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Abstract 

Realized gains for coastal Douglas-fir (Pseudotsuga 
menziesii var. menziesii) were evaluated using data col­
lected from 15-year-old trees from five field trials plant­
ed in large block plots in the northern Oregon Cascades. 
Three populations with different genetic levels (elite – 
high predicted gain; intermediate – moderate predicted 
gain; and unimproved – wild seedlot) were compared at 
two planting spacings (1.8 x 1.8 m and 3.6 x 3.6 m). 

The realized gains at age 15 averaged over both the 
elite and intermediate progeny were 17.2% for stand 
volume per hectare, 3.5% for mean height, and 4.3% for 
diameter, compared to predicted genetic gains of 16.0% 
for volume, 5.4% for height, and 6.4% for diameter. 
Realized and predicted gains correlated well at the fami­
ly level, with an average correlation coefficient close to 
0.80. The improved populations also had higher survival 
rate and lower stem sinuosity than the unimproved pop­
ulation. Strong genetic level x planting spacing interac­
tion effects were revealed for the growth traits at age 15 
using mixed model analyses. Realized gains for stand 
per-hectare volume and mean growth rate were at least 
twice as large in the elite population as in the interme­
diate population at the close spacing. By contrast, both 
populations performed similarly at the wide spacing. 
This indicates that the selected genetic materials 
responded differently to the changes of competitive envi­
ronment, and realized gain trials should closely mimic 
operational plantations in order to provide valid esti­
mates of realized gains. Realized gains in per-hectare 
volume varied greatly among test sites. No significant 
genetic level x site interactions were found for any 
traits. 
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Introduction 

Realized genetic gain delivered by a breeding program 
is vitally important to those who fund tree improvement 
and use its results. Realized genetic gains are usually 
determined by comparing the performance of genetical­
ly-improved materials with unimproved materials
(ZOBEL and TALBERT, 1984). It is generally agreed that 
merely measuring progeny tests through to rotation is 
not adequate for providing reliable estimates of realized 
gain. Progeny trials contain highly heterogeneous genet­
ic materials, and are usually established using small, 
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non-contiguous plots (e.g., single-tree plots, row plots) in 
order to accommodate more families and replicates at a 
given cost, and estimate family means with higher sta­
tistical precision (LAMBETH et al., 1983; VERGARA et al., 
2004). Small plots are not, however, an accurate repre­
sentation of a forest stand once competition initiates the 
process of crown class development (FOSTER, 1992). Sev­
eral studies indicated that inter-tree competition in 
progeny trials may have magnified among-family differ­
ences, resulting in overestimation of additive genetic 
variance and therefore expected genetic gains 
(NAMKOONG et al., 1972; MAGNUSSEN, 1987; FOSTER, 
1989; ST. CLAIR and ADAMS, 1991). With the concept of 
“ideotype” breeding introduced by DONALD (1968), selec­
tion on the basis of mean individual performance in 
small-block progeny trials after crown closure may favor 
the progeny with the attributes of competition ideo­
types, which grow large in progeny mixtures at the 
expense of their neighbors. When these selected progeny 
are planted together in large block plots or deployed in 
plantations, greater competition on environmental 
resources (e.g., light, water and nutrients) may result in 
less growth per individual tree. As a result, genetic 
gains estimated in terms of stand volume per unit area 
on the basis of the information from progeny trials may 
be overestimated (DONALD and HAMBLIN, 1976; CANNELL, 
1982). 

Verifying realized genetic gain is arduous work 
because of the high cost of establishing and maintaining 
suitably designed trials and the long time required for 
reliable results. For example, enough plots are needed 
to pick up significant differences between treatments 
(ST. CLAIR et al., 2004) and plots should be large enough 
to carry a sufficient number of trees through to rotation. 

Realized genetic gain from first-generation tree 
improvement has been studied for several coniferous 
species. LAMBETH (2000) reported a 3.9% increase in site 
index and 27% reduction in sweep at age 6~7 for the 12 
best open-pollinated families from a loblolly pine (Pinus 
taeda L.) seed orchard. In radiata pine (Pinus radiata D. 
Don), seedlots from open-pollinated seed orchards had 
average realized gains of 4.5% in height, 6% in diame­
ter, and 15% in stem volume at ages 15–17; realized 
gains followed the expected order of elite crosses > open-
pollinated orchard > seed production area > land-race 
(CARSON et al., 1999). A study by VERGARA et al. (2004) 
comparing first-generation slash pine (Pinus elliottii 
var. elliottii Engelm.) selections and unimproved con­
trols in 7–18 years old plantations at 19 sites showed 
7.7% gains in individual tree volume and 10.2% gains in 
stand yield. LOPEZ-UPTON et al. (2000) found that 
fusiform rust infection on improved slash pine was 
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36.8% compared to infection of unimproved slash pine of 
50%, and that improved loblolly pine was 8% taller than 
unimproved for 3-year height growth under intensive 
silvicultural treatment. 

