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ABSTRACT. Seventy-seven seedling pop- 
ulations of Douglas-fir (Pseudotsuga 
menziesii var. glauca) sampled from near 
the Continental Divide in Idaho and Mon- 

tana exhibited pronounced genetic differ- 
ences when compared in three common en- 
wronments. Differentiation involved sev- 
eral traits that are components of an 
annual developmental cycle that must be 
completed within a growing season of fi- 
nite length. Consequently, the elevational 
and geographic dines of genetic variation 
tend to parallel variation in the length of 
the growing season at the seed source. 
Such clines suggest that maladaptation in 
artificial reforestation can be controlled by 
hmiting the transfer of seeds. While geo- 
graphic transfers can be relatively liberal, 
elevational transfers should be limited to 
-+90 m (300 ft) from the seed source at 
elevations below 1,400 m (4,600 ft), to 
-+125 m (410 ft) for elevations between 
1,400 and 2,000 m (4,600 and 6,550 ft), 
and -+200 m (560 ft) for devations above 
2,000 m (6,550 ft). 
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bud development, lignification, and 
cold acclimation are sequential events 
that must be completed within the 
frost-free period. For populations 
within a species to differ in the timing 
and duration of•such events implies 
that natural selection has attuned the 

entire cycle to the local climate (Die- 
trichson 1964, Rehfeldt 1983a, Camp- 
bell 1986). Patterms of genetic varia- 
tion in Douglas-fir thus parallel varia- 
tion in the length of the growing 
season (Rehfeldt 1983b, Sorensen 
1983, Campbell 1986), a period that is 
truncated by frost but often inter- 
rupted by drought. 

Patterns of adaptive variation are 
used to estimate the distance that 
seeds can be transferred before mala- 

daptations begin limiting the produc- 
tivity of artificial regeneration. This 
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paper describes patterns of genetic 
variation among populations of 
Douglas-fir and presents seed transfer 
guidelines for the lands that flank the 
Continental Divide in Idaho and Mon- 
tana. 

METHODS 

Genetic variation was studied in 

seedlings representing 77 populations 
(Figure 1). Seventy-six of these sam- 
pled the geographic, elevational, and 
ecological distribution of the spedes in 
the region of study; one represented 
northern Idaho and will be used to 

compare the general performance of 
populations from the two provinces. 
In each population, a sample of cones 
was collected from several squirrel 
caches to assure that each collection 

represented a large number of pa- 
rental trees. The minimum size of a 

collection area was roughly 4 ha (10 
ac). 

Seedlings were grown in plastic 
tubes (65 cm 3) for 5 months in a 
shadehouse at Moscow, Idaho (46.5 ø 
latitude, 116.7 ø longitude) and were 
fall-planted in randomized complete 
blocks at three test sites. One of these 

sites was at Moscow (700 m elev), 
where frost-free periods average 130 
days. Two sites were in the Priest 
River Experimental Forest (48.5 ø lati- 
tude, 117 ø longitude), at 670 m elev, 
where frost-free periods average 90 
days; and at 1,500 m elev where the 
frost-free period averages about 60 
days. At all sites, 10 seedlings from 
each population were planted in row 
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Populations of coastal and inland va- 
rieties of Douglas-fir are adapted to a 
relatively small portion of the mosaic 
of environmental gradients (Sorensen 
1983, Campbell 1986, Rehfeldt 1978). 
When grown on the same sites, seed- 
ling populations display genetic dif- 
ferences that reflect adaptation to the 
environment at the seed source. In the 
mountains of central Idaho, for ex- 
ample, genetic variation occurs along 
steep elevational clines: populations 
separated by merely 200 m altitude 
within the same mountain ranges are 
detectably different genetically (Reh- 
feldt 1983b). 

When studied in young trees, adap- 
tive differences are commonly ex- 
pressed in traits that are components 
of an annual cycle of developmental 
events. For trees from temperate cli- 
mates, bud burst, shoot elongation, 
leaf development, cambial expansion, 
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Figure 1. Geographic distribution of Douglas-fir and location of sampled populations. 
Letters A to F locate the elevational clines presented in Fig. 2. 
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plots in each of three blocks Rows 
were separated by 13 cm, 9 cm sepa- 
rated seedlings within rows. 

Populations were compared ac- 
cording to six traits, all of which were 
recorded as plot means: 
1. Spring frost: the proportion of trees 

on which more than 50% of the 

buds were damaged by a spring 
frost during mid-May of the third 
year of growth at Moscow. Injury 
was recognized by wilting and 
browning of succulent tissues. 

