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Summary

To determine the extent of genetic variation within and
among Douglas-fir breeding zones in southwest Oregon,
we studied six seed and seedling traits in families origi-
nating from 14 breeding zones. Families from 25 wind-pol-
linated parents from each zone were grown in a common
garden in Corvallis, Oregon. Seedling traits were measured
at the end of the first growing season. On average, 53,9%
of phenotypic variation among families was attributable to
variation between zones; the remainder reflected differen-
ces among families within zones. Patterns of variation a-
mong breeding znnes were strongly associated with location
variables (distance from the ocean, latitude, and elevation)
and seemed to reflect adaptation to moisture and tempe-
rature gradients in the region. Families from the drier,
southern-inland zones had heavier seeds and produced
seedlings that grew slower and had earlier budset, less
frost damage, and more second flushing than families
from breeding zones with cooler, moister climates. Eleva-
tion clines were most evident for traits related to pheno-
logy; seedlings from higher elevation breeding zones had
earliest budset and least frost damage. Regression of fami-
ly means on location variables accounted for only a small
proportion of genetic variation within breeding zones.
Redefining current breeding-zone boundaries or reducing
zone size probably would do little to reduce the effect of
adaptive differentiation associated with geography in
southwest Oregon.
Key words: Geographic variation, breeding zones, adaptation,
Douglas-fir, Pseudotsuga menziesii, southwest Oregon.

Introduction

Breeding programs to improve growth and survival of
commercial forests of Douglas-fir [Pseudotsuga menziesii
(Migrs.) Franco] have been established in southwest Oregon.
The climate of the region ranges from cool and moist in
the coastal areas to hot and dry in the interior valleys
FrankLin and Dyrness, 1973). Superimposed on the broader
climatic gradients is extensive microgeographical variation
associated with differences in aspect, soils, slope, altitude,
and disturbance history. Douglas-fir, the most prevalent
and commerciaily important species in the area, occurs in
an extensive range of habitats, from sea level to over 1500
m. The broad genetic diversity (Smen, 1978; Apams and
CampBELL, 1981) of the species contributes to its extensive

..ecolagical range, and significant correlations between seed-
ling characteristics in common-garden studies and topo-
graphic or climatic variables of seed sources have been
reported in this region (HermanN and LAVENDER, 1968; Grir-
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FIN and CHiNg, 1977; CampBerL and Sorensex, 1978; WHITE
et al., 1981; SorenseN, 1983; CampPBELL, 1986).

Because of its extreme environmental heterogeneity,
southwest Oregon has been subdivided into 38 Douglas-
fir breeding zones within 13 breeding units (Figure I).
Breeding zones are ecologically similar areas, generally
less than 60,000 ha in size, with an elevation range of 150
M to 450 M. Within breeding units, breeding zones cor-
respond to elevation bands. There are 2 to 6 breeding
zones within each breeding unit in southwest Oregon
(Wueat and Surn, 1984). To take advantage of local adap-
tation in tree improvement programs, each zone is served
by a single breeding population of trees from that zone
alone. Although the zones were intended to reflect geo-
graphically related adaptive variation, little or no infor-
mation on geographic patterns of genetic variation was
available when the zones were designated. The boundaries
of both breeding and seed collection zones were instead
based primarily on local physiography, meteorological
data, and conifer species composition (Ruborr, 1974). The
accuracy with which current breeding zones represent geo-
graphic patterns of adaptive variation, therefore, needs to
be determined. If adaptively significant variation is com-
mon within the current zones, shifts in zone boundaries,
reduction in zone size, or both may be necessary to ensure
adaptability of genetically improved planting stock. If, on
the other hand, breeding zones could be combined with
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Figure 1. — Douglas-fir breeding units in southwest Oregon. Shad-
ed units were included in this study.

235



Table 1. — Southwest Oregon breeding zones mncluded in this study and their elevation ranges.