Douglas-fir (Pseudotsuga menziesii var. menziesii 
(Mirb.) Franco) tree improvement programs in the Pacif­
ic Northwest began in the 1950s (SILEN and WHEAT, 
1979), and large amounts of genetically improved seeds 
have been used for reforestation (ADAMS et al., 1990; 
JAYAWICKRAMA et al., 2009). In 1995, 7-year results were 
reported for a Douglas-fir trial established on five sites 
using 12 x 12 tree square plots at four planting densities 
in British Columbia (STOEHR and BIRD, 2003). Realized 
genetic gains were shown to be very close to predicted 
gains, with mid-gain families having more than 10% 
gain in height over wild stand controls, and top-crosses 
showing a gain of nearly 17%. In 1997, the Northwest 
Tree Improvement Cooperative (NWTIC) and the USFS 
Pacific Northwest Research Station (PNWRS) estab­
lished a realized gain study along the west slopes of the 
northern Oregon Cascades with the purposes of serving 
as a feedback mechanism to improve the effectiveness of 
the tree improvement program, providing economic jus­
tification for the program, and assisting with the adjust­
ment of growth models to account for genetic gains. 
Early results were promising and were published by 
ST. CLAIR et al. (2004). The realized genetic gains esti­
mated at age 8 were about 6% for height, 8% for diame­
ter, and 28% for stem volume, compared to predicted 
genetic gains of about 8% for height, 7% for diameter, 
and 25% for stem volume. The second measurement of 
the trials provided the data for the current publication. 

This paper aims to: (1) quantify realized genetic gains 
for the growth of genetically improved seedlots com­
pared to an unimproved mix of a wild seedlot, (2) com­
pare realized gains with predicted gains derived from 
the progeny tests in the same breeding zone, and (3) 
evaluate the impact of planting spacing on realized gain. 

Materials and Methods 

Test materials and experimental designs 

The tested materials and experimental designs are 
detailed in ST. CLAIR et al. (2004). Here we recapitulate 
the essential details of population sampling and trial 
establishment. Parents were selected from the first-gen­
eration Molalla breeding zone located in the north Ore­
gon Cascades, southeast of Portland. They were back-

Table 1. – Site information for the five trials used in the analysis. 

ward selections chosen primarily on the basis of their 
age-15 volume scores in progeny tests after adjustments 
for site and design effects. Due to differences in statisti­
cal methodology, however, the volume scores did not 
always line up well with the breeding values predicted 
later using Best Linear Unbiased Prediction (BLUP). 
Twenty single-pair full-sib crosses were made between 
these selected parents, and were then classified into two 
improved populations with different genetic levels based 
on their mid-parent performance: elite (a mix of 10 sin-
gle-pair crosses with a predicted age-15 individual-tree 
volume gain = 23%) and intermediate (a mix of 10 sin-
gle-pair crosses with a predicted age-15 individual-tree 
predicted volume gain = 8%). The unimproved popula­
tion consisted of progeny from 50 trees selected at ran­
dom with respect to growth and form from naturally 
regenerated stands well distributed throughout the 
breeding zone. 

The realized gain trials were established at five sites 
in 1997 using 3-year-old seedlings of the elite, interme­
diate, and woods-run (unimproved) populations. These 
sites are representative of environments for both breed­
ing and deployment in this breeding zone (Table 1). In 
each of the six replicates at each site, the three genetic 
levels (i.e., elite, intermediate, and unimproved) were 
planted at each of two stand densities – low density 
(3.6 x 3.6 m spacing, 772 trees/ha) and high density 
(1.8 x 1.8 m spacing, 3,086 trees/ha) using a split-plot 
experimental design with planting density as the whole 
plot and genetic level as the subplot. One subplot from 
the Mill City site was excluded from the analyses due to 
high mortality attributed to the plot being established 
on an area severely impacted during logging. One hun­
dred trees were initially planted in each subplot (a 10 x 
10 tree square), along with one buffer row of the same 
genetic level planted around each subplot and around 
the outside of trials. An average of 10 seedlings from 
each full-sib family was randomly assigned to planting 
positions within each subplot (i.e., mixed-family deploy­
ment within each genetic level). 

All trees excluding buffer trees were measured at ages 
8 and 15 from seed (the second measurement at the 
Molalla site was actually made at age 13 instead of 15). 
Variables measured were height (both ages), dbh (both 
ages), number incidents of forking (later age only), num­
ber of incidents of ramicorn branching (later age only), 
and stem sinuosity score (later age only; except for the 
Molalla site). Stem volume index was calculated as 

1 HT, DBH, and VOL = mean height, diameter, and volume, respectively. 
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height x dbh2. Taper was defined as the ratio of dbh to 
height. 

