4.10 -0.175**" 0.440 2.04 -0.398** 
0.250-0.299 0.472 4.16 -0.159** 0.467 1.95 -0.310** 
0.3004.349 0.500 4.16 -0.1 lo** 0.495 1.88 -0.172** 
0.350-0.399 0.529 4.18 -0.105* 0.520 1.8 1 -0.031"' 
0.400-0.449 0.556 3.84 0.062n3 0.549 1.79 0.045"' 
0.4504.499 0.580 ' 3.93 0.107* 0.577 1.79 0. loo* 
0.500-0.549 0.606 3.68 0.165* 0.603 1.70 0.2 1 0** 

,' ** = Significant at the 0.0001 level: * = significant at the 0.002 level; and ns = not significant at the 0.05 level. 
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both cases. Similarly, results of analyses in the 
various families (not shown here) revealed that, 
even in families from the same provenance, 
the RD-RW correlation can be positive, neg- 
ative, or nonexistent. In juvenile wood, the 
correlation was positive in four families (r = 

from 0.44 to 0.5 1); only one of these families 
continued to have a positive, significant rela- 
tionship during maturity. A negative associa- 
tion between RD and RW was found in two 
families (r = from -0.49 to -0.40) during the 
juvenile period and in four families ( r  = from 
-0.53 to -0.41) during maturity. These re- 
sults have implications for the tree breeder in- 
terested in manipulating wood density. Be- 
sides the relative ranks of genotypes for wood 
density, the kind and extent of the RD-RW 
relationship in genotypic groups can be an im- 
portant consideration in selection efforts. 

Another set of analyses was conducted to 
eliminate any effect that LWP might have on 
the RW-RD relationship. Data were grouped 
in seven LWP classes that were represented in 
both juvenile and mature wood (Table 5). At 
the same LWP, wood density of the juvenile 
wood was equal to, or slightly higher than, that 
of the mature wood despite the large difference 
in RW. Within these LWP classes, RD-RW 
correlations, although weak, were interesting. 
There was a trend towards negative correlation 
in the rings with low LWP and positive cor- 
relation in the rings with high LWP (Table 5). 
Further, the correlation coefficient between R D  
and RW had its highest negative value in the 
lowest LWP class; as LWP increased, the neg- 
ative correlation decreased to a minimum and 
then started to increase. 

CONCLUSIONS 

the fast-growing trees at the more favorable 
site. 

Based on provenance or family averages over 
plantations, the relationship between wood 
density and ring width is either positive or 
nonexistent. When correlations are performed 
under uniform environments, trees that are 
genetically faster growing tend to produce wood 
of lower density in the less favorable planta- 
tion. 

Although there is a slight trend suggesting 
that higher EWD trees have low LWD, the two 
traits exhibit a genetically positive correlation. 
Fast growth is genetically associated with low 
density in earlywood but with high density in 
latewood. The resulting weak (negative) ge- 
netic correlation between R D  and RW indi- 
cates that it is feasible to develop a strain of 
Douglas-fir with high juvenile wood density 
with low impact on radial growth. In the var- 
ious provenances and families, the relation- 
ship between RD and RW can be positive, 
negative, or nonexistent. 

For each of the traits, the observed mature 
wood values relate significantly and positively 
to the juvenile wood values; phenotypic cor- 
relations are highest for RD, LWEI, LWW, and 
LWP and lowest for EWW. Juvenile-mature 
genetic correlations indicate that selection to 
improve juvenile wood density will bring about 
favorable changes in mature woocl density. Ju- 
venile selection to improve traits at rotation 
age is also feasible for EWD, LWVV, and LWP. 
Trees with wide rings during the early years of 
growth tend to produce high-gravity wood 
when they reach maturity; however, the ge- 
netic correlation (positive) is weak. 
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