2. Height at 670 m: the 3-yr height of 
trees growing at Priest River, 670 m 
elev. 

3. Two flushes: the proportion of trees 
on which the terminal bud flushed 

a second time early in the third 
growing season at Priest River, 670 
m elev. The second flush was rec- 

ognized in mid-June by (1) bud 
scars on the current year's stem, 
and (2) immature (light-green) 
leaves and stem units in contrast to 

blue-green mature tissues of the 
spring flush. 

4. Lammas: the proportion of trees 
that produced lammas, proleptic or 
syleptic growth by late August 
during the third growing season at 
Priest River, 670 m elev. Late 
season growth involved elongation 
of winter buds which had been 

macroscopically visible since early 
July and was recognized by either 
or both immature (light-green) 
leaves and stem units in late Au- 

gust. 
5. Height at 1,500 m: the 3-yr height of 

trees growing at Priest River, 1,500 
m elev. 

6. Summer frost: the proportion of 
trees that suffered freezing damage 
to terminal shoots during a July 
freeze at Priest River, 1,500 m elev. 
Injury was recognized by wilting 
and browning of succulent tissues. 

Height of trees at Moscow was not 
analyzed because of the confounding 
effects of severe frost damage. Statis- 
tical analyses of each trait included an 
analysis of variance for assessing the 
main effects of populations and step- 
wise multiple regression analyses 
(SAS 1982) for relating genetic varia- 
tion to the elevation and geographic 
origin of the seed. Independent vari- 
ables for the regression analyses in- 
cluded the geographic terms of lati- 
tude, longitude, northwest departure, 
southwest departure, their squares, 
and cubes. Northwest and southwest 

departures, calculated respectively as 
(1) the product of latitude and longi- 
tude, and (2) the product of longitude 
and the inverse of latitude, were in- 
cluded in the model to accommodate 

the possibility that geographic pat- 
terns were oblique to latitude and lon- 
gitude. Elevation of the seed source 
was considered as linear and squared 

terms. Thus, 14 independent vanables 
were screened by regression analyses. 
All analyses were made on the orig- 
inal units of measure. 

The best stepwise model was se- 
lected as that which produced (1) a 
statistically significant value of R 2, (2) 
a random relationship between re- 
siduals and the independent vari- 
ables, (3) a Mallow's statistic that was 
the first to equal to the number of vari- 
ables in the model (Draper and Smith 
1981) and (4) a matrix of independent 
variables that could be inverted 

without singularity. However, be- 
cause of the large number of indepen- 
dent variables, the best models could 
be overfit--the fitting of a model to 
individual samples rather than to the 
group as a whole (Draper and Smith 
1981). Consequently, the biological 
significance of the patterns of varia- 
tion described by the models is judged 
relative to the least significant differ- 
ence (Steel and Torrie 1960) at the 80% 
level of probability (lsd 0.2), which 
was calculated from the error mean 

square in the analyses of variance. A 
relatively low level of probability is 
used to guard against accepting no 
differences among populations when 
differences actually exist. 
RESULTS 

Planting environments had a pro- 
nounced effect on growth and devel- 
opment (Table 1). Trees were nearly 
70% taller and differences among pop- 
ulations were twice as large at 670 m 
than at 1,500 m. Nearly 12% of the 
trees at 670 m flushed twice before the 

middle of June and 31% produced 
lammas growth during the middle of 
August. Few trees either flushed twice 
or produced lammas growth at 1,500 
m, partially because nearly half of the 
trees suffered freezing injury to ter- 
minal shoots in July. At Moscow, a 
May freeze damaged at least 20% of 
the developing buds on nearly all 
trees, and damaged more than 50% of 
the buds on 9% of the trees. 

In response to these strong environ- 
mental effects, genetic differences 
among populations were pronounced. 
Populations from near the Continental 
Divide differed by as much as 40% in 
two flushes, 63% in lammas, 68% in 

summer frost damage, 48% m spnng 
frost damage, 20 cm in height at 670 m 
elev, and 10 cm in height at 1,500 m 
(Table 1). By comparison, the popula- 
tion from low elevation (1,000 m) in 
northern Idaho expressed adaptation 
to a relatively mild climate: a tall 
stature, a high proportion of seedlings 
with two flushes, and high suscepti- 
bility to injury from frost. For all traits, 
differences among populations were 
statistically significant (Table 2). 

Population means were intercorre- 
lated (Table 3). Populations that were 
tall at 670 m also were tall at 1,500 m 
elev, tended to flush twice, produced 
lammas growth, and became injured 
from either spring or fall frosts. 