Data analyses 

For the purpose of comparing the two improved popu­
lations with the unimproved seedlot, individual tree 
information was summarized on a per unit area basis 
obtaining one record per subplot for the following traits: 
total stem volume per hectare at age 8 (VOL8) and 15 
(VOL15), mean annual increment of volume per hectare 
between ages 8 and 15 (VOL_I), mean height at age 8 
(HT8) and 15 (HT15), mean dbh at age 8 (DBH8) and 15 
(DBH15), mean annual increments between ages 8 and 
15 for height (HT_I) and dbh (DBH_I), mean taper at 
age 15 (TAPER15), mean number incidents of forking at 
age 15 (FORK15), mean number incidents of ramicorn 
branching at age 15 (RAMI15), mean sinuosity score at 
age 15 (SINU15), and survival at age 15 (SURV15). 
Total volume per hectare was calculated as the total vol­
ume in a subplot for all living trees and then expanded 
to a per-hectare basis. Thus, it incorporates both growth 
of individual trees and survival. A total of 179 subplots 
were used for the analyses. The following linear model 
was employed to conduct an analysis of variance for 
each trait using Restricted Maximum Likelihood 
(REML) approach in ASReml (GILMOUR et al., 2006). 

= µ + Si + Rj(i) + Dk + (SD)ik + Glyijkl + δijk (1)+ (SG)il + (DG)kl + (SDG)ikl + εijkl 

where yijkl is subplot mean or volume/ha, µ is the grand 
mean, Si is the fixed effect of the ith site, Rj(i) is the ran­
dom effect of the jth replicate within the ith site, Dk is 
the fixed effect of the kth stand density, Gl is the fixed 
effect of the lth genetic level, δijk is the random whole-
plot error, εijkl is the random subplot error, (SD)ik, (SG)il, 
(DG)kl, and (SDG)ikl are the fixed effects of interactions. 
Three contrasts were also tested for comparing the 
improved populations against the unimproved seedlot, 
as well as the differences between the elite and the 
intermediate populations at each stand density. 

Similar analyses were conducted using family means 
in each subplot as the unit of observation for the pur­
pose of comparing realized gains with predicted gains at 
the family mean level. The analyses were performed by 
expanding model (1) to include an additional fixed effect 
of full-sib family within genetic level as well as its two-
and three-way interactions with site and stand density. 

Each site was allowed to have its own unique error 
variance to improve the fit of the models. While some 
studies used the “sometimes-pooling” technique 
described by BOZIVICH et al. (1956) and BANCROFT (1968) 
to pool non-significant model terms into the subplot 
error, HARTER (1961) and CHEW (1958) doubted that one 
should always obtain the subplot error by pooling. For 
all the traits measured in this study, such pooling only 
slightly altered the p-values but did not change the 
interpretation of results. Thus, only the results from the 
full models were reported. 

Least square means (LSM) for each genetic level and 
planting density were estimated across sites as well as 
for each site using the PREDICT statement in ASReml. 

Due to the non-estimable functions in cross-classified 
data with some missing cells, LSMs for these variables 
were estimated only over the cells containing data in the 
frequency table. Realized gains (RG) were determined 
by comparing the performance of improved with unim­
proved populations at both genetic population and fami­
ly levels. 

RG = (LSMI – LSMU) x 100 /LSMU (2) 

where LSMI and LSMU are least square means for 
improved and unimproved materials, respectively. Due 
to low incidences, realized gain was not calculated for 
the two branching traits (i.e., FORK15 and RAMI15). 

For growth traits, predicted breeding value (BV) of 
each full-sib family had been previously calculated from 
mid-parental BVs in the Molalla open-pollinated proge­
ny trials using individual-tree BLUP (YE and JAYAWICK­
RAMA, 2008). Predicted gains (PG) were expressed as 
BVs divided by the means of the testing population. 
Since all parents tested in the progeny trials were road­
side selections chosen without emphasis on growth 
superiority, the population mean is expected to be close 
to the performance of unimproved materials. PG for 
each of the two genetic levels (i.e., elite and intermedi­
ate) was expressed as the mean PG of the full-sib fami­
lies weighted by the number of trees per family. The 
comparisons between RG and PG were conducted at 
both population and family levels. 

Results 

Analyses of variance and contrast tests 

P-values obtained from the across-site analyses of 
variance with heterogeneous error variances by site on a 
per subplot basis are listed in Table 2. Survival at age 
15 differed significantly among sites, ranging from 80% 
to 92%. The elite and intermediate populations had a 
similar average survival rate (89%) which was higher 
than that of the unimproved population (84%). Such 
level of survival should be high enough for valid compar­
isons based on stand volume on a per unit area basis. 
Survival in the high-density plots was not significantly 
different from that in the low-density plots, implying 
that among-tree competition was not strong enough to 
cause density-dependent mortality at the close spacing 
by age 15. Among-site differences were pronounced for 
all traits studied. The Mill City site had the greatest 
average volume growth whereas the Silver Falls and 
Molalla sites had the lowest (Table 1). 