Elevation
Breeding unit Breeding zone Designation?@ Range (m)
North Umpqua 1 L 150-610
3 M 760-915
5 H 1065-1220
South Umpqua 1 L 300-610
3 M 760-915
5 H 1065-1375
Jacksonville 1 L 450-760
2 M 760-1065
3 H 1065-1375
Butte Falls 1 L 760-1065
2 M 1065-1375
3 H 1375-1680
South Gold Beach 2 L 0-450
3 M 450-760

2) L. = low, M = medium, H = high elevation.

minimal loss of fitness, tree-improvement costs would de-
crease considerably. Preliminary evidence suggests that
present breeding and seed zones take much adaptive vari-
ation into account, but considerable adaptive variation may
remain within zones (Apams and CampBeLL, 1981; SORENSEN,
1983).

This study was carried out to further describe patterns
of genetic variation of Douglas-fir in southwest Oregon
and to determine the degree to which breeding zones ac-
count for geographically related adaptive differentiation
among sources. Previous investigations of geographically
related variation in this region involved families derived
from very restricted areas (HrrmManN and LAvVENDER, 1968;
Sorensen, 1983) or from a limited number (70 to 135) of
parent trees scattered over a broad area. This paper re-
ports on variation in traits from first-year seedlings grown
in a common garden from wind-pollinated seeds from 350
parent trees (25 from each of 14 breeding zones, covering
much of the region).

Materials and Methods

Seed Origins

The parent trees were selected originally for inclusion in
tree-improvement programs. Two to four hundred parent
trees in wild stands made up the initial breeding popul-
tion in each zone (SiLeNn and WaeAT, 1979). Only low-inten-
sity selection was applied in choosing these trees, since
they were to be evaluated in progeny tests. The 25 trees
from each breeding zone in this study were selected at

‘random from this larger collection of trees.

The breeding units (Figure 1) include the major envi-
ronmental gradients in the region. Mean annual precipita-
tion decreases rapidly with distance from the ocean (from
160 cm in South Gold Beach to 40 cm in Jacksonville and
Butte Falls) and increases slightly with latitude (60 cm in
the North Umpqua) (FroeuLicH et al., 1982). January mean
minimum temperatures decrease with distance from the
ocean (25° C to —5° C) and with increasing elevation (Frank-

uN and Dyrness, 1973). Mean July maximum temperatures
are lowest in the coastal unit (23°C), followed by the
northern inland units (28° C); the southern inland units are
the hottest (30° C) (FRANKLIN and Dyrness, 1973).

The 14 breeding zones included three [low (L), medium
(M), and high (H)] from the North Umpqua, South Umpqua,
Jacksonville, and Butte Falls breeding units (inland units)
and two (L and M) from the South Gold Beach unit (coastal
unity (Table 1). These zones were selected so patterns of
genetic variation on elevational transects could be investi-
gated within each unit, as well as along a west-east tran-
sect (South Gold Beach — Jacksonville — Butte Falls) and
a north-south transect (North Umpqua — South Umpqua
— Jacksonville).

Experimental Methods

Twenty to 24 seeds from each parent tree (fami'y) were
cold-stratified for 31 days and germinated in petri dishes.
When the radicles were 2 cm long (late April and early
May), 12 germinated seeds per family were planted in two
raised nursery beds (cold frames) at the Oregon State Uni-
versity Forest Research Laboratory at Corvallis (latitude
4430’ N, longitude 123%0’ W, elevation 90 m). Each frame
was filled with Willamette Valley soil covered w:th 8 em
of forest soil. Seedlings were watered as needed until Au-
gust 15, when watering was stopped. LoorsTra (1984) gives
details of germination treatment and seedling culture.

Ungerminated seeds from the same families were x-
rayed, and hollow seeds or those with insect larvae in them
were removed. Seed weights were then determined on
three samp_es of ten filled seeds per family.

The following characteristics of each seedling were
measured at the end of the first growing season:

1) Budset — Terminal buds were scored once each week,
beginning July 1. The date when the developing bud was
first seen was recorded.

2) Occurrence of second flushing — Seedlings that set
buds temporarily and then reflushed were noted. In these



Table 2. — Random and mixed model analyses of variance for seedling traits.

