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Age Trends in Douglas-fir Genetic Parameters and 
Implications for Optimum Selection Age 

By G. R. JOHNSON, R. A. SMEZKO and N. L. MaNDEL 

U. S. D.A. Forest  Service, Forest ry  Sciences Laboratory, Corvallis, OR 97331- 4401, USA 

I Reeeived 16th June 1997) 

A b s t r a c t  

Trends in genetic var ia t ion  were examined over 51 progeny 
tes t  si tes th roughou t  wes te rn  Oregon. Narrow sense heri tabi l i -  
t ies for he igh t  and  d iameter  showed an  increas ing t r end  to age 
25, the  oldest age examined.  Before age 10, he ight  her i tabi l i t ies  
were relat ively unstable .  Type B site-site genetic correlat ions 
increased slowly with age for he ight  and  remained  relat ively 
s table for diameter.  Age-age correlat ions were used to develop 
an  equat ion to predict  age-age correlat ions by us ing the  log of 
the  age rat ios (LAR). Op t imum selection age was calculated for 

a 60-year rota t ion by using two measures  of efficiency: gain per  
year  and  discounted gain. The opt imum selection age for he ight  
tended to be 2 to 3 years  earl ier  t h a n  for diameter.  Gain  per  
year  was maximized at  age 10 for he ight  and  age 13 for 
diameter.  

Key words: heritabilit~, age-age correlations, Type B genetic correlation, 
gain efficiency, Pseudotsuga menziesii (MmB. } FRANCO. 

FDC: 165.3; 165.6; 181.65; 181.79; 232.19; 174.7 Pseudotsuga menziesii; 
(795~. 
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Introduct ion  

Tree improvement  activit ies s t a r t ed  in the  Pacific Nor thwes t  
(USA and  Canada)  in the  1950's, wi th  large-scale operat ional  
breeding  programs for coastal  Douglas-fir beg inn ing  in Oregon 
and  Washing ton  in the  1960's. Many  of these  programs are 
en te r ing  the  second generat ion,  and  organizat ions  are 
developing or revis ing t ree  improvement  s trategies.  Accurate  
genetic informat ion is needed to make  opt imal  decisions dur ing  
design of the  second genera t ion  programs.  Such informat ion 
includes es t imates  of her i tab i l i ty  and  the i r  t r ends  wi th  t ime, 
pa t t e rns  of genetic var iabi l i ty  over the  landscape,  the  part i -  
t ioning of genetic var ia t ion  into addi t ive and  nonaddi t ive  
components ,  and  age-age correlations.  A n u m b e r  of s tudies  
have  documented  th i s  informat ion for young t r ia ls  (CAMPBELL 
et al., 1985; KING et al.; 1988; MAGNUSSEN and  YANCHUK, 1994; 
NAMKOONG et al., 1972; ST.CLAIR, 1994; STONEC&THER et al., 1996; 
WOODS et al., 1995), bu t  very l i t t le  informat ion is avai lable for 
older ages. NAMKOONG et al. (1972) repor t  on a 53-year-old 
s tudy and  MAGNUSSEN and YANCHUK (1994) report  age-24 data.  
STONECYPHER et al. (1996) reported extensively on da ta  before 
age 12. Al though these  s tudies  provide impor t an t  information,  
two do not  have sufficient n u m b e r  of sites or families to 
thoroughly  address  the  t rends ,  and  one (STONECYPHER et al., 
1996) reports  only on da ta  to age 11, except for age-age correla- 
t ions to age 17. 

The Nor thwes t  Tree Improvement  Cooperative (NWTIC) has  
open-poll inated progeny tes ts  covering a range  of environ- 
ments ,  for which growth da ta  r ang ing  from age 5 to 25 are 
available.  The number ,  size, and  age of these  tes ts  allow for a 
more thorough examina t ion  of genetic t ime  t rends  in the  
Pacific Nor thwes t  t h a n  has  been reported to date. The objec- 
t ives of th is  s tudy were to use  these  da ta  to document  the  
t r ends  in her i tab i l i ty  and  Type B genetic correlat ions over 
t ime, es tab l i sh  age-age correlations,  and  de te rmine  opt imum 
age of selection for NWTIC programs.  

Materials  and Methods  

The s tudy used da ta  from six local Oregon breed ing  
zones, which are pa r t  of the  NWTIC. These zones were chosen 
because all had  age-15 or older a s ses smen t  data.  The 
philosophy of the  NWTIC breeding  programs is described in 
SILEN and WHEAT (1979). In each breeding  zone, 300 to 1,200 
pa ren t  t rees  were chosen from na tu r a l  s tands.  P a r e n t  t rees  
were tes ted  only wi th in  the i r  own breeding  zone by us ing  open- 
pol l inated seed. Therefore,  each breeding  zone represen t s  a 
separa te  and  unique  breed ing  program. The field t r ia ls  for 
these  programs were es tabl i shed  in a "reps-in-sets"  design and  
es tabl i shed  on 6 to 12 sites ~Table 1). In such a design, the  
open-poll inated families were ass igned to sets  of 25 to 50 
families. At  each tes t  si te th ree  to five replicat ions of each set  
were p lan ted  together.  This  can be viewed as p lan t ing  a 
n u m b e r  of separa te  progeny t r ia ls  a t  each location. Famil ies  
were es tabl i shed  as two- to four-tree noncont iguous plots. Test 
detai ls  are shown in table 1. 