Significant differences among the three genetic levels 
were found for all traits assessed, and were more pro­
nounced for growth (Table 2). Contrast tests indicated 
that the differences between the improved and unim­
proved populations were highly significant (P < 0.01) for 
all growth traits except DBH8 and for stem sinuosity 
(SINU15). DBH8, TAPER15, and RAMI15 were signifi­
cant at P < 0.05. Forking (FORK15) did not differ signif­
icantly between improved and unimproved (P = 0.14). 

As expected, stand volume production was significant­
ly greater in the high-density plots (Tables 2 and 3), 
mainly due to the difference in number of trees per 
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Table 2. – Observed significance associated with the analyses of variance based on a per subplot basis. 

1 Traits: HT8, HT15 = mean height at ages 8 and 15, respectively; DBH8, DBH15 = mean diameter at ages 8 and 15, respectively; 
VOL8, VOL15 = volume/ha at ages 8 and 15, respectively; HT_I, DBH_I, VOL_I = mean annual growth increments between ages 
8 and 15 for mean height, mean diameter, and volume/ha, respectively; TAPER15 = mean taper at age 15 expressed as 
DBH15/HT15; FORK15 = mean number incidents of forking at age 15; RAMI15 = mean number incidents of ramicorn branching 
at age 15; SINU15 = mean sinuosity score at age 15; SURV15 = survival rate at age 15. 

2 The numbers in parentheses are the degrees of freedom for SINU15 which was measured at 4 sites instead of 5. 
3 Contr: Improved_vs_ck = contrast test for the improved vs. unimproved populations; Contr: E_vs_I_at_1.8 = contrast test for the 

elite vs. the intermediate populations at 1.8 x 1.8 m spacing; Contr: E_vs_I_at_3.6 = contrast test for the elite vs. the intermedi­
ate populations at 3.6 x 3.6 m spacing. 

hectare. Significant differences were also found between Stem sinuosity did not seem to be affected by stand den-
planting densities for most growth and branching traits. sity, at least at age 15 (P = 0.42). Interactions of genetic 
Trees at the close spacing were taller at both ages, but levels with planting densities were significant (P < 0.05 
grew more slowly in diameter between ages 8 and 15 for VOL8 and P ≤ 0.01 for VOL15, VOL_I, HT15, and 
than trees at the wide spacing (Table 3). Compared to DBH15). Trees from the elite population were signifi­
low-density plots, high-density plots had smaller mean cantly larger than trees from the intermediate popula­
taper (i.e., dbh/height ratio, 0.11 vs. 0.14), fewer inci- tion at the close spacing except for DBH_I. At the wide 
dents of forking (2 vs. 4 per 100 trees), and fewer inci- spacing, however, both the improved populations were 
dents of ramicorn branching (9 vs. 15 per 100 trees). similar in growth rates at both ages. 

Table 3. – Means of traits and stand volumes on per subplot basis. 

1 Traits: HT8, DBH8, VOL8 = height (cm), dimater (mm), and volume (dm3 for means, m3 for totals/ha) at 
age 8, respectively; HT15 (cm), DBH15 (mm), VOL15 (dm3 for means, m3 for totals/ha), TAPER15, 
FORK15, RAMI15, SINU15 = height, diameter, volume, taper, forking, ramicorns, and sinuosity at age 
15, respectively; HT_I (cm), DBH_I (mm), VOL_I (dm3 for mean, m3 for totals/ha) = mean annual growth 
increment between ages 8 and 15, respectively; SURV15 = survival rate at age 15. 
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The stability of performance across sites was demon­
strated by the non-significant site x genetic population 
interaction for all traits. First-generation Douglas-fir 
breeding zones in the Pacific Northwest were geographi­
cally and climatically narrow (SILEN and WHEAT, 1979; 
HOWE et al., 2006), and, thus, we did not expect to find 
interactions between families or genetic populations and 
test sites. 

Realized gains 

Realized gains, as percent deviation from the unim­
proved seedlot, varied between genetic populations and 
among traits (Fig. 1). The realized gains at age 15 aver­
aged across all elite and intermediate families were 
17.2% for stand volume per hectare (VOL15), 3.5% for 
height (HT15), and 4.3% for diameter (DBH15). Real­
ized gains for the elite population were 22%, 4%, and 
5% for VOL15, HT15, and DBH15, respectively. Real­

ized gains for the intermediate population were 12% for 
VOL15 and 3% for both HT15 and DBH15. Similar pat­
terns were observed for mean annual growth increments 
between ages 8 and 15. Both the elite and the interme­
diate populations showed substantial improvement in 
stem sinuosity, with 15% and 43% reduction in mean 
sinuosity score (SINU15), respectively. 