Source daf Expected mean squares
Main plot
Blocks 2 ce + 2508yg  + (250)3000p
Units (V) 3(4) oa + 30F + 2508y + 75oupt + (150)22500%
Elevations (E) 2(1) ca + 30f + 2508yg + 7Sougt + (375)3000m%
UxE 6(4) a; + 3a§ + 25<’§UE + 756634:
Error "a" 22(18) oa + 250RUE
Subplot
Families/zones 288(240) c; + 36;
Error "b" 576 (480) oa

When degrees of freedom or coefficients of components differ for sets, those for the coastal-inland

set are in parentheses.

(L I

n Variance from blocks.
-+ This term not included in mixed model.

It

? = Variance from the interaction of replications and family subplot means within main plots.
2 Variance from differences among families within breeding zones.

Variance from the interaction of blocks and main plot means.

Variance (fixed effects in mixed model) from the unit-by-elevation interaction.

Variance (fixed effects in mixed model) from elevations.

Variance (fixed effects in mixed model) from units.

# In mixed model, "2F estimates fixed effects rather than variances.

seedlings, the final date of budset was used as the budset
date.

3) Frost damage — A freeze (—2° to —3°C) on October
29 damaged from 2% to 74% of the seedlings from each
zone. Seedlings with discolored needles one week after the
frost were scored as damaged, all other seedlings as un-
damaged.

4) Seedling height — the distance from the ground to the
top of the terminal bud. Heights of severely frost-damaged
seedlings that never set a terminal bud were measured to
the top of the epicotyl.

5) Epicotyl length — distance from the cotyledons to the
top of the terminal bud.

6) Number of branches — total number of branches over
6 mm long.

Design and Analyses

Seedlings were planted into blocks according to a split-
plot design, replicated three times; breeding zones were
the main plots and families nested within zones, the sub-
plots. Main plots were randomized within blocks, and four
seedlings per family (subplot) were randomly assigned po-
sitions within main plots (i.e., four-tree noncontiguous
family subplots). A single row of border trees was planted
around the edge of the experimental garden.

Because the number of elevation bands was not the same
in all breeding units, two-factorial data sets (inland and
coastal-inland) were identified and analyzed separately,
with elevation as the first factor and breeding unit as the
second. In the inland set, all three elevations (L, M, and
H) were analyzed in the inland (North Umpqua, South
Umpqua, Jacksonville, and Butte Falls) breeding units
only. In the coastal-inland set, the lower two elevation
bands (L and M) of all five units were analyzed.

To test the significance of differences among families
and breeding zones, both the inland and coastal-inland

sets were analyzed according to a mixed model, with
blocks and families within breeding zones assumed to be
random effects and elevations and units to be fixed ef-
fects (Table 2). If families from different breeding zones
are adaptively differentiated to the major environmental
gradients (distance from the ocean, latitude and elevation),
clinal variation among seed and seedling traits may be
observed. To test the significance of these trends, the de-
grees of freedom (df) for breeding zones were partitioned
into single df orthogonal contrasts (T'able 3).

The inland data set also was analyzed assuming all ef-
fects to be random (Table 2). Although a random model is
not strictly correct in this case, it was of interest to ob-
tain at least rough estimates of the distribution of total
genetic (family) variation between and within the inland
breeding zones that could be attributed to various sources
(i.e., units, elevation zones, unit X elevation zone inter-
action and families within breeding zones). The contribu-
tion of each source to the total variability was evaluated
from estimates of variance components. Three ANOVA’s
similar to those used for seedling traits were conducted for
seed weight, assuming a completely random assignment of
family plots (i.e., replicate seed weights) to experimental
units.

ANOVA'’s of total height, number of branches, and date
of budset were based on means of the surviving seedlings
in each family plot. Analyses of frost damage and the oc-
currence of second flushing were based on the proportion
of surviving seedlings in each family plot that had been
damaged by frost or that flushed twice. Only four of the
1050 family plots had no survivors at the end of the f rst
growing season. Missing values for these plots were com-
puted using the equations given in Steer and Torrie (1980),
and the df for subplot error were reduced appropriately.
Unless otherwise indicated, all tests of significance refer-
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red to in this paper were conducted at the 0.05 level of
probability.