In four of the  breeding  zones, th ree  sets  were " randomly"  
chosen for analysis.  In some cases sets were excluded because 
of severe morta l i ty  or injury from an imal  browse. The analyses  
were l imited to th ree  sets  for Vernonia,  U m p q u a  Coast,  and  
B u r n t  Woods because only th ree  sets had  informat ion af ter  age 
15. Medford only had  four sets, of which three  were chosen. In  
the  r ema in ing  two breeding  zones (Snow Peak  and  Gold 
Beach), six sets were chosen, r epresen t ing  both  h igh  and  low 
her i tab i l i ty  sets. 

Genetic Calculat ions 

Narrow sense  her i tabi l i t ies  were de te rmined  for each 
progeny tes t  site by us ing the  formula:  

h 2 = (4 (~2family)/((~2famfly 4- (~2 within family) 

This  formula assumes  t h a t  the  open-poll inated families were 
t ru ly  half-sibs, such t h a t  (~2 famay = 1/4 the  addi t ive genetic 

Table 1. - Progeny test and assessment information. 

Breeding Zone No. of Families/ Reps / 
Progeny Set site 
Trials 

plot Assessment Ages z 
size 

Height DiameterY 

Vernonia 12 50 5" 2 7 w, 10, 15, 20, 25 

Umpqua Coast 7 30 4 4 7, 10, 15, 20 

Burnt Woods 7 30 4 4 7, 1 O, 15, 20 

Snow Peak 9 30 3 4 5, 1 O, 15 
High 

Gold Beach 10 30 3 4 5, 10, 15 

Medford -- 6 30 5 4 5, 10, 15 
Grants Pass 

TOTAL 51 600 

7 v, 15, 20, 25 

7, 15 ,20  

7, 15 ,20  

z) Age is age from seed, not plantation age. Plantation age is one year less for Snow Peak and Gold Beach, 2 years less for 
the other breeding zones. 

Y) Age-7 is diameter above the root collar, all other ages is diameter at breast height (DBH; 4.5 ft). 
*) 3 sites had only 2 replications. 
w) Age-7 height on 5 of 12 sites. 
v) Age-7 diameter on 9 of 12 sites. 
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variance ((~-'~) and ignores bias from genotype-environment  
interaction (to be discussed later). Variance components were 
obtained by using SAS Varcomp procedure (SAS, 1990) from 
the following model: 

Yijkl = ].t + set, + rep~j +family, k + errorijkl 

where,  Y~jk! is l th tree in the k th family in the jth rep in the i th set, 

# is the population mean, 

seti is the effect of the i th set, 

repij is the effect of the jth replication in the i th set, 

familyik is the effect of the k th family in the i th set, 

errorijk, is the pooled effect of the replication-by-family 
interaction for the jth replication and k th family in the i th 
set, and the effect of the ijkl th tree, ie. the within plot 
variation. The r e p .  family component was included in 
the error te rm because there was no evidence of 
rep • family interactions. 

The REML option (SAS, 1990) was used to es t imate  the 
variance components because maximum likelihood procedures, 
such as REML, are reported to be superior to ANOVA-based 
est imators  when data are unbalanced (SEARLE et al., 1992; 
SWALLOW and MONAHAN, 1984). The individual tree data all had 
some degree of imbalance as a result  of mortality. 

Heritabili ty t rends  over time were examined by using rela- 
tive heritabil i t ies for each site. Relative heritabili t ies were 
constructed by set t ing the age-15 h e for each site to the overall 
average (0.195 for height,  0.203 for DBH) and determining the 
heritabili t ies for other ages according to the ratio of 
assessment-age h e to age-15 he: 

relative h~g,_x = (h2~e_× / h~_l.~) • 0.195 for height (0.203 for DBH). 

The relative h 2 es t imates  were pooled over all sites to 
compare the t ime t rends  from this study with those found in 
prior studies. 

The single-site approach used in the above equations gives 
biased est imates  of heritabili t ies,  because any genotype- 
environmental  interaction is confounded in the est imate of the 
family variance component (COMSTOCK and MOLL, 1963). 
Genotype-environment  interaction was examined in a separate  
set  of analyses using Type B genetic correlations (BURDON, 

1977). The Type B genetic correlation represents  the site-to-site 
genetic correlation. By examining each pair-wise combination, 
it was possible to obtain an average Type B genetic correlation 
for each breeding zone and a s tandard  deviation based on the 
multiple est imates.  

Type B genetic correlations were computed for all pairs of 
tes ts  within a breeding zone using the equation: 

r b = ((~2family) / ((~2 famdy -t- (~2 famdy, site) ( B U R D O N ,  1 9 7 7 )  

Variance components were obtained by using plot means 
which had been s tandardized by subtract ing the site mean and 
dividing by the site's phenotypic s tandard  deviation. The model 
used was: 

Yijkm =P + seti + siteim+ rePimj + familYik + family • siteim k + error jkm 

where, Y,jkm is plot mean for the k th family in the jth rep in the 
i th set at the m th site 

p is the population mean, 

set, is the effect of the i th set, 

siteim is the effect of the m th site in the i th set, 

repimj is the effect of the jth replication at  the m th site in 
the i th set, 

familyik is the effect of the k th family in the i th set, 

family • siteim k is the interaction between the k th family 
and the m th site in the i th set, and 

errorijkm is the effect of the three-way interaction in the 
i th set, which for plot means,  is the overall error term. 

