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First-year height growth of southwestern Oregon Douglas-fir
in three test environments')
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(Received 14th May 1981)

Summary

Douglas-fir seedlings from wind-pollinated seed collected
from two trees at each of 36 locations throughout south-
western Oregon were grown in three test environments
(growth room, greenhouse, and nursery) to assess environ-
mental influence on genetic variation of first-year height
growth.

The 36 populations differed markedly in first-year height
growth; the estimated variance among populations was
about four times greater than both the estimated family-
within-population and population X environment varian-
ces.

Regression models showed populations originating from
higher elevations and southerly latitudes in the sampled
areas grew slower in all test environments. While trends
were consistent in all environments, the model for the
nursery was not as efficient in accounting for variation in
population means. This may have resulted from poorer dif-
ferentiation among populations owing to the shorter nurs-
ery growing season
Key words: Douglas-fir, genotype X environment interaction,
clinal models, genocology.

Zusammenfassung

Douglasien-Samlinge (Pseudotsuga menziesii MirB. FRAN-
co) aus frei abgebliihten Samen, die von je 2 Baumen an
36 Orten im siidwestlichen Oregon stammen, wurden an
drei Standorten (Klimaraum, Gewichshaus und Baum-
schule) angezogen, um den Einfluf der Umwelt auf die
genetische Variation der Hohe im Alter 1 abzuschitzen,

Die 36 Populationen differierten markant in diesem Kri-
terium, die geschédtzte Varianz zwischen den Populationen

1) This is Paper 1480 of he Forest Research Laboratory, Oregon
State University, Corvallis, Oregon 97331.

?) The authors are Research Forester, International Paper Co.,
Lebanon, Oregon; Professors of Forest Science, Oregon State
University, Corvallis, Oregon; and Professor of Statistics, Iowa
State University, Ames, Iowa.

Silvae Genetica 30, 6 (1981)

war etwa viermal groBer als die Varianzen der Familien
innerhalb der Populationen sowie zwischen den Interak-
tionen von Population und Umwelt.

Regressionsmodelle zeigten, dal Populationen, die aus
hoheren Lagen oder silidlicheren Gebieten stammten, an al-
len Orten langsamer wuchsen. Wihrend Trends an allen
Versuchsorten vorhanden waren, war das Modell fiir die
Baumschule nicht effizient genug, um die Varianten der
Populationsmittel zu berechnen. Dies mag aus einer ge-
ringeren Differenzierung zwischen Populationen wihrend
der kiirzeren Baumschul-Wachstumsperiode resultieren.

Introduction

Many studies have reported geographic variation in
juvenile height growth of coastal Douglas-fir (Pseudotsuga
menziesii [Mirs.] Franco). Most of these have sampled
provenances from the western portions of British Columbia,
Washington, Oregon, (CampBeLL. and SoRENSEN 1978, Rowe
and Cuince 1973) or California (Grirrin and Cuine 1977,
Sweer 1965). Because southern Oregon, an important tim-
ber-producing area, has received less attention, we under-
took a regional study there in cooperation with the Bureau
of Land Management to investigate the patterns of genetic
variation in Douglas-fir.

CampBerl and Sorensen (1978) point out that studies to
reveal and characterize adaptive genetic variation among
plant populations should be initially attempted in environ-
ments (common gardens) with high resolution. By reducing
environmental variation and by choosing test environments
which discriminate among populations, we can better dis-
cern the patterns associated with population differences.
For example, an environment with long photoperiods will
tend to differentiate among populations which do and do
not respond to such periods. Because genetic expression
can vary in different test environments (genotype X envi-
ronment interaction), more than one is necessary. We report
results of an experiment examining genetic variation in
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first-year height growth of southwestern Oregon Douglas-
fir seedlings expressed in three test environments: growth
room, greenhouse, and outdoor nursery.