Bartlett’s test (Snepecor and CocHraN, 1967) for homoge-
neity of error variances indicated significant (p < 0.01)
heterogeneity among error variances for three traits:
number of branches (NB), frequency of second flushing
(FSF), and proportion of seedlings damaged by frost (FD).
These traits therefore were transformed to VNB, arcsin
VFSF, and arcsin VFD before analysis. However, means in
the results are of nontransformed variables.

Since the correlation between seedling height and epi-
cotyl length, based on family means, was nearly one (r =
0.99), only data for height are presented. Although signifi-
cant, correlations between seed weight and the growth
traits, height (r = 0.34) and branch number (r = 0.24), were
small. Thus, the growth traits were not adjusted for seed
weight differences before analysis.

If environmental variation among locations within zones
has resulted in adaptive differentiation associated with ele-
vation (X,), latitude (X,), and distance from the ocean (Xj,),
family means should be at least moderately associated
with these location variables, as indicated by a previous
study of Douglas-fir seedlings in southwest Oregon (Camp-
BELL, 1986). Trait means for the 25 families within each
breeding zone therefore were regressed on location vari-
ables. Regression equations were fitted to the family means
for each of six measured traits by selecting variables from
a preliminary model by stepwise multiple regression (Nie
et al., 1975). The preliminary model included six variables:
X, Xy, Xj, X, X,, XX, and X,X;. A total of 84 (6 traits X
14 breeding zones) equations were fitted.

Results

Differences among breeding zones (i.e., breeding units
(U), elevation (F), and the U X E interaction) were sig-
nificant for all six traits, and differences among families
within zones were significant for all traits except fre-

FREQUENCY OF
SECOND FLUSHING

50.4

DATE OF BUDSET
36.3

39.4

FROST DAMAGE
38.0

33.0

O [
U E UE F

U EUXEF
SEED WEIGHT
72.3

BRANCH NUMBER
TOTAL HEIGHT 393

472 46.3

443

2.6
U EUEF U E UXE F U E UxE F
Figure 2. — Percentages of total genetic (family) variation at-

tributable to breeding units (U), elevation zones (E), U X E in-
teraction, and families within breeding zones (F) within and
among 12 inland breeding zones in southwest Oregon.

Table 4. — Analysis of variance (mixed model) for seed weight (inland breeding zones).

Seed weight

Source af Mean square F
Units (U) (3) 26 ,454.51 27.05%%
North (NU) vs.
South Umpqua (SU) 1 3,129.75 3.20
Jacksonville (JV) vs.
Butte Falls (BF) 1 662.50 0.68
North (NU+SU) vs.
South (JV+BF) units 1 75,565.50 77.26%%
Elevations (E) (2) 3,140.68 3.21
linear (1) 1 4,309.50 4.41%
deviation (d) 1 1,970.75 2.02
UxE 6 689.52 0.71
Families/zones® 288 978.06 29,95%%
Error 32.66

600

2) Families/zones mean square was used to test significance of U, E, U X E, and the single degree

of freedom contrasts.
* p < 0.05; ** p < 0.01.
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Table 5. — Breeding unit and breeding zone means for six seed and first-year seedling traits of Douglas-fir from south-
west Oregon.

Frost Second Total Seed

Breeding Date of damage flushing height Branch weight
Breeding unit zoned budset? (frequency) (frequency) (mm) number (mg/10)
North Umpqua L 15.21 0.19 0.133 137.95 4.41 134.44
M 14.17 0.07 0.123 125.82 3.44 130.55
H 13.51 0.04 0.163 109.20 2.81 127.80
Mean 14.30 0.10 0.140 124.32 3.55 130.80
South Umpqua L 15.54 0.20 0.163 113.39 3.49 140.21
M 14.62 0.14 0.160 126.96 3.90 134.31

H 14.29 0.12 0.137 107.67 2.63 133.69

Mean 14.82 0.15 0.163 116.01 3.34 136.07
Jacksonville L 14.61 0.15 0.223 112.11 2.25 159.80
M 14.24 0.13 0.140 116.85 2.43 149.76