Age-age genetic correlations were es t imated for each 
breeding zone using the formula: 

r g  = Ofamily I younger age, older age} / (O2family (younger agel " (~2family (older age~)0 5 

where, rg is the genetic correlation between the younger and 
older age, 

(~family~younger age, older age~ is the family covariance between 
two ages, 

(~2 family {younger age~ is the family variance for the younger 
age, 

(y2family (older age~ is the family variance for the older age. 

Variance and covariance components were es t imated with 
adjusted plot-means and used the SAS Varcomp procedure 
TYPE1 option (SAS, 1990). These ANOVA-based est imators  
were selected because computer  l imitations did not allow for 
use of the REML option. The data were relatively balanced 
because the analyses used plot means.  ANOVA-based estima- 
tors are of minimum variance (like maximum likelihood 
est imates)  when data are balanced (READ, 1961). The analyses 
were performed over all sites within a breeding zone and were 
done individually for each of the three sets by using the model: 

Yjkm = ~ + sitem + rep(site)mj + familYk + family - sitemk + error jkm 

This model provided three es t imates  of age-age correlations 
for four zones and six es t imates  for two zones (corresponding to 
the number  of sets). Having a minimum of three zones for each 
age-age correlation provided a minimum of nine (maximum of 
24) es t imates  from which the s tandard  deviation was calculat- 
ed. In calculating means  and s tandard  deviations, the Snow 
Peak and Gold Beach data were given a weight of 0.5 in order 
to have equal representa t ion among breeding zones. 

NAMKOONG and KANG (1990) and gANG (1991) demonst ra ted  
tha t  the age-age correlation is a function of the variance of the 
younger measurements  relative to the older measurements  and 
the correlation of the early measurement  with the subsequent  
growth. The components of the age-age correlation as reported 
in KANG (1991) were derived as follows. X i is a measuremen t  at  
t ime t for tree i, and X', is a measurement  at  t ime t + A t .  S i 
and S'i are X and X' variables s tandardized by the s tandard  
deviation ofX'  (Si = X,/cx.i). D, is the difference between S, and 
S', (D, = S',-Si). From these variables KANG shows tha t  the 
correlation between the two measurements  is: 

rss, = a s + ((SSD/(S s) 

Family means  from the three breeding zones with age-20 
height  data  were used to examine the s tandardized variances 
at  each age and the correlation of height  growth with 
subsequent  growth to age 20. 

Multiple regression was run on the age-age genetic correla- 
tion es t imates  to develop a equation to es t imate  age-age 
correlations based on the natural  log of the age ratio (LAR = 
In (younger a g e / o l d e r  age)) as developed by LAMBETH (1980): 
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rglyounger age, older age, ---- a 4- b .  LAR. Again, informat ion from Gold 
Beach and  Snow Peak  was given weights  of 0.5 so t h a t  each 
breeding  zone had  equal  weight. Equa t ions  were developed for 
he igh t  and  d iamete r  bu t  not volume. Volume es t imates  were 
avai lable  only for two ages in two breeding  zones and  th ree  in a 
third,  thereby  l imi t ing the  n u m b e r  of da ta  points  avai lable  for 
developing an  equation.  The resu l t ing  equat ions  were used to 
es t imate  age-age genetic correlat ions wi th  ro ta t ion  age. The 
es t imated  genetic correlat ion wi th  rota t ion age was used to 
es t imate  the  genetic gain ( ~ G )  from family selection for each 
selection age from the  equat ion for indirect  selection 
(FALCONER, 1989): 

A G  = i rg hselectio n agehrotation age (~P rotation age 

where,  i is selection intensity,  

r~ is the  es t imated  age-age correlat ion between selec- 
t ion age and  rotation,  

hselect . . . .  ge is the  square  root of family mean  her i tab i l i ty  
at  selection age, 

hrotation age is the  square  root of family m e a n  her i tab i l i ty  
a t  rotation.  

($2p rotatmn age is the  phenotypic var iance  a t  ro ta t ion age. 

To adjus t  for genotype-envi ronmenta l  in terac t ion and  obta in  
unbiased  es t imates  of heritabil i ty,  the  selection age her i tab i l i ty  
was mult ipl ied by the  Type B genetic correlation, which yielded 
the  following equation:  

z~ G = i r g  ( r  b h2selectmn age)05 h rotatio n age C~p rotatmn age 

Gain efficiency (GE) is defined as the  a m o u n t  of gain per  
year  and  is simply: 

GE = / : , G  / (selection age + n u m b e r  of years  to breed) 

Because selection ages are  compared relat ive to the  same 
rota t ion age, the  equat ion  can be simplified for comparison 
purposes  to: 

GE = rg( rbh2select . . . .  ge)°5/(selection age + n u m b e r  of years  to breed) 