Except for the Estacada site, realized gains for age-15 
height and diameter did not change much across sites. 
However, realized gain for age-15 per-hectare volume 
varied greatly among test sites (Table 4). For the elite 
population, among-site differences were moderately cor­
related with differences in survival between the elite 
and the control populations (r = 0.6, results not shown). 
By contrast, the among-site differences in age-15 per-
hectare volume were largely survival-independent 
(r = –0.05, results not shown) for the intermediate popu­
lation, with the low productivity sites having the high-

Figure 1. – Realized gains for volume/ha, mean height, mean diameter, and mean stem 
sinuosity. a – both densities, b – high planting density (1.8 x 1.8m), and c – low planting 
density (3.6 x 3.6m). HT8, DBH8, and VOL8 are mean height, mean diameter, and 
volume/ha at age 8; HT15, DBH15, VOL15, and SINU15 are mean height, mean 
diameter, volume/ha, and sinuosity score at age 15; HT_I, DBH_I, and VOL_I are mean 
annual growth increments from age 8 to age 15. 
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Table 4. – Realized gains for improved populations on per subplot basis by site as well as across sites. 

1 Traits: HT8, DBH8, VOL8 = height, dimater, and volume at age 8, respectively; HT15, DBH15, VOL15, TAPER15, SINU15 = 
height, diameter, volume, taper, and sinuosity at age 15, respectively; HT_I, DBH_I, VOL_I = annual growth increment between 
ages 8 and 15, respectively. 

2 RG1 – realized gains (%) for the elite population, RG2 – realized gains (%) for the intermediate population, CK – least square 
means for the unimproved population (HT8, HT15, HT_I: cm; DBH8, DBH15, DBH_I: mm; VOL8, VOL15, VOL_I: dm3 for 
means, m3 for totals/ha). Numbers in parentheses are survival rates. 

est stand volume gains. The improved materials exhibit­
ed superior growth performance at all sites except for 
the Estacada site where the intermediate population 
was either close to or worse than the unimproved seed-
lot. 

While overall the elite population had consistently 
higher gains than the intermediate population in 
growth, the two levels of planting density exhibited dis­
tinct patterns of realized gain. The differences between 
the elite and the intermediate were pronounced at the 
1.8 x 1.8 m spacing but diminished at the 3.6 x 3.6 m 
spacing (Fig. 2). For example, the elite population had 
2.5 times the realized gain of the intermediate popula­
tion in VOL15 in the high-density plots (25% vs. 10%). 
This difference, however, was reversed in the low-densi­
ty plots: the intermediate population even had a slightly 
better age-15 growth performance than the elite, 
although the differences were not statistically signifi­
cant. 

Realized gains differed between the two assessment 
ages (Fig. 1). The percent gains for the elite population 
decreased from 44%, 6%, and 8% at age 8 to 22%, 4%, 
and 5% at age 15 for per-hectare volume, mean height 
and mean diameter, respectively. For the intermediate 
population, however, both ages yielded fairly similar 
gain levels. 

When tree growth was dissected into two growth peri­
ods, i.e., ages 1~8 and 8~15, the two improved popula­
tions seemed to have different growth rates between the 
two growth periods. At the wide spacing, the elite fami­
lies had faster diameter growth than the intermediate 
families in the early period, but an inverse pattern was 
observed in the later period (Fig. 1). For example, the 
elite population had 2.6% more gains than the interme­
diate population at ages 1~8, but had 1.8% less gains 
than the intermediate at ages 8~15. The two improved 
populations did not differ much in height growth at both 
periods. At the close spacing, the elite population consis­
tently grew faster than the intermediate population at 

both growth periods. Compared to the growth at ages 
1~8, the differences between the elite and the intermedi­
ate populations became much smaller at ages 8~15. The 
difference in height was 7% at ages 1~8, but was 2% at 
ages 8~15. Similarly, differences in diameter decreased 
from 10% at ages 1~8 to < 2% at ages 8~15. 

Comparisons of realized gains with predicted gains from 
BLUP 

Comparisons between realized gains (RG) and predict­
ed gains (PG) for age-15 growth traits at population 
level are given in Fig. 2. Averaged across the two geneti­
cally improved populations, a RG of 17.2% for stand per-
hectare volume at age 15 was obtained, which is very 
close to the average PG of age-15 volume (16.0%) based 
on individual-tree BLUP from the Molalla progeny tests. 
RGs from the plots with 1.8 x 1.8 m spacing were slight­
ly larger than from the plots with 3.6 x 3.6 m spacing. 
When comparisons were conducted separately for the 
two genetic populations, PG matched RG well for the 
elite population (23.7% vs. 22.1%) but was lower than 
RG for the intermediate population (8.3% vs. 12.2%). In 
each population, PG of volume was more similar to RG 
of stand yield from the close-spaced plots than from the 
wide-spaced plots. Similar patterns were observed for 
mean height and diameter growth at age 15. Compared 
to PGs of 5.4% for height and 6.3% for diameter over 
both populations, the average RGs were 3.5% for height 
and 4.3% for diameter at age 15. PGs were a bit larger 
than RGs for the elite population but similar to RGs for 
the intermediate population. 