H 13.16 0.04 0.147 113.20 2.32 149.36

Mean 14.00 0.11 0.170 114.05 2.33 152.97
Butte Falls L 13.43 0.05 0.217 103.66 1.95 150.84
M 13.37 0.06 0.310 84.65 1.32 147 .46
H 12.01 0.02 0.323 97.99 1.45 153.40

Mean 12.94 0.04 0.283 95.43 1.57 150.55
Gold Beach L 17.00 0.74 0.060 118.07 4,96 144.11
M 17.00 0.70 0.050 129.41 5.24 130.11
Mean 17.00¢ 0.72 0.060 123.74 5.10 137.11

2) L, = low, M = medium, H = high elevation (see Table 1 for elevation ranges corresponding to designations).

|3) Weeks after July 1.

C) A minimum estimate, because terminals in most Gold Beach trees were destroyed by frost before setting bud.

quency of second flushing (Tables 3 and 4)%. In general,
breeding zones accounted for much of the total variation
among the inland families (Figure 2). This proportion was
at least 50% for the five seedling traits and was 27.7% for
seed weight (mean over all traits was 53.9%). The relative
percentages of variation attributable to breeding units
and elevation varied considerably among traits. Elevation
zones and breeding units accounted for roughly equal pro-
portions of variation among families in date of budset and
frost damage; but for the remaining traits, little or no
variation among families could be attributed to elevation
differences. For all traits, the proportion of variation
resulting from interactions between breeding units and
elevations (U X E) was small.

The greatest differences among breeding zones occurred
among the coastal (South Gold Beach) and southern in-
land (Jacksonville and Butte Falls) units. The contrast be-
tween South Gold Beach and southern inland units (data
not shown) was significant for all traits except budset
(which could not be tested; see below); for three traits, the
contrast of Jacksonville and Butte Falls was also signifi-
cant (Tables 3 and 4). Strong clinal patterns were evident;
families from the moister, cooler climate of South Gold
Beach had lighter seeds and later budset and produced
taller seedlings with more branches, than did families from
the drier, harsher inland units (Table 5). Particularly strik-

%) Since the ANOVA's for the Inland data set are the most relevant
to this paper, and the ANOVA‘ for the Inland and Inland-
Coastal data sets were qualitatively similar (LoopsTra, 1984), only
the Inland ANOVA'‘s for the mixed-model are presented.
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ing was the difference in frost damage between seedlings
from the coastal and inland units. Seventy-two percent of
the seedlings in the coastal unit were damaged, since most
seedlings had not set bud by this date, but damage in seed-
lings from each of the inland units averaged less then 15%.
Because frost often killed the terminals on the South Geld -
Beach seedlings and budset could not be scored, the coastal-
inland ANOVA was not carried out for this trait. Average
date of budset, however, must have been at least 17 weeks
after July 1, 1.5 weeks later than mean budset data of seed-
lings from the latest inland zones. Frost damage and weeks
to budset were strongly and positively correlated among
the 14 breeding zones (r = 0.95, P < 0.01). Although seed-
lings from the inland units set final termiiial buds earlier,
in general, than seedlings from the coast, the propensity
to reflush was greater in inland seedlings (Table 5). Aver-
age frequency of second flushing was more than four times
greater in seedlings from Butte Falls (0.283) than from
South Gold Beach (0.060).

Differences in trait means were generally not as great
between North Umpqua, South Umpqua, and Jacksonville
(north to south) as they were between South Gold Beach,
Jacksonville, and Butte Falls (west to east). Nevertheless,
the contrast of means between the northern (North and
South Umpqua) and southern (Jacksonville and Butte
Falls) units was significant for all traits measured (Tables
3 and 4). On average, seedlings from drier southern units
had heavier seeds and were smaller (shorter, fewer bran-
ches), earlier to set bud, more subject to second flushing,
and less damaged by frost than those from the northern



units (Table 5). In only one trait, date of budset, was
the mean difference between the North and South Ump-
qua breeding units significant (Table 3).