The n u m b e r  of years  to breed is the  t ime from making  selec- 
t ions unt i l  the  f irst  progeny tes ts  are sown. The growth 
efficiency (GE) of family selection was examined  for he igh t  and  
DBH at  specific ages by us ing  the  above equation.  A 5-year 
crossing period was a s sumed  for calculat ing the  GE. Family 
m e a n  her i tabi l i t ies  were calculated from nar row sense 
her i tabi l i t ies  to represen t  family m e a n  her i tabi l i t ies  for 
progeny t r ia ls  with  30 individuals  per  family (n) by us ing  the  
equation:  

h2famfiy . . . .  = [1 + '/4 (n -1 ) ]h  2 / [1 + 1/4 (n-1)h  2] (FALCONER, 1989) 

Age-age correlat ions were extrapola ted to a ro ta t ion  age of 
60 by us ing  the  resul t s  of the  regress ion of age-age correlat ion 
on LAR. This  required extrapolat ion of the  da ta  r a t h e r  t h a n  
interpolat ion.  This  we felt was just i f ied because the  LAMBETH 
re la t ionship  is to a large degree a funct ion of the  early 
growth being a component  of the  total  growth at  ro ta t ion  
(NAMKOONG and SANG, 1990;  KANG, 1991). This  pa r t  of the  age- 
age correlat ion holds regardless  of age. I t  should also be noted 
t h a t  the  t r a i t  of most  in te res t  is volume a t  rotat ion,  not  25-year 
volume which is a minor  component  of overall  gain. 

For ease in comparisons,  GEs were changed to relat ive 
efficiencies (Q), which for th is  paper  are the  rat io of a GE at  a 
given age divided by the  GE for age 10. 

Relative efficiency (Q') also was calculated in a method 
s imilar  to the  one described by WHITE and  HODGE (1992). 
Ins tead  of gain per  year, WHITE and  HODGE examined  discount- 
ed gains relat ive to discounted gains  a t  a specific selection age. 
We discounted gains for each selection age by us ing  the  
equation:  

discounted gain = rg (rb h 2 selection age )0'5 / ( 1 + d) t 

where  d is the  discount ra te  and  t the  selection age. Q' was 
then  calculated as discounted gain for a selection age divided 
by discounted gain for selection a t  age 10. Discount ra tes  of 
4%, 6c2, and  8% were examined.  

R e s u l t s  a n d  D i s c u s s i o n  

Narrow sense her i tabi l i t ies  (h 2) for each of the  51 progeny 
t r ia ls  are shown in tables 2a and 2b. In general  the re  is an  
increas ing t r end  in her i tab i l i ty  wi th  time. An exception is for 
he ight  dur ing  the  period before age 10. Four  breeding  zones 
(Umpqua  Coast,  B u r n t  Woods, Snow Peak,  and  Medford) 
showed a decrease in her i tab i l i ty  from the  youngest  meas-  
u r e m e n t  to the  age-10 measu remen t s ;  the  o ther  two zones 
showed the  opposite t rend.  Her i tabi l i ty  decreased from the  
youngest  age to age 10 a t  23 of 44 sites. In contrast ,  all six 
breeding  zones showed an  increase  in her i tabi l i ty  from age 10 
to 15; only 12 of 51 progeny t r ia ls  showed a decrease in 
her i tabi l i ty  (not tes ted  statistically).  I t  seems t h a t  a t  very 
young ages, the  t r end  in her i tab i l i ty  is relat ively unstable ,  
bu t  a relat ively s table  t r end  exists for increas ing her i tabi l i ty  
af ter  age 10. Regression analyses  performed on adjus ted 
her i tabi l i t ies  indicated a s ta t is t ical ly  s ignif icant  increase  in 
her i tab i l i ty  wi th  age for both  d iamete r  and  height .  The dip in 
age-10 he ight  her i tab i l i ty  was s ta t is t ical ly  s ignif icant  as 
indicated by a significant  age-squared component.  This  dip in 
her i tab i l i ty  conforms to the  model proposod by FRANKLIN 
(1979), where  the  dip comes at  a point  when  progeny tes ts  
move from the  juveni le  genotypic phase  to the  m a t u r e  geno- 
typic phase.  The increas ing t r end  in her i tab i l i ty  was more 
profound for d iamete r  t h a n  he igh t  as indicated by a h igher  r 2. 
The final equat ions  including only s ignif icant  effects were: 

h2height = 0.238 - (0 .0115  • age) + (0.00058 • age 2) r s = 0.094 

h2DBH = 0.077 + (0.0083 • age) r 2 = 0.344 

The t r end  for increas ing her i tabi l i ty  is s imi lar  to t h a t  found 
in o ther  Douglas-fir s tudies  t h a t  examined t rad i t iona l  progeny 
tes ts  (ie. not  farm field tr ials)  (Figure 1). All the  s tudies  in 
figure 1 show an  increas ing t r end  between the  ages of 12 and  
23. Before age 12, the  pa t t e rn  is mixed, s imi lar  to the  resul t s  
found among the  progeny t r ia ls  in th is  study. A dip in her i tabi l -  
ity s imi lar  to t h a t  shown here  was found in NAMKOONG et al. 
(1972) (Figure 1). A reason  for the  l a te r  dip in her i tabi l i ty  for 
the  NAMKOONG et al. s tudy could be t h a t  i ts  growth ra te  was 
significantly slower t h a n  those examined  in th i s  study, and  
s t and  development  therefore  would progress slower. 