Of the multiple regression models 
tested, those summarized in Table 4 
accounted for statistically significant 
proportions of variance in the depen- 
dent variables and produced a 

allow s statistic (C•) that sueeested 
the model was the l•ast biase•løof all 
models capable of being developed 
from that particular group of indepen- 
dent variables. Models that included 

both squared and cubed geographic 
variables produced singular matrices 
upon inversion. Since models incor- 
porating cubed values generally were 
superior to those using the squares, 
only the former are presented in Table 
3. Statistical significance of individual 
regression coefficients is superfluous 
to the primary objectives, which were 
to describe geographic and physio- 
graphic patterns of variation rather 
than to assess the effects of specific 
environmental variables. 

The regression models (Table 4) ac- 
counted for as much as 63% of the 

variance among populations. Patterns 
of variation described by the models 
are illustrated in Figures 2 and 3 for 
height at 1,500 m, the variable for 
which differentiation was both pro- 
nounced and most amenable to pre- 
sentation. For all geographic localities, 
height at 1,500 m decreased nonlin- 
early as the elevation of the seed 
source increased (Fig. 2). Geographic 
patterns of variation, illustrated in 
Figure 2 by the distance between re- 
gression lines, are presented in Figure 
3 as isopleths, contours of uniform 
performance. As suggested in Table 3, 

Table 1. Mean values and range of means of 76 populations from near the Continental Divide 
and one population from northern Idaho. 

Continental Divide 

Range Northern Idaho 

Trait Mean Low High Mean 
Spring frost (%) 9 0 48 30 
Height at 670 m (cm) 20 12 32 41 
Two flushes (%) 12 0 40 35 
Lammas (%) 31 0 63 25 
Height at 1,500 m (cm) 13 9 19 19 
Summer frost (%) 49 23 91 84 
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Table 2. Results of the analysis of variance for testing the effects of populations and values of 
the least significant difference at the 80% level of probability (Isd 0.2) for each trait. 

Mean squares 

Trait Populations Error • Isd 0.2 

Spring frost 0.0388** 0.01123 0.11 
Height 670 m 66.1128'* 5.4847 2.48 
Two flushes 0.0252* 0.0145 0.13 
Laminas 0.0485* 0.0277 0.18 

Height 1500 m 18.6645'* 1.7662 1.41 
Summer frost 0.0623* 0.0415 0.21 

I Interaction of blocks and populations. 
* Statistical significance of the F-value at the 5% level. 
** Statistical significance of the F-value at the 1% level. 

Table 3. Simple correlations among population means for six traits. Coefficients with an abso- 
lute value <.20 lack statistical significance. 

Height Two Height Summer 
670 m flushes Laminas 1,500 m frost 

Spring frost 0.67 0.19 0.17 0.72 0.44 
Height, 670 m 0.33 0.36 0.87 0.35 
Two flushes 0.68 0.34 0.02 
Laminas 0.35 0.13 

Height, 1,500 m 0.56 

Table 4. Summary statistics and independent variables in the stepwise regression models that 
best described genetic variation among populations for six traits. EL = elevation, LT = lati- 
tude, LN = longitude, NW = northwest departure, SW = southwest departure. 

TRAIT 

Independent Spring Height Two Height Summer 
variable frost 670 m flushes Laminas 1,500 m frost 

EL X X X X X X 

(EL) 2 X X X X 
LT X X X X 

(LT) 3 X X X X 
LN X X X 

(LN) 3 X X X X X 
NW X X X 

(NW) • X X X X 
SW X X X X X 

(SW) • X X X 

R 2 0.56 0.63 0.27 0.26 0.54 0.38 

RCP 5.3 8.4 0.2 0.7 9.0 8.6 
esidual 

mean square 0.006 6.9 0.007 0.013 3.12 0.014 

patterns of variation for height at 670 
m essentially duplicated Figure 2. Pat- 
terns for spring frost, summer frost, 
and two flushes were similar to height 
at 1,500 m, but were of lesser resolu- 
hon. The model for lammas failed to 

predict population differences that ex- 
ceeded lsd 0.2. 

DISCUSSION 

Genetic variation among popula- 
tions of Douglas-fir from near the 
Continental Divide was detected for 

srx traits that expressed growth and 
development in three environments. 
Population means tended to be inter- 
correlated. Patterns of variation were 

described by mathematical models 
that related genetic variation to eleva- 
tional and geographic gradients. 