No significant differences were detected in seedling size
(height or branch number) or frequency of second flushing
with increasing elevation within breeding units (T'able 3).
Significant linear trends, however, were found for the
other three traits, with families from higher elevations
having lighter seeds and producing seedlings with earlier
budset and less frost damage, on average, than families
from lower elevations (Table 5). Only two of the 36 (6
traits X 6 contrasts per trait) single-df contrasts involving
U X E interactions in the inland ANOVA were significant,
indicating that trends with elevation were relatively con-
sistent in the different breeding units. Therefore, only the
pooled U X E mean squares are given in table 3.

In general, variation among families within breeding
zones appeared to be associated only weakly with location
variables. Fewer than one-third (26) of the 84 regression
equations fitted were significant, and significant equations
accounted for only about one-quarter (mean R? = 0.257,
range = 0.133 to 0.420) of the family variation in a breed-
ing zone. The significant equations were usually complex,
involving two or more location variables and interactions
between them (LoopsTra, 1984). Distance from the ocean
was involved in 18 of the 26 equations; elevation and
latitude each occurred in 13. Elevation entered six of the
eight significant equations involving the two traits related
to phenology (frost damage and date of budset). All traits
and breeding units were represented among the signifi-
cant equations.

Because of their complexity, the fitted relationships be-
tween location variables and family means for the seed-
ling traits were often hard to interpret. Nevertheless, for
6 of the 10 significant regressions which had a single in-
depent (location) variable, the predicted linear response in
family means was in the direction expected from clinal
associations between breeding zone means and location
variables (Table 6). For example, both date of budset and
frost damage decreased with increasing elevation of parent
trees in the highest elevation of the South Umpqua breed-
ing unit (South Umpqua-H), the same trend observed
among elevations within breeding units (Table 5). No
clear association between elevation and branch number
or frequency of second flushing was observed among
breeding zones, but in two cases (South Umpqua-M and
South Umpqua-H) family means of these traits were as-
sociated with elevation of parent trees within zones
(Table 6). The remaining linear regressions involving a
single location variable predicted responses opposite to
those expected from breeding zone trends.

Discussion

Consistent with previous reports on Douglas-fir in south-
west Oregon (Hermann and LAvENDER, 1968; Wuite et al.,
1981; SorenseN, 1983; CampeseLr, 1986), our results show
that genetic variation for seedling and seed traits is ex-
tensive in this region. The parent trees in his study were
clustered by breeding zone; thus the proportion of total
family variation attributed to breeding zones is probably
somewhat inflated, relative to that which would be ex-

Table 6. — Regression equations for fitting family means of seedling and seed traits (y) to location variables (X1’ X,, xs)a
of the parent trees within breeding zones when only a single location variable remained in the fitted model.

Breeding zone

Unit Elevation®? Trait Equation® R2
South Umpqua M Frequency of second flushing Y = -1.001 + 145(—03)x1d .142
Branch number Y = -0.206 + 0.367(-0)x,°  .173

H Date of budset Y = 30.339 - 0.127(02)x1d .304

Frost damage Y = 2.718 - 0.199(—03)x1f .370

Branch number Y = 5.035 - 0.304(-03)xld .212

Jacksonville L Frequency of second flushing Y = 1.836 - 0.377(-01)x3e .208
M Seed weight Y = 144.243 + 0.891(—01)x3f .300

Butte Falls M Branch number Y = -0.931 + 0.341(-01))(2f .189
South Gold Beach L Frost damage Y = -1.541 + 0.417(—01)x2f .305
Branch number Y = -3.176 + 0.809(-01)x,f  .400

a) x = elevation (m), X, = latitude (km south of the fifth standard parallel), X, = distance from Pacific Ocean (km).
b) I = low, M = medium, H = high elevation (see Table 1 for elevation ranges corresponding to designations).