Materials and Methods
Sampling Scheme

Inthe fall of 1976, we collected wind-pollinated seed from
two parent trees at each of 36 population locations through-
out southwestern Oregon (Figure 1) ANl of the sample
locations were between 42.00° and 43.12°N latitude, They
ranged from 475 to 1,630 m elevation, from 61 to 162 km
from the Pacific Ocean, and from 27 to 43 m (80—130 ft)
site index. Site index, in feet at age 100, was determined
from 7 to 10 trees at each location as decribed by McARDLE
et al. (1961).

We intended that the 36 locations should represent the
range of sites on which Douglas-fir grows in the region.
Although slopes and aspects were randomly chosen, con-
straints on elevation, latitude, and distance from the
Pacific ocean ensured a broad regional sample. Because of
the region’s topography, variables associated with the
population locations are not independent (Table 1). The
higher elevation sites were localed more often in the south-
ern portion of the region and were somewhat further from
the Pacific Ocean.

Parent trees were located at least 120 m apart, but were
otherwise randomly selected at every location. Because
1976 had only a moderate seed crop, some inadvertent
selection may have occurred for seed production.

Experimental Designs in the Test Environments

After extraction and cleaning, we cut open at least 100
seeds from each sample and weighed the filled seed to
obtain an average sound seed weight for each of the 72
wind-pollinated families. In mid-March 1977, stratified
seeds destined for growth-room and greenhouse tests were
individually sown into 45-cm3 tubes (2.5 cm diameter X
10 cm long) containing a 3:2 peat:vermiculite rooting
medium.

In the growth room, 35 populations (70 families) were
represented, and in the greenhouse, 31 populations (62
families). In both environments, the-sexperiment was or-
ganized in a completely randomized design. Each family
was represented in the growth room by three row-plots of
ten seedlings each and in the greenhouse by eight row-
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Figure 1. — The southwestern area of Oregon sampled in the study.
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Table 1. — Correlations @ among the variables associated with the
original locations of the 36 populations.

Distance  Site

Elevation Uatitude from ocean index Aspect]’
Elevation 1.0 -0.80 0.44 -0.34 -0.16
Latitude 1.0 -0.28 0.45 0.12
Distance from the ocean 1.0 0.04 0.02
Site index 1.0 =0.14
Aspect 1.0

a Correlations have 34 degrees of freedom: r = 0.33, significant at
P = 0.05; r = 0.42, significant at P = 0.01.

b Aspect = % slope x cosine aspect (Stacs 1976).

plots of eight seedlings each. Seedlings were watered
weekly and fertilized periodically with liquid fertilizer
(approximately 10% Hoagland’s solution). Growth-room
seedlings experienced a 16-hr photoperiod and a 25%20°C
thermoperiod. Photoperiod and thermoperiod were not
regulated in the greenhouse.

In mid-April 1977, seeds were sown at the Bureau of
Land Management’s Sprague Nursery in Merlin, Oregon
(Figure 1) in a randomized complete block design: row-
plots representing 70 families from 35 populations ran-
domly assigned positions in each of four blocks (nursery
beds).

At the end of the first growing season, epicotyl length
(hereafter, first-year height growth) was measured to the
nearest 0.5 cm in each of the three test environments. All
seedlings were measured in the growth room and green-
house; in the nursery, we measured only the first 15 seed-
lings in each family row-plot.

Statistical Analyses

Individual tree measurements were the basis for analyses
of variance of first-year height growth in both growth-
room and the nursery test environments. Unfortunately,
because trees in the greenhouse were rearranged for
another experiment before measurement, an analysis of
variance employing individual tree measurements was
precluded there and only family means could be obtained.

For the 60 families common to all three test environ-
ments, the family means within each environment were the
basis for analysis of vaniance combined over environ-
ments. The sum of squares of the population X environ-
ment interaction was partitioned into various components
by regressing the population mean from a given environ-
ment against the mean of all populations in that environ-
ment (FiNtay and WiLkiNnsoN 1963, ManpeL 1961). In for-
estry literature, the rationale behind such a joint regres-
sion analysis is discussed by Mercen et al. (1974), MORGEN-
sTeRN and Teicu (1969), Owino (1977), and RenreLpt (1979),
who describes the further partitioning of the sum of the
squares of the slopes into concurrence (convergence) and
nonconcurrence (nonconvergence).