The Type B site-to-site genetic correlat ions were relat ively 
strong, usual ly  averaging  over 0.65 (Table 3). There  was a 
s ta t is t ical ly  s ignif icant  t rend  of an  increase  in Type B correla- 
t ions wi th  age for he ight  (Type B = 0.571 + 0.010 age, 
(x = 0.0174, r 2 = 0.25), bu t  not  for DBH (Table 3). Breeding zone 
influenced the  in te rcept  of the  line, bu t  not  the  slope. Al though 
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T a b l e  2 a .  - Her i t ab i l i t i e s  for  h e i g h t  over  6 b reed ing  zones. 

Age of assessment (years) 
Breeding zone Site 5 7 10 15 20 25 
Vernonia 1 0.16 0.25 0.20 0.11 0.16 

2 0 .14 0.13 0.33 0.37 0,37 

3 0.22 0.25 0.23 0.23 0.24 

4 0.16 0.20 0.20 0.19 0.13 
5 0.05 0.07 0.07 0.25 0.09 

6 0.12 0.12 0 .16 0.21 
7 0.08 0.16 0.11 0.15 

8 O. 17 0.09 0.06 O. 15 
9 0.14 0 .14 0 .04 0.11 

10 0.06 0.08 0.13 0.17 
11 0.05 0.06 0.16 0.28 

12 0.00 0 .00 0.00 0.02 
Mean 0.15 0.13 (0.18F 0.14 (0.21) 0.15 (0.23) 0.17 (0.20) 

Umpqua 
Coast 

1 0.34 0.22 0.23 0.26 

2 0.28 0.20 0,18 0.28 

3 0.19 0.19 0.24 0 .24 

4 0 .14 0.12 0.09 0 .14 

5 0,13 0.21 0.25 0.22 

6 0 .24 0.25 0.29 0.32 
7 0.19 0.23 0.22 0.30 

Mean 0 .22  0 .20  0 .22  0 .25  
Burnt 
Woods 

1 0.40 0.25 0.20 O. 13 
2 0.34 0.24 0.20 0.17 

3 0.42 0.30 0.39 0.37 

4 O. 15 0.00 0.05 O. 18 
5 0.19 0.21 0.20 0.16 
6 0.19 0.16 0.23 0.29 

7 0.07 0.08 0.06 0.07 
Mean 0.25 O. 18 O. 19 0 .20  

Snow 
Peak 

1 0.36 0.32 0.38 

2 0.43 0.38 0 .44 

3 0.26 0.20 0 .24 
4 0.17 0.16 0.19 

5 0 .24 0.26 0.31 
6 0.65 0.23 0.38 
7 0.27 0.10 0.22 

8 0.32 0.22 0.22 
9 0.01 0.12 0 .24 

Mean 0 .30  0 .22  0.24  

Gold 
Beach 

1 0.18 0.32 0.41 

2 0.28 0,27 0.25 

3 0.16 0.19 0.17 

4 0.02 0.06 0,12 
5 0.08 0.03 0.09 

6 0.02 0.08 0.12 

7 0.20 0.29 0.32 

8 0.11 0.19 0.26 

9 0 .24 0.05 0.09 
10 0.16 0.17 0 .19 

Mean 0 .14  0 .17  0 .20  

Medford - G.P. 1 0.15 0.05 0.11 

2 0.12 0.07 0.07 
3 0 .14 0.12 0.15 

4 0.18 0 .20 0.17 

5 0 .10  0 .08  0,11 

6 0.07 0.12 0.18 

Mean 0 .13  0,11 0 ,13  

~) M e a n s  in p a r e n t h e s i s  a r e  of the  p r o g e n y  s i tes  t h a t  a r e  common to the  s i tes  wi th  age-7 d a t a  for Veronia  
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the  increase  is slight,  i t  appears  t h a t  older ages yield h igher  
Type B correlations.  S imi lar  t r ends  have  been shown in s lash  
pine; wi th  one s tudy showing a s l ight  increase  in Type B 
correlat ions wi th  age (DIETERS e t  a l . ,  1995) and  ano the r  
showing a relat ively cons tan t  level (HODGE and WHITE, 1992). 

Age-age genetic correlat ions were relat ively s t rong ( T a b l e  4) .  

As expected, as t ime between a s ses smen t  ages decreased, the  

genetic correlat ion between the  a s sessment s  increased. More 
var ia t ion  was evident  in correlat ions us ing  the  early 
assessments ,  as can be seen by the  larger  s t anda rd  deviat ions 
for correlat ions involving age-5 he ight  and  age-7 diameter.  
F u r t h e r  examina t ion  showed t h a t  the  Medford breeding zone 
had  lower t h a n  average age-age correlations,  which both  lower- 
ed the  m e a n  age-age correlat ion and  subs tan t ia l ly  added to the  

Table  2b,  - Heritabilities of diameter over 3 breeding zones. 