C€) Numbers in parentheses are exponents, base 10.

d) No clear association was observed between breeding zone means for this trait and the fitted location variable.
€) The predicted response is opposite to the direction expected from the association of breeding zone means with the fit-

ted location variable.

f) The predicted response is in the direction expected from the association of breeding zone means with the fitted loca-

tion variable.
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pected if parent trees had been distributed more uni-
formly. Nevertheless, our results agree with a similar
study of family variation within and among seed zones in
southwest Oregon, in which the parent trees were uni-
formly distributed over a broad area (Apams and
CampBeLL, 1981). In that study, 43% of family variation
(averaged over 13 seedling traits) was attributed to seed
zones. (Seed zones are similar in size geographically to
breeding zones, but the elevation range (152 m) is nar-
rower.)

Even given the above considerations, breeding zones in
southwest Oregon appear to explain a substantial propor-
tion of genetic variation among locations. Furthermore,
much of this variation is apparently adaptive, since the
patterns of genetic variation among breeding zones are
associated with environmental variables. These patterns
are consistent with previous common-garden studies of
seed sources from southwest Oregon or adjacent regions
(HermanN and Lavenper, 1968; GrirrNn and CHing, 1977;
CampBeLL. and SoRENSEN, 1978; Waite et al., 1981; SORENSEN
1983; CampBeLL, 1986) and seem to reflect adaptation pri-
marily to moisture and temperature gradients. For ex-
ample, earlier budset in seedlings from more southern
and interior breeding zones probably results largely from
natural selection for early cessation of growth in areas
with summer drought. Early budset with increasing ele-
vation of breeding zones similarly is an adaptation to the
colder temperatures and greater frequency of early fall
frosts at higher altitudes. Strong positive associations be-
tween frost damage and weeks to budset among seed
sources of coastal Douglas-fir have been reported by Camp-
BELL and SoreNseN (1973) and GrirrN (1974).

Increase in seed weight with increasing distance from the
ocean and with decreasing latitude may also be a selection
response to moisture regime. Larger seeds on drier sites
may provide more food reserves for initial root penetra-
tion, permitting better establishment before onset of sum-
mer drought. However, seed weight decreased linearly with
elevation (Tables 4 and 5), in contrast to the work of
Wharte et al. (1981), who found a weak but positive corre-
lation (r = 0.35, P < 0.05) between seed weight and ele-
vation (from 475 m to 1630 m) of 36 Douglas-fir seed
sources in southwest Oregon. The findings of HermaNN
and Lavenper (1968) may explain this difference. They
investigated 14 Douglas-fir seed sources, from 457 to 1524
m elevation, in a 16-km X 24-km area north of the Butte
Falls breeding unit. Seed weight decreased with increas-
ing elevation of seed sources up to around 1100 m and
then increased again slightly at higher elevations. The
overall trend was a weak negative correlation between
seed weight and elevation. Thus, increased seed weight
appears to be an adaptation to harsh site conditions —
either drought (at lower elevations) or cold (at higher ele-
vations). Linear correlations between seed weight and
elevation should be negative or positive, depending on
whether sampling emphasizes seed sources at lower or
higher elevations, respectively.

The higher frequency of second flushing in seedlings
from the southern inland zones may be an adaptation to
intermittent moisture availability during the growing
season (IrRGens-MoLLER, 1967). Thus, seedlings from the in-
land breeding zones can cease active growth temporarily
when moisture is limiting, but reflush to continue growth
during favorable periods. Presumably, because moisture
is rarely limiting throughout the growing season, the need
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for temporary budset has not evolved in coastal seed
sources. This hypothesis is supported by the results of
Kava (1987), who grew seedlings from coastal and inland
sources in southwest Oregon in two common-garden envi-
ronments. One was watered every other day during the
growing season; in the other, watering was interrupted
by a brief (one- or two-month) drought. The frequency of
second flushing in the first growing season was very low
in seedlings from coastal families, whether watering was
continuous (0.001) or intermittent (0.02), and was also low
(0.08) in seedlings from inland families under the con-
tinuous watering regime. The latter seed.ings, however,
respond strongly to intermittent moisture availability,
with the frequency of second flushing increas'ng to 0.24.