Means of height growth from the two families comprising
a population were averaged to obtain the population mean.
We then regressed the mean height growth of each popu-
lation against topographic variables associated with the
site of origin to relate origin to height growth in the test
environment. Models built separately for each test environ-
ment and for the populations averaged over test environ-
ments used standard techniques for forward and backward



stepwise multiple linear regression. Only variables with
significant partial correlation coefficients (P = 0.01) were
allowed to enter a model. The independent variables
available were elevation, latitude, distance from the Paci-
fic Ocean, site index, aspect, and all first-order interactions.
Transforming aspect to a cosine function of the true azi-
muth in degrees set optimum growth at true north. Weigh-
ting by percent of slope ensured that aspects from steeper
slopes were given more weight (Stace 1976).

Results and Discussion

Seed Weight

An analysis of variance showed that differences in seed
weight among the 36 sample populations were significant
when tested against the mean square of family-within-
population, F = 1.95% with 35 and degrees of freedom.
(Throughout this discussion: ns = not statistically signifi-
cant, * = significant at P = 0.05, ** = significant at P =
0.01, df = of freedom.) Sound seed weight averaged 0.015 g
and ranged from 0.011 to 0.019 g per seed among the 72
families. The average population seed weights correlated
weakly-to-moderately with the topographic variables of
the population locations. Correlations of mean seed weight
of a population with elevation, latitude, and distance from
the ocean, 0.35*, —0.38*, and 0.47** (34 df), indicate that
seed collected from cold parts of the region (high elevation,
farther inland) were slightly heavier. Several investigators
(Birot 1972, Cuing and Bever 1960, GrirriNn and CHing 1977,
SweeT 1965) reported similar trends for elevation or distance
from the ocean for coastal Douglas-fir.

Differences among the seed weights of populations may
be either genetic or environmental. On one hand, we can

speculate that faster growth after germination, such as
might be conveyed by genetically heavier seed, would
benefit seedlings in harsher (for example, colder) environ-
ments by allowing'mere height growth in a shorter growing
season. On the other hand, differences in seed weight
among the 36 populations and their relation to topographic
variables may manifest the different environments in which
the seed matured. At any rate, the population differences
and topographic trends were not strong.

Family mean seed weight did not correlate strongly with
mean height growth in any of the three test environments
(growth room r = 0.44** with 68 df, nursery 0.09ns with
68 df, and greenhouse —0.21ns with 60 df). The only signifi-
cant correlation, that in the growth room, indicated de-
creasing height growth for families with heavier seed.
Because seed weight apparently did not influence mean
height growth of families, it was not used as a covariate in
the following analyses.

Influence of Test Environments on Height Growth

The combined analysis of variance using mean height
growth of families in each test environment (Table 2)
shows, as expected, a marked effect of test environment
on first-year height growth. Average heights in the growth
room, nursery, and greenhouse were 8.67 c¢cm, 5.62 cm, and
3.52 cm; average height in the growth room was almost 2.5
times that in the greenhouse. With large differences among
environments, genotype X environment interaction is po-
tentially large (SueiLBourne 1972). The estimated variance
component associated with differences among populations
(S%p) was about 4 times larger than that associated with the
environment X population interaction (S?;p). Population,
family-within-population, and the interaction of test en-

Table 2. — Combined analysis of variance of first-year height growth based on
mean height of families in three test environments.