The relationships between RGs and PGs for family 
mean growth at age 15 are shown in Fig. 3. It is evident 
that the degrees of closeness of the linear relationship 
between the two types of gains were high (r = 0.82~0.88) 
at the 1.8 x 1.8 m spacing and moderate (r = 0.56~0.58) 
at 3.6 x 3.6 m spacing, with an average correlation coef­
ficient r = 0.77. When the relationship was regressed for 
each trait, none of the regression coefficients were sta­
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Figure 2. – Comparisons between realized gains and predicted genetic gains for age-15 
growth traits at genetic population level. HT15, DBH15, and VOL15 are mean height, 
mean diameter, and volume/ha at age 15, respectively. 

Figure 3. – Relationship between realized gains and predicted genetic gains for age-15 
growth traits at family mean level. a ~ c = HT15; d ~ f = DBH15; g ~ i = VOL15; 
a, d, g = high planting density (1.8 x 1.8 m); b, e, h = low planting density (3.6 x 3.6m); 
and c, f, i = both densities. 
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tistically significant from 1 (results not shown). This 
suggests that PGs obtained from the progeny trials 
using BLUP gave unbiased predictions of RGs from the 
gain trials. 

Discussions 

Realized gains confirmed in this study were evident in 
growth rate; however, they were not as large as those 
reported by STOEHR and BIRD (2003) for age-7 height 
(10% for mid-gain families and 17% for top-crosses). It 
should be noted that the realized gains obtained in this 
study are by no means the upper limit that may be 
obtained for coastal Douglas-fir in the Molalla breeding 
zone. While the age-15 predicted individual-volume gain 
of the elite population was 23.7%, the average predicted 
gain of the top 20 parents within the Molalla breeding 
zone was much higher at 56.5%. The difference between 
these two figures can be attributed to: (1) criteria and 
analyses used in selecting parents at the time of cross­
ing different from those used more recently based on 
BLUP results, (2) unavailability of certain parents in 
the clone bank, and (3) inability to produce adequate 
amounts of seed and seedlings from certain desired 
crosses. 

Forest geneticists and tree breeders know that genetic 
effects on tree growth are strong, yet little is known 
regarding the effects of competition among genetically 
selected materials on stand productivity. The effects of 
competition are dependent on both the genetic composi­
tion (i.e., inter-genotypic competition) and the proximity 
of neighbors (i.e., density competition) (SAKAI, 1961; ST. 
CLAIR and ADAMS, 1991). In the Pacific Northwest, supe­
rior trees were selected from progeny trials at age 15, a 
typical age for final selection in the first-generation 
coastal Douglas-fir breeding programs (SILEN and 
WHEAT, 1979). At this age, the canopy has already closed 
for several years and competition may have caused trees 
to modify their growth behavior. Many of the progeny 
that were classified as elite in this study might be those 
who could rapidly exploit environmental resources such 
as light, water, and nutrients at the expense of neigh­
boring progeny. Thus, a large proportion of the elite 
selections are likely to have high competitive ability as 
well as density tolerance, and are better fit into the cat­
egory of competition ideotype (DONALD and HAMBLIN, 
1976; CANNELL, 1978; WHITE et al., 2007). By contrast, 
the intermediate selections were genetically more het­
erogeneous, with overall predicted gains much smaller 
than the elite selections. They might have been sup­
pressed by the elite families to some extent in progeny 
trials, despite some of them may possess high genetic 
potential and could grow well in the absence of competi­
tion such as in wide-spaced or open-grown conditions. 
Whether the differences between the elites and the 
intermediates are due to true genetic differences includ­
ing competitive ability, or whether it merely reflects dif­
fering degrees of suppression, cannot be resolved from 
the evidence solely provided by the progeny trials at the 
age of selection. 

The stand density in the present study was as high as 
1.8 x 1.8 m, much higher than in operational plantations 

(typically 3.0 x 3.0 m for Douglas-fir in the Pacific 
Northwest). The effect of planting density on ranking of 
genetic levels seems to be of little practical importance 
for the 8-year diameter and volume growth. This agrees 
with the findings reported by ST. CLAIR et al. (2004) as 
well as other published studies on family ranking by 
spacing level at young ages (e.g., CAMPBELL et al., 1986; 
ST. CLAIR and ADAMS, 1991). However, we found that 
there were highly significant rank changes among dif­
ferent genetic levels at age 15. For example, realized 
gains for per-hectare volume and mean individual-tree 
growth in height and diameter were at least twice as 
large in the elite population as that in the intermediate 
population at the 1.8 x 1.8 m spacing. By contrast, the 
intermediate population performed even slightly better 
than the elite one at the 3.6 x 3.6 m spacing, although 
they were statistically not different from each other. 