Assessment age (years) 
Breeding zone Site 7 15 20 25 
Vernonia 1 O. 12 0.26 0.26 0.29 

2 0.11 0.15 0.28 0.30 
3 0.15 0.18 0.33 0.30 
4 0.03 0.15 0.19 0.26 
5 0.20 0.19 0.19 0.23 
6 0.00 0.00 0.00 0.00 
7 0.05 0.08 O. 13 O. 13 
8 0.00 0.22 0.20 0.26 
9 0.19 0.11 0.07 0.05 

10 0.30 0,25 0.34 
11 0.14 0.14 0.14 
12 0.04 0.07 0.09 

Mean 0.09 0.15 0 .18 0.20 

Umpqua 
Coast 

1 0.30 0.36 0.33 
2 0.28 0.26 0.31 
3 0.18 0.20 0.26 
4 0.12 0.17 0.15 
5 0.00 0.18 0.22 
6 0.22 0.32 0.34 
7 0.13 0.21 0.22 

Mean 0.18 0.24 0.26 

Burnt 
Woods 

1 0.32 0.25 0.23 
2 0.15 0.33 0.33 
3 0.37 0.41 0.48 
4 0.01 0.09 0.11 
5 0.26 0.26 0.24 
6 0.13 0.31 0.37 
7 0.00 0.10 0.22 

Mean 0.18 0 .25 0 .28 

• King etal. 1988 
• Current study 

0.30 • Namkoong et al. 1972 
• Magnussen & Yanchuk. 1994 

0.25- ~ - -  

0 . 2 0 -  

0.15. 

• 1- 0.10- 

0.05- 

0 
' ' ' ' ' ' ' ' ' ' 2" 5 ' 5 7 9 11 13 15 17 19 21 23 27 29 

Age  in years 

F i g u r e  1. - Narrow sense height heritability trends for plantation grown Coastel Douglas-fir. 
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T a b l e  3 .  - Type B, site-to-site genetic correlations averaged over each breeding zone for the traits height 
and diameter. 

Breeding zone 

Umpqua Burnt Snow Gold Medford 
Age Vernonia Coast Woods Peak Beach - G.P. 

Mean 

Vernonia 
All Ump.Coa. 

B. Woods 

Height 

5 / 7  0 .615 0 ,742 0 ,673 0 .555 0 .708 0 ,604  0 .649 0 .677 

10 0.761 0 ,802 0 ,632 0,651 0 .698 0 ,423 0.661 0.731 

15 0 .785 0 .839 0 .698  0 ,776 0 .700  0 .508 0 .718 0 .774  

20 0 .828  0 .756 0.769 0 .784  

25 0 ,803 

Diameter 

7 0 .706 0 .735 0 .674  0,705 

15 0 .609 0 ,743 0 .697 0 .683 

20 0 .582 0.742 0 .653 0 .659 

25 0.591 

s tandard  deviation estimate.  Removal of the Medford data 
resulted in age-age correlations of 0.82 and 0.72 for the correla- 
tions of age 5 with 10 and 15, respectively. Respective s tandard  
deviations were 0.05 and 0.13. 

The age-20 family mean height  data  shows tha t  as ages 
become closer, the overriding factor affecting the age-age 
correlation is the s tandard  deviation (variance) of the earlier 
measuremen t  ra ther  than  the correlation of the earlier 
measuremen t  with the additional growth ( T a b l e  5 ) .  The 
correlation with the additional growth decreases, but  the age- 
age correlation continues to increase due to the increased 
variance of the earlier measurement .  

The relation among site index (height at age 15), heritabili ty 
of age-15 height,  site survival, and the age 10 to 15 genetic 
correlation was examined for the 51 progeny tests. The only 
significant correlation found was between site heritabili ty and 
survival (r = 0.36, a = 0.01). A similar relation was found in 
loblolly pine (NCSU-ICTIP, 1995). No other  significant correla- 

T a b l e  4 .  - Age-age genetic correlations averaged over 6 breeding zones, 
with standard deviation of the estimates in parenthesis for the traits 
height and diameter. 

Younger 
age 

Height 
5 
7 

10 
15 

20 

Diameter 
7 

15 

20 

Older a,qe (years) 
10 15 20 25 

0.69 (0.17) 
0.97 (0.08) 

0.63 (0.16) 

0.85 (0.07) 

0.94 (0.04) 

0.79 (0.09) 0.64 (0.21) 

0.90 (0.09) 0.74 (0.05) 

0.99 (0.03) 0.93 (0.04) 

0.97 (0.03) 

0.83 (0.16) 0.74 (0.14) 0.56 (0.21) 

0.98 (0.02) 0.87 (0.02) 

0.95 (O.O3) 

tions were found, thereby implying tha t  site index did not 
affect the genetic components of the trials. In similar analyses 
with slash pine, no significant correlation between site class 
and heritabili ty was found (DIETERS et al., 1995; HODGE and 
WHITE, 1992). Other  factors should be examined in the future 
to determine the key environmental  components affecting 
heritability. 

The regression of' height  age-age correlations on LAR using 
all six breeding zones resulted in a statistically significant rela- 
tion ((~ = 0.0001), but with a relatively poor r2: 

r = 1.086 + 0.359 LAR (r 2 = 0.438) 

There was a significant zone-by-LAR interaction. The model 
r 2 increased to 0.706 when the interaction was added. The 
significant interaction implies tha t  not any single equation 
would suffice for the Pacific Northwest.  This is in contrast  to 
LAMBETH'S (1980) results,  which indicated one equation was 
broadly applicable. Fur ther  examination of our data showed 
the interaction was a result  of the Medford data. When the 
regressions were run without  Medford, the zone-by-LAR inter- 
action dropped out of the model and resul ted in the following 
equation: 

r = 1.077 + 0.309 LAR (r 2 = 0.541) 

The above equation was used to es t imate  the genetic correla- 
tion of assessment  age with rotation (age 60) for calculating 
relative efficiency. 