Degrees Intraclass
of Mean coryelation
Source freedom square % S%) Expected mean square
Environment (E) 2 383.080**
2 2 2 2 2
Population (P) 29 S.a65%a  46:2 (Kog + oppsp) + 20pp + Jogp + 60p
Family-within- ) ’
population (F/P) 30 .924%% 10.8  (RoZ + ofp/p) + 30%p
Environment x population 58 .786*% 12.0 (Kc% + G%F/P) + 2012“,
Slopes 29 .827%
Concurrence 1 14,452%%
Nonconcurrence 28 340"
Remainder 29 «745%
Environment x family-— ) )
within-population 60 477 31.0 (Ko + UEF/P)

a 2 =
S'p = S'p + S'pp

+ s 2 2
+SEP+(KSC+S

EF/P

Each variance component is estimated by a sample variance component:

S2
s!

estimates ¢

P P

F/p

= variance among populations,
estimates UzF/P = variance among families-within-populations,

st estimates "zEP = variance due to the interaction of test environments
with populations,

EP

estimates o*

s EF/P

2
EF/P

= variance due to the interaction of test environ-

ments with families-within- populations,
S’c estimates u’c = composite variance from several families within test-

environment sources.

b population mean square was tested using Satterthwaite’s Approximate F-Test

(AncersoN and McCLeaN 1974, p. 117).
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vironment X population accounted for 46%, 11%, and 12%
of the variance not associated with environment. The
component of variance due to the interaction of family-
within-population X environment could not be estimated
because of other inseparable variance components included
in that mean square.

We explored the population X environment interaction
by regressing the mean height growth of a given population
in a given environment against the mean height of all
populations in that environment."For the 30 populations,
there were 30 such regressions, each having three points.
Each of the three points, through which a line was fitted,
represented the average height growth for one population
in one environment (Figure 2). The highly significant con-
currence, and the lack of nonconcurrence (Table 2), sug-
gest that the 30 lines have a common intersection from
which they fan increasingly farther apart in environments
with more average height growth. A plot of these lines
(Figure 2) showed that the point of concurrence is below
the mean for the greenhouse, the smallest environmental
mean. Thus, the lines tend not to overlap in the inference
space. The concurrence mean square is identical to that
obtained from Tukey’s “one degree of freedom for non-
additivity” (Tukey 1949).

The portion of the interaction of population X environ-
ment accounted for by the slopes is best characterized as
a scale effect and not as an effect due to population rank
changes in different environments. However, a small but
significant portion of the interaction (the remainder in
Table 2) could not be explained in this fashion.

All populations in the study grew faster in more favora-
ble environments; b values ranged from 0.66 to 1.36. A
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Figure 2. — First-year height growth of two Douglas-fir popu-

lations plotted against the three test environment means. Test
environment means are means over all populations in each envi-
ronment.

176

Table 3. — Correlations between environments of the means of
first-year height growth of families (above diagonal)2 and of
populations (below diagonal)b.

Test environment Growth room Greenhouse Nursery
Growth room 1.00 0.81% 0.532
Greenhouse 0.86° 1.00 0.542
Nursery 0.71h O.GS" 1.00

a For 58 df: r = 0.33, significant at P = 0.01.
b For 28 df: r = 0.46, significant at P = 0.01.

strong correlation (r = 0.78**, 28 df) between population b
values and population mean heights averaged over the
three test environments shows that taller populations tend-
ed to be more responsive to environmental change by
growing progressively taller in the better environments.
This relationship is identical to that given by the concur-
rence source of variation in the combined analysis of vari-
ance (Table 2). In fact, the coefficient of determination
(R? = 0.78%2 = 0.61) for the relationship between population
height and population b values defines the fraction of the
sum of squares of the slopes accounted for by concurrence.

Correlation of the mean population height and mean
family height among environments (Table 3) was signifi-
cant. Approximately 74% (the coefficient of determination)
of the variation in mean population height in the growth
room could be accounted for by mean population height
in the greenhouse.

Clinal Patterns of Population Variation

The estimated variance among populations (S?p) was
more than 4 times larger than the estimated variance for
families-within-populations (S?pp), a marked genetic dif-
ferentiation. In other studies of juvenile height growth in
western conifers (CampseLL 1979, CampBerL and SORENSEN
1978, GrirriN and Cuing 1977, Hamrick 1976, ReHreLDT 1974,
RenreLpt 1979), this has been interpreted as the result of
adaptive genetic response, natural selection in the popu-
lations’ original environments.