The main reason for the elite population not outper­
forming the intermediate population at low stand densi­
ty may be due to their different responses to changes in 
competitive environments. Many authors have been 
aware of the change in selection efficiency and progeny 
ranking if the competitive environment in which proge­
ny are tested and selected is not the same as the envi­
ronment in which the selected progeny are to be grown 
(e.g., CANNELL, 1982; ST. CLAIR and ADAMS, 1991). Com­
pared to the progeny trials that were established at 
3.0 x 3.0 m spacing, trees in the realized gain trials 
planted at the 1.8 x 1.8 m spacing encountered an even 
higher density competition. Also due to mixed-family 
deployment, the overall competitive environment at the 
tight spacing may have been similar to that of the prog­
eny trials. Thus, the elite population exhibited its 
growth superiority in the realized gain trials at the 
spacing and competitive environment that was more 
like that of the progeny trials. By contrast, crown clo­
sure had not yet occurred in the plots established at 
3.6 x 3.6 m spacing at age 15, and a low level of among-
tree competition was therefore expected. The growth 
ranking of trees at the wide spacing depended primarily 
on their relative abilities to grow in open-grown condi­
tions and partially on their abilities to compete with 
neighboring trees and /or brushes. The lack of statistical 
difference between the elite and the intermediate popu­
lations at the wide spacing might suggest that the dif­
ference between the two improved populations were 
mainly contributed by their different competitive abili­
ties under the environment with limited resources. 
Whether the elite population will eventually prevail 
against the intermediate population in the widely-
spaced plots after crown closure is of great interest. 

The results from the present study indicate that the 
elite and the intermediate populations might differ in 
their relative diameter growth rate at ages 1~8 and 
8~15. At the wide spacing, the elite families on average 
grew faster than the intermediate families in diameter 
and volume at ages 1~8, but the pattern was reversed at 
ages 8~15. The differences were not statistically signifi­
cant, probably due to the lack of statistical power caused 
by the limited number of replicates (ST. CLAIR et al., 
2004) as well as the large within-subplot environmental 
variation at the wide spacing plots. Despite the lack of 
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statistical significance, such differences may still have 
practical meaning. While genetic analysis of growth 
curves has received limited attention in general, several 
studies have showed that growth curves are under mod­
erate genetic control (e.g., MAGNUSSEN and KREMER, 
1993; GWAZE et al., 2002). It is feasible that growth 
curves shift in response to selection (BARBATO, 1991; 
GWAZE et al., 2002). In progeny trials, progeny growing 
fast during the early stage (e.g., the elite progeny) would 
have their advantages in terms of competitive ability: 
they are the ones that became established quickly, prob­
ably expanded photosynthetic and root surfaces rapidly, 
and thereby made greatest possible claims on environ­
mental resources such as light, water and nutrients. 
These abilities would be valuable in operational planta­
tions as well. 

Competition likely hampers the efficiency of selection 
in tree breeding programs if the competitive environ­
ments differ between the progeny trials and the opera­
tional plantations. It is, therefore, our concern as to how 
to include and gauge competition effect in operational 
breeding programs. While some authors recommended 
postponement of selection until the middle of the 
mature phase (e.g., FRANKLIN, 1979), it is not feasible for 
the coniferous species with long rotation lengths (~ 60 
years) such as Douglas-fir. In a loblolly pine realized 
gain trial, ADAMS et al. (2008) showed that correlation of 
average stand volume between ages 9 and 17 increased 
from 0.50 to 0.70 as planting density went from the 
3.0 x 3.0 m to the 1.5 x 1.5 m spacing. This highlights 
the possibility to establish progeny trials at a closer 
spacing to stimulate competition so that the competitive 
ability can be observed and gauged at early ages. Anoth­
er example was demonstrated by HART (1986) and 
NANCE et al. (1983) which both deployed the same set of 
families. Among-family differences were not detectible 
in HART’s (1986) experiment at a 2.4 x 2.4 m spacing but 
were found in NANCE et al. (1983) with 1.83 x 1.83 m 
spacing. 