Trends in breeding zone means with increasing distance
from the ocean were based on the southern breeding
units (i.e., South Gold Beach-Jacksonville-Butte Falls),
where mean annual rainfall decreases rapid'y from west
to east. Within both South Umpqua-M and Jacksonville-L,
however, the annual rainfall pattern is opposite to the
overall regional trend, with the highest rainfall occuring
in the easternmost portion of the zone. Thus, while as-
sociations of trait means with location variables were dif-
ferent at the breeding zone and within breeding zone
levels, they could result from adaptation to similar envi-
ronmental gradients.

Although breeding zones seem to correspond in large
part to patterns of geographic differentiation in south-
west Oregon, considerable genetic variat'-on remains within
zones. Regression of family means on the same location
variables strongly associated with patterns of genetic
variation among breeding zones, however, accounted for
only a small proportion of within-zone families. These
regressions should be considered a crude attempt to ac-
count for adaptive differentiation among locations within
zones, for two reasons. First, each location within a zone
was represented by one parent tree. Thus, genet'c dif-
ferences among locations may have been confounded by
differences within locations. Second, other variables as-
sociated with microgeographical variation in coastal Doug-
las-fir [e.g., slope aspect (HerMANN and LAVENDER, 1968;
CampBELL, 1979), sun exposure (CampserLr, 1986), and soil
type] were not included in the regression equations.
Nevertheless, little adaptive differentiation probab’y oc-
curs along latitudinal, longitudinal or elevation gradients
remaining within zones, and redesigning boundar.es or
reducing breeding-zone size probably would not increase
the correspondence between breeding zones and morpho-
logical differences associated with geography.

Families from the North and South Umpqua breeding
units did not differ significantly in nearly all traits (Ta-
bles 3 and 4); consolidating these units or enlarging breed-
ing units in this area might be feasible. Patterns of genetic
variation based on seed and seedling traits must be inter-
preted with caution, however, since the relevance of these
patterns to long-term growth and survival in plantations
is unknown and can be determined only by field testing
(Apams and CawmpBeLL, 1981). Nevertheless, the adaptive
significance of geographic patterns of genet'c variation
and the importance of breeding zones in lessening risk
of maladaptation are well illustrated by the patterns of
frost damage (Table 5).

Patterns of genetic variation in seed and seedling traits
within and between southwest Oregon breeding zones
bear little relationships to those observed for allozyme



loci in the companion study (Merkie and Apawms, 1987).
Although Douglas-fir is highly variable at the single-gene
level, less than 1% of the genetic diversity in 22 breeding
zones could be attributed to differences among zones.
Furthermore, the small amount of variation in allele
frequency among zones was not related to geography. At
least in this species, the common-garden approach and
allozyme studies appear to give different information
when used for identifying geographic patterns of adaptive
differentiation.
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The Incorporation of Early Testing Procedures into an Operational
Tree Improvement Program

By W. J. Lows!) and J. P. vaN BUnTENEN?)
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Abstract

Seedling shoot dry weight can be used as an early test-
ing trait for loblolly pine. Seedlots that have both good
germination and a small shoot dry weight in greenhouse
tests tend to have average or below average volume
growth in field tests. This relationship allows the use of
shoot dry weight in the greenhouse to be used as a trait
40r culling some progenies prior to field testing in a tree
" improvement program. Two-step testing procedures com-
bine independent culling at the end of the first test (green-
house) with assortative mating for the second test (field)
to both reduce progeny testing costs and increase genetic
gain. These procedures increase the efficiency of an ope-
rational tree improvement program by reducing the fund-
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ing required for field testing to obtain the same or slightly
greater genetic gain. The implementation of shoot dry
weight as an early testing trait in the first and second
generation loblolly pine breeding program for the Western
Gulf Forest Tree Improvement Program is discussed.

Key words: Loblolly Pine, genetic gain, breeding, progeny test-
ing, assortative mating.

Introduction

Tree improvement is widely accepted as a valuable
silvicultural tool in the southeastern United States. To
meet regeneration demands, approximately 4,000 hectares
of seed orchard have been established. About 83 percent
of the planting programs in this region utilize improved
planting stock produced by these seed orchards. The
resulting improvements in growth, form, and disease re-
sistance represent significant economic benefits to forest
landowners. Progeny testing is the backbone of any tree
improvement program and intensive testing programs
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