When populations are strongly differentiated, we at-
tempt to relate population performance to original geo-
graphy, topography, and climate by developing clinal re-
gression models. In all three test environments (common
gardens), mean first-year population height growth cor-
related most strongly with elevation of place of origin
(Table 4); seed collected at higher elevations produced

Table 4. — Correlation of mean first-year height growth of popu-
lations from three test environments with characeristics of the
original population locations.

Original location——

Distance

Test environment and , from N Site
number of populations Elevation Latitude ocean Aspect 1ladex
Growth room (3%) -0.868 0.777 -0.531 0.161 0.347
Greenhouse (31) - .817 .709 - .603 .197 .299
Nursery (35) - 590 .525 - 403 .030 .222
Combined means (30) - .855 .781 - .563 +200 .341

& For 33 df: r = 0.33, significant at P = 0.05; and r = 0.42, sig-
nificant at P = 0.01. For 29 df: r = 0.36, significant at P = 0.05;

P and r = 0.46, significant at P = 0.01.

Aspect — percent slope * cosine aspect (Stace 1976).
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Figure 3. — Regressions of first-year height growth of populations
in three test environments on the elevation of the original popu-
lation locations.

shorter seedlings. The multicollinearity between elevation
and latitude (r = —0.80**) and between elevation and
distance from the ocean (r = 0.44**) implies confounding
and makes separation of the influences of the three varia-
bles impossible. Indeed, the variables are imperfect substi-
tutes for more fundamental ones such as temperature, pho-
toperiod, and precipitation. Note that the correlations be-

tween latitude and height growth of a population reverse
those usually reported: shorter seedlings tended to be pro-
duced by seed collected in southern or eastern portions of
the sampled region. In other investigations (BurLey 1966,
CampBerLL and Sorensen 1978, Hamrick and Lissy 1972, Mogr~
GENSTERN 1969; see also Wrignt 1976, p. 255), northern popu-
lations were slower growing. We found them faster grow-
ing; however, we sampled a smaller latitudinal range (19
than that in many other provenance tests (6°—20°, and
northern populations in our study tended to be at lower
elevations and to have more summer precipitation.

Regressions showed that elevation accounted for much of
the variation in mean population height in the growth room
and greenhouse environments (R? = 0.75 and 0.67) but for
less of the variation in the nursery (R? = 0.35). Elevation
added first to the model for each environment, and after
its inclusion, no other variables added significantly. Models
including only the elevation variable seemed to account
adequately for variation in population means, as shown by
tests for lack of fit. In all test environments, populations
from higher elevations were shorter (Figure 3), which
agrees with reports of Pacific Northwest Douglas-fir
(CampBeLL and SorenseN 1978), California Coastal Douglas-
fir (GrirriN 1978, Swrer 1965), Rocky Mountain Douglas-fir
(RenreLpT 1974, 1979), and Southern Oregon Douglas-fir
(HermaNN and Lavenper 1968). In these studies, other varia-
bles were also sometimes important.

Effects of Test Environments on Clinal Models and Popu-
lation Structure

We can examine similarities among the clinal regression
models developed for the three distinct test environments.
Overall patterns were similar; however, the efficiencies of
the models vary dramatically. Correlations between mean
heights and topographic variables for a population were
consistently smaller in absolute value for the nursery test
environment (Table 4) than for other test environments.
The regression model for nursery data accounted for only
35% of the variation in mean population height, the model

Table 5. — Analyses of variance of first-year height growth in the growth-room and

environments.
Growth room Nursery
Intraclass® Intraclass
Mean correlation Mean correlation b
Source’ df square (¢4 S%) df  square (€3 S%) Expected mean square
02
Population 36 12,15%#% 22,8 3% 3.76™ 2.8 K_‘l’ + o2 + Kya2p ) ut K302,
o2
Family-within- 35 2.98%  10.2 35 2.89%# 12.8 K—" +ol + Kzalz,/P
population 1
o2
Row-within-family 140 «94%% 8.1 207 2 90%* 18.6 K—" + alzl
1
Within-row® 374 3.9 58.9 543 2,55 65.8 2
a =g 2 2 ]
S‘T SW+SR+ SF/P+ SP

b Kx is the harmonic mean of the number of trees in a row.
For growth room: Kl = 9.9, K2 =3, K3 = 6. For nursery: K1 = 14, K2 = 4, K3 = 8.
€ within-row mean squares were estimated from a random sample of rows.