Genetic variation along the eleva- 
tional gradient, the elevational cline, 
showed that height at a common test 
site decreased as the elevation of the 

seed source increased; consequently, 
two flushes also decreased, but toler- 
ance of frost increased. These clines 
are nonlinear: differentiation at low 
elevations occurs across a smaller ele- 

vational interval than at high eleva- 
tions. By using the solution for the 
quadratic equation, one can calculate 
the elevational interval that must sep- 
arate two populations in order that the 
amount of differentiation equals lsd 
0.2 (Fig. 4). These intervals imply that 
for elevations below 1,400 m, popula- 
tions separated by about 180 m eleva- 
tion are genetically different with a 
probability of about 80%. At eleva- 
tions between 1,400 m and 2,000 m, 
250 m subtends differentiated popula- 
tions; above 2,000 m, 400 m differen- 
tiates populations. These intervals are 
essentially the same as those esti- 
mated for adjacent geographic regions 
(Rehfeldt 1979, 1982, 1983b). 

For the intercept of the elevational 

cline to vary geographically (Fig. 2) 
dlustrates a geograp•c component to 
adaptive differentiation which is rep- 
resented by the distance between re- 
gression lines. Like the elevational 
clines, geographic variation is most 
pronounced for tree height. In Figure 
3, geographic patterns of genetic vari- 
ation are presented for an elevation of 
2,000 m (6,550 ft), the mean elevation 
of all seed sources represented in the 
study. In this figure, the distance be- 
tween isopleths (contour lines) is 
scaled to a value of 1Alsd 0.2. Areas 

separated by two contours thereby 
support populations that are geneti- 
cally different with a probability of 
about 80%. This figure shows that 
when populations from the same ele- 
vation are compared, the shortest 
come from either the northeast or 

southwest portions of the region. The 
tallest tend to be from the northwest. 

Geographic clines for the other vari- 
ables were similar to Figure 4, but the 
slopes of the clines were less steep. 

For genetic variation to be occurring 
across the landscape along both eleva- 
tional and geographic clines means 
that populations of similar genetic 
constitution recur at different eleva- 

tions in different geographic localities. 
For example, populations that pro- 
duced 14 cm of height at the site at 
1,500 m came from 1,850 m at locality 
B; 1,900 m at D; 2,200 m at A; and 
2,050 m at C. But at E and F, similar 
genotypes would be expected at an 
elevation (<1,800 m) where Douglas- 
fir does not occur. 

These clines, like those for Douglas- 
fir in adjacent regions (Rehfeldt 1979, 
1982, 1983b), follow general trends in 
the length of the growing season. The 
elevational cline parallels an environ- 
mental gradient along which the frost- 
free period decreases by 80 days for 
each 1,000 m increase in elevation 
(Baker 1944). Likewise, Figure 5 re- 
veals that populations of greatest 
height generally come from geo- 
graphic regions with about 90 frost- 
free days; those of lowest growth 
come from the south where frost-free 

periods are generally less than 60 
days. To the east and southeast, how- 
ever, precipitation becomes scant 
(<30 cm on the valley floor). Since 
drought also reduces the length of the 
growing season, the effects of drought 
and frost on the adaptation of popula- 
tions are similar in that growth and 
development must be completed be- 
fore the occurrence of adverse envi- 
ronmental conditions. To the east, 
therefore, the amount of precipitation 
and the length of the frost-free period 
interact to produce a relatively short 
growing season regardless of eleva- 
tion. Consequently, elevational clines 
flatten (Fig. 2), and populations with 
very low stature can come from areas 
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Figure 2. Elevational clines for 3-year height at 1,500 m as predicted by regression models 
at five geographic localities, A to F, which are keyed to Fig. 1. Brackets quantify lsd 0.2. 
The length of the regression line reflects the elevational distribution of Douglas-fir at each 
locality. 
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Figure 3. Geographic patterns of variation in height at 1,500 m as predicted for popula- 
tions from 2,000 m elevation. The contour interval is scaled to 1/,lsd 0.2. 

and geographic location of the seed 
source. Populations are adapted to a 
relatively small portion of the environ- 
mental gradient. And adaptationally 
similar populations tend to recur in 
similar environments. In the final 

paper of this series, results of all 

of relatively long frost-free periods 
(Fig. 3). 

The results and interpretations of 
this study are consistent with those of 
the previous studies in this series: ge- 
netic variation among populations is 
rampant and is related to the elevation 

Figure 4. Elevational interval associated 
with a difference in height (at 1,500 m 
elev) among populations that equals lsd 
0.2 as plotted by the elevation of the seed 

studies will be combined in a single 
model of genetic variation among 
populations of Douglas-fir in all of 

Optimal productivity of artificial re- 
generation requires that planted trees 
be adapted to the planting site. Be- 
cause individual populations are 
adapted to only some sites, the dis- 
tance that seeds are transferred must 

be limited if adaptedness is to be 
maintained and maladaptation is to be 
controlled. To control maladaptation, 
seed transfer guidelines must reflect 
patterns of adaptive variation. 