The equation for the diameter  assessments  of three breeding 
zones was very simi] ar to tha t  of height: 

r = 1.064 + 0.329 LAR (r 2 = 0.487) 

Relative efficiency (Q) for height  using the previously 
mentioned equations for heritabili ty and age-age correlations 
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Table 5. - Family mean age-age correlation, correlations with additional growth to age 20, and the standard deviation of standardized family means 
(s) for 3 ages. 

Corre lat ion w i t h  age-20  
height  

Corre la t ion w i t h  addi t ional  
g r o w t h  to age 20 

Standard ized s tandard 
dev ia t ion  

B r e e d i n g  U n i t  age-7 age - lO  age-15  age-7 a g e - l O  age-15 age-7 a g e - l O  age-15 

Vernonia - set 1 0 . 5 1 4  0 . 7 4 2  0 . 9 4 2  0 . 9 8 6  0 .921  0 .661 0 . 1 7 5  0 .421  0 . 8 0 5  

Vernonia - set 2 0 . 6 8 8  0 . 8 5 6  0 . 9 5 0  0 . 9 8 6  0 . 9 3 6  0 .721 0 . 2 0 6  0 . 4 5 6  0 . 7 8 9  

Vernonia - set 3 0 . 5 8 9  0 . 6 6 0  0 . 9 0 8  0 . 9 8 5  0 . 9 0 3  0 . 6 4 3  0 .191 0 . 4 1 8  0 . 7 9 4  

urnp. Coast- set 1 0 . 6 9 2  0 . 8 7 9  0 . 9 5 9  0 . 5 1 3  0 . 3 2 3  - 0 . 0 6 0  0 . 8 9 0  0 . 9 6 0  1.061 

Ump~ Coast - set 2 0 . 7 6 7  0 . 8 8 4  0 . 9 5 9  0 . 2 7 2  0 . 3 1 9  0 . 4 5 6  1 .054  0 . 9 6 0  0 . 9 0 6  

Ump. Coast - set 3 0 . 7 2 7  0 . 8 9 6  0 . 9 4 3  0 . 6 5 3  0 . 5 4 6  0 . 4 4 6  0 . 7 5 8  0 . 8 4 4  0.901 

B u r n t  W o o d s  - set 1 0 . 6 7 8  0 . 8 7 9  0 . 9 4 8  0 . 9 6 4  0 . 9 5 2  0 . 8 4 8  0 . 2 9 9  0 . 4 2 4  0 . 6 8 6  

B u r n t  W o o d s  - s e t  2 0 . 7 1 6  0 . 8 1 5  0 . 9 4 5  0 . 9 5 2  0 . 9 0 9  0 . 7 6 6  0 . 3 4 5  0 . 4 8 0  0 . 7 4 9  

Burnt Woods- set 3 0 .791 0 . 8 8 4  0 . 9 7 7  0 . 9 7 3  0 . 9 4 4  0 . 8 7 0  0 . 2 9 5  0 .451  0 .741 

Mean 0 . 6 8 5  0 , 8 3 3  0 . 9 4 8  0 . 8 0 9  0 . 7 5 0  0 .595  0 . 4 6 8  0 .601  0 . 8 2 6  

over t ime is shown in f igure  2. Height  Q (i.e., gain per  year) 
was maximized by selecting at  age 10. Relative efficiencies 
were very s imi lar  for ages 8 th rough  14, implying t h a t  l i t t le 
would be lost if selection occurred wi th in  th i s  range.  Al ter ing 
the  equat ion for he ight  to include the  Medford data  shif ted the  
he ight  curve to the  r ight,  because the  Medford da ta  implied 
t h a t  ear ly selections were poorly correlated with older selec- 
tions. Increas ing  rota t ion age also shif ted the  curves so t h a t  
older ages became more efficient. As expected, ear l ier  ro ta t ion  
ages gave ear l ier  maximums,  age 9 maximized Q for 50-year 
rotat ions,  and  age 7 for 40-year  rotat ions.  When  Q' (discounted 
gain) was examined,  the  op t imum selection age ranged  from 
age 9 (discount ra te  = 8%) to age 18 (discount ra te  = 4%) 
(Figure  2). Although the  Q' m a x i m u m s  were s imi lar  to the  Q 
max imum for discount  ra tes  of 6% and  8% (age 9 and  11, 
respectively), the  Q' l ines for these  discount  ra tes  showed a 
very l imited range  of ages hav ing  values close to the  maximum.  
Efficiencies dropped off quickly af ter  the  curve peaked, unl ike 
the  curve for Q, which had  a broad range  of nea r  op t imum 
selection ages. 

1 1 0  

The Q for d iamete r  selection was maximized a t  a la te r  age 
t h a n  t h a t  for he igh t  (age 13 vs. age 10) and  also had  a broad 
range  of selection ages t h a t  gave close to opt imal  REs 
(Figure  3). I t  is reasonable  for DBH to have  an  older m a x i m u m  
t h a n  height ,  because DBH cannot  be measured  accurately in 
young s tands  j u s t  pass ing  b reas t  he igh t  in total  height .  

The Q' m a x i m u m s  for DBH also were larger  t h a n  the  Q' 
m a x i m u m s  for he igh t  when  us ing  6% and 8% discount  ra tes  
(ages 9 and  11, respectively). The 4% DBH Q' m a x i m u m  was 
less t h a n  t h a t  for he ight  (age 16 vs age 18). 