d gach variance component is estimated by a sample variance component:

st

Y 2
P estimates ¢ P

= variance among populations,

S’F /P estimates a’F p = variance among families-within-populations,
S’R estimates a’R = variance among row-plots within families,

S’W estimates a’w = variance among trees within row-plots.
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for growth-room data 75%, and the model for greenhouse
data 67%.

To investigate possible reasons the regression model for
nursery data was less effective than the model for growth-
room data, we ran individual analyses of variance for both
test environments (Table 5). Roughly assuming only ad-
ditive genetic variance, then in each test environment ¢%g/p
= 1/3 0%, where o2, is the additive genetic variance (Camp-
BELL 1979, SquiLLace 1974). Further, o2, = o2, + 2/3 0%,
where o2, is the variance due to envirenmental differences
among trees within a rowplot. Our estimate of ¢2, is 82, =
S, — 2 S%yp. If for each test environment S%, roughly
estimates the error from tree-to-tree within a row and
S2i estimates the error from row-to-row within a family,
S2, + S?; estimates the total within-block experimental
error. For the growth room and nursery, S2, + S?%; = 47%
and 59 % of the total variation. These rough approximations
indicate little, if any, more experimental error in the nurs-
ery than in the growth-room environment.

Poorer genetic differentiation among populations in the
nursery test environment would also lead to a less effec-
tive regression model. Differentiation of populations relative
to that for families-within populations was 11 times greater
in the growth room (S%p/S?pp = 2.2) than in the nursery
(S2p/S?pp = 0.2). Possibly, low-elevation populations were
better able to take advantage of the longer growing season
in the growth room, thus the wider discrimination in that
environment. In the shorter growing season of the nursery,
low-elevation populations may not have had the advantage,
thus the poorer discrimination among the populations.

Both experimental error and less discrimination among
populations may explain why the clinal regression model
was less effective in the nursery. Our data do not indicate
which of the two is more important.

Other investigators have also found clinal regression
models to vary with the test environments. In a study of
four Northeastern conifers in growth-room environments
where trends could be demonstrated, a pattern of de-
creasing growth with increasing latitude of seed origin was
confirmed. However, regression changed with test environ-
ments, and in some, no trend could be established between
growth and latitude (MerGen et al, 1974). Decreasing height
growth of Sitka spruce (Picea sitchensis) with increasing
latitude was found in some test environments, but cor-
relation was not significant in others (BurLey 1966). Slightly
differing clinal patterns and differing effectiveness of
models were also reported for different test environments
in a study of juvenile height of Pacific Northwest Douglas-
fir (CampeeLL and SorenseN 1978),

Conclusions

This study of first-year height growth of Douglas-fir
from southwestern Oregon showed marked genetic varia-
tion among the populations within the region. Variation
due to population X environment interaction was only
one-fourth that of variation due to population differ-
ences, and much of this interaction could be interpreted
as a scale effect rather than as rank changes. Because the
test environments in this experiment were not representa-
tive of the range of natural environments, care should be
exercised in extrapolating these results. For example, our
tests did not include a cold, harsh environment characteris-
tic of higher elevations in this region.

For our three test environments, regression models ade-
quately explained the population differentiation, which

178

indicates that even within this relatively small geographic
region, selection has resulted in clinal variation. CampBELL
(1979) reported clinal variation in Douglas-fir from an even
smaller geographic region in the Oregon Cascade Moun-
tains. Strong population differentiation over small geo-
graphic areas means that seed transfers within the region
must be made with care in order to ensure genetically
adapted plantations.
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