This study found that the gains predicted from proge­
ny trials were similar to the realized gains estimated 
from the close-spaced plots where crown closure had 
occurred. The result disagrees with what was reported 
in several other studies. For example, ST. CLAIR and 
ADAMS (1991) found that the competitive environment in 
which Douglas-fir seedlings were grown had a large 
effect on family variance which in turn led to larger esti­
mates of heritability and predicted genetic gains. Thus, 
when trees were selected in competitive environments 
but deployed in pure family blocks, their genetic gains 
were likely to have been over-predicted. Similar results 
were reported by WILLIAMS et al. (1983) and HART (1986) 
in progeny tests of loblolly pine. FOSTER (1989) found 
large differences in variance component estimates 
between large block plots, row plots, and non-contiguous 
plots. Although the inter-family heterogeneity in each 
subplot was expected to be smaller than in the progeny 
trials, it is by no mean to be close to that in pure clonal 
deployment. Strong inter-genotypic competition may 
exist within subplots due to large within-family varia­
tion. According to WOODS et al. (2001), within-family 
variation was about 4~5 times larger than among-family 

variation for both height and diameter in a Douglas-fir 
nursery test. Thus, the competitive environment at the 
close spacing could still be similar to that in the progeny 
trials. The differences in realized gains between the 
close- and wide-spaced plots in this study highlight the 
fact that the realized gain trials should closely mimic 
the operational plantations in order to provide valid 
estimates of realized gains. 

Users of the Douglas-fir tree improvement program 
are generally more interested in increasing total bole 
volume production per unit area at rotation, rather than 
growing a small number of large trees and many small 
trees on the same area. In the present study, the pre­
dicted gain based on individual-tree volume from proge­
ny trials matched the overall realized gain for volume 
per hectare very well in realized gain trials at age 15. 
This is encouraging and somewhat surprising. Stand 
volume per hectare is not only related to the individual-
tree volume but is also closely related to survival as well 
as other factors such as stand diameter distribution, 
stand density, age, and site index, etc. (CLUTTER et al., 
1983). Despite significant differences in survival 
between the improved and unimproved populations in 
this study, the elite and intermediate populations had 
almost the same survival rate at age 15, indicating that 
competitive ability within the genetically improved pop­
ulations at this age could be expressed largely through 
suppression in growth instead of mortality. 

Realized gains based on subplot family means 
obtained in the present study correlated well with their 
corresponding predicted gains from Molalla progeny tri­
als, despite that a different set of sites was used in the 
gain trials and the progeny trials. This indicates that 
the family ranking was relatively stable between the 
progeny trials and the realized gain trials. Family gains 
predicted from the progeny trials were slightly overesti­
mated in general when compared to the realized gains 
from the gain trials (especially for the widely-spaced 
plots), although the overall differences were statistically 
insignificant. These results are in accordance with 
FOSTER’s (1989) summary where he concluded on the 
basis of published results that among-family perfor­
mance was relatively stable across a range of inter-fami­
ly competition, yet genetic gain estimates would be 
inflated in small-plot trials due to the confounding of 
genetic variance and competition variance. 

It is of great concern to tree breeders, growth model­
ers and users of genetically improved stock whether or 
not the genetic superiority obtained from breeding will 
diminish with time. Several authors have found or 
implied that growth-rate increase from genetic selection 
might decrease or disappear with the increase of compe­
tition toward rotation, although very little information 
is available for older Douglas-fir. FRANKLIN (1979) 
reported sharp decreases in additive variance from ages 
20 to 25 and in heritability from ages 40 to 53 in Dou­
glas-fir, based on the data from NAMKOONG et al. (1972). 
HAMILTON JR. and REHFELDT (1994) hypothesized a 
potential outcome of using genetically improved stocks: 
increased individual tree growth rates may lead to 
excessive stand density which in turn results in a 
decrease in stand volume increment later in a rotation. 
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Our results provide no evidence to parallel this assump­
tion, although the trees were still young. The annual 
growth increments for per-hectare volume, mean height 
and diameter from ages 8 to 15 were very close to the 
overall age-15 growth rate. 

Unlike stem sinuosity which has been greatly 
improved through genetic selection, little difference was 
found for incidence of forking and ramicorn branching 
between the improved and unimproved seedlots. Two 
possible reasons are: (1) these traits were not scored in 
the first-generation progeny test and, therefore, were 
not part of the selection criteria for parents for crossing, 
and (2) both traits at the juvenile stage usually show 
very low heritabilities and are affected by silvicultural 
factors such as planting density and soil fertility. 
According to the Northwest Tree Improvement Coopera­
tive technical reports (unpublished data), the average 
heritability estimates at ages 7~13 were only 0.02 for 
forking and 0.04 for ramicorns across six progeny test­
ing programs. Despite the importance to the quality of 
wood products, their incidence rates were fairly low. 

Conclusions 

The genetically selected Douglas-fir populations (i.e., 
elite and intermediate) had significantly higher volume 
per hectare and greater mean height and diameter than 
the unimproved population in these large-block realized 
gain trials. Realized gains matched the predicted gains 
from progeny tests in general. However, strong genetic 
level x planting spacing interaction suggested that the 
two selected populations responded differently to 
changes of stand density, and that realized gain trials 
should have similar competitive environment to opera­
tional plantations in order to provide valid estimates of 
realized-gain. 
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