These  results ,  especially the  gain per  year  calculat ions (Q), 
are s imilar  to recommendat ions  made  by STONECYPHER et al. 

(1996); based  on resul t s  from numerous  Douglas-fir studies,  
they s ta te  t h a t  "early growth m e a s u r e m e n t s  (8 to 15-years) 
provide a rel iable basis  for r a n k i n g  families and /o r  sources for 
performance and  stability." 

The op t imum selection ages fall wi th in  the  range  of our data ,  
therefore  the  es t imates  of her i tab i l i ty  are probably reliable. 
The es t imated  correlat ion wi th  age-60 canno t  be verified since 

~ 1 0 0  

9 0  g_a in /y r  

ao  =o.o4 
~- d_~_r=O.0 6 

7O 
d r = O . 0 8  

5 0  i i i i i i i i i i i i i i i i t i i i 
5 7 9 11 13  1 5  1 7  19  21 2 3  2 5  

S e l e c t i o n  a g e  
Figure 2. - Relative efficiencies for selecting height at different ages using gain per vear (Q), and discount- 
ed gain (Q') using discount rates of 0.04, 0.06 and 0.08 (standardized to age-10 efficiency = 100). 
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5 10 15 20 25 
S e l e c t i o n  age  

Figure 3. - Relative efficiencies for selecting DBH at different ages, using gain per year (Q), and discounted 
gain (Q') using discount rates of 0.04, 0.06 and 0.08 (standardized to gain from age-10 selection). 

it is outside the range of our data. Data to age 53 was available 
from NAMKOONG e t  a l .  (1972) and was used to examine the 
impact of using data younger than  rotation age. Using their  
correlations of deviations in plot error (their t a b l e  6),  L A R  

equations were developed for all data  and for only data less 
than  age-25. The equation for all the data was: 

Age-age correlation = 1.0035 + (0.4010 • LAR) 
= 0.0001) 

(r 2 = 0.7587, 

The equation for using only the data less than  age-25 was: 

Age-age correlation = 1.0315 + (0.6034 • LAR) 
a = 0.0001) 

(r 2 = 0.7716, 

Both equations accounted for about the same amount  of 
variation, but the equation using only the younger data yielded 
significantly smaller correlations than  the equation using all 
the data. This single example (with a limited statistical design) 
suggests tha t  the es t imated correlations with age-60 may be 
low. If  this were the case, then the theoretical opt imum selec- 
tion ages would be younger than  what  was previously stated. 

It should also be noted tha t  the equations developed in this 
paper  with the NWTIC data yield larger age-age correlations 
than  even the equation using all the NAMKOONG et  a l .  (1973) 
data. Data was also available on provenance DBHs from 
another  test  site of the series investigated by NAMKOONG et  a l .  

(1973) (SILEN, unpublished data). The ages available were 29, 
41, 51, 61, 71, and 81. Analysis of the age-age correlations of 
provenance means  resul ted in the following equation: 

Age-age correlation = 1.0133 + (0.2617 • LAR) 
a =0.0001) 

(r e = 0.7565, 

This equation is not statistically different from the one 
developed in this paper with NWTIC data. 

From a growth perspective, breeding programs should 
be increasing volume, not only height  or diameter. Genetic 
correlations of height  and diameter  with age-20 volume averag- 
ed over three sets for three breeding zones are shown in 
t a b l e  6. Correlations became relatively stable after age 10 for 

Table 6. - Genetic correlations of height and diameter with age-20 
volume. Correlations are means of 3 sets from 3 breeding cooperatives. 
Standard deviations are in parenthesis. 

Assessment age (years) 
Trait 7 10 15 2O 

Height 0.781 0.828 0.843 0.854 
(0.071 ) (0.094) (0.104) (0.087) 

Diameter 0.685 0.959 0.992 
(0.148) (0.015) (0.011) 

height  and age 15 for diameter. Calculation of REs for these 
genetic correlations using heritabili t ies previously calculated 
show tha t  the most efficient age for these points is age 7. Two 
points should be made: (1) this early opt imum considers "rota- 
tion age" to be 20 years, which is unrealistic; and (2) even 
though the averages may imply this to be an opt imum selection 
age, the relatively unstable heritabili t ies and age-age correla- 
tions for the younger ages imply tha t  risks may be too great. 
MAGNUSSEN and YANCHUK (1993) point out tha t  opt imum selec- 
tion age tends to be older than  tha t  calculated with averages 
when one considers risks in their  calculations. 

Previous studies have shown tha t  opt imum age for family 
selection is earlier than  tha t  for within family selection when 
dealing with tradit ional progeny tests  (LAMBETH et  a l . ,  1983; 
MAGNUSSEN and YANCHUK, 1993). It therefore appears  tha t  the 
opt imum age for within family selection couid be later than  the 
opt imums calculated above for family selection. Use of two- 
stage selection is a logical alternative.  Because several years 
are needed to develop breeding orchards after selections are 
made, one could select a number  of individuals within the best  
families at the opt imum age for family selection (age 10 for 
height) and then rogue the breeding orchard based on later 
assessments .  Later  assessments  would provide trees large 
enough to give reasonable heritabili t ies for DBH and allow for 
thorough assessment  of candidate t rees for form and health.  
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