Because adaptive variation is a re- 
suit of developmental events being at- 
tuned to the climate, seed transfers of 
a given distance along a cline impose a 
risk regardless of direction (Rehfeldt 
1983b, Campbell 1986). Whenever 
transfers result in a lack of synchroni- 
zation between development and cli- 
mate, productive losses accumulate 
from both biotic and abiotic environ- 

mental effects (Dietrichson 1964). In 
the Inland Northwest, transfers of 
seeds from harsh to mild sites are ac- 

companied by losses in productivity 
because transferred populations have 
a lower growth potential than local 
ones; transfers from mild to severe 
sites risk damages such as frost injury 
or snow breakage to which the trans- 
ferred population is vulnerable (Reh- 
feldt 1983b). 

In the present paper, genetic varia- 
tion among populations was de- 
scribed by elevational and geographic 
clines that tend to parallel environ- 
mental gradients. The patterns, there- 
fore, most plausibly reflect attune- 
ment of growth and development 
with the local climate by means of nat- 
ural selection. To reject that these 
clines are adaptive requires one to ac- 
cept the untenable alternative conclu- 
sion that the systematic patterns of ge- 
netic variation have developed ran- 
domly. Because this alternative is 
unacceptable, it is on the basis of these 
clines that guidelines to seed transfer 
should be based. 
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seed source and can be similarly 
floated across isopleths. Transfer in- 
tervals from seed sources at other ele- 
vations can be determined from 

Figure 4. 
These recommendations for limiting 

seed transfer were developed from 
statistical models based on the perfor- 
mance of young trees under intensive 
culture. The models need practical 
verification. Verification will come 

from planting programs that not only 
restrict seed transfer, but also main- 
tain precise records on the exact loca- 
tion from which planted trees origi- 
nated. Productivity of such plantings 
will test the applicability of these 
guidelines. [] 

ß BOISE 

Figure 5. Geographic patterns of the average frost-free period (from U.S. Department of 
Commerce 1968). 

One way of using adaptive clines to 
hmit seed transfer is to delineate dis- 
crete seed zones. If zonal boundaries 

are delimited at intervals equal to the 
smallest elevational or geographic dis- 
tance at which differentiation can be 

detected (lsd 0.2), then seed zones can 
be constructed from Figures 3 and 4. 
According to Figure 3, in which con- 
tours are separated by 1/2(lsd 0.2), two 
geographic units, one for isopleths 
above the mean and one for isopleths 
below the mean, would be required; 
within these units, Figure 4 suggests 
that seed zones should be limited to 

about 180 m (600 ft) of elevation below 
1,400 m (4,600 ft), 250 m (820 ft) for 
elevations between 1,400 and 2,000 m 
(4,600 and 6,550 ft), and 400 m (1,300 
ft) for elevations above 2,000 m (6,550 
ft). The total number of discrete zones 
needed to account for adaptive varia- 
tion within the study area would be 
about 10. 

The concept of floating transfer 
guidelines offers an alternative to dis- 
crete seed zones. According to 
floating guidelines, seeds can be 

transferred across isopleths (Fig. 4), 
but when they are, the elevations at 
which they are to be used should be 
adjusted. When transferring across 
isopleths from high to low value, 
seeds are being moved from a rela- 
tively mild site to a more severe one. 
The transferred seeds therefore 
should be used at an elevation lower 
than that of the seed source. Likewise, 
when transferring across contours 
from lower to higher value, the eleva- 
tional interval at which the seed is 

used should be adjusted upward. For 
example, seeds collected at 1,400 m 
should be used at + 90 m (+ 300 ft) of 
the elevation of their source. When 
these seeds are transferred across an 

isopleth of higher value, they should 
be used between 1,400 and 1,580 m 
(4,600 and 5,200 ft). Seeds collected at 
1,800 m should be used at +125 m 
(+ 410 ft) of their source. When trans- 
ferred across an isopleth of lower 
value, they should be used between 
1,550 and 1,800 m (5,100 and 5,900 ft). 
Seeds from >2,000 m (6,550 ft) should 
be used at +200 m (+650 ft) of the 

LITERATURE CITED 
BAKER, F. S. 1944. Mountain climates of the 

western United States. Ecol. Monogr. 14:223- 
254. 

CA-•PBELL, R. K. 1986. Mapped genetic variation 
of Douglas-fir to guide seed transfer in south- 
west Oregon. Silvae Genet. 35:85-96. 

DmTR•N, J. 1964. The selection problem and 
growth rhythm. Silvae Genet. 13:178-184. 

DRAPER, N. R., AND H. S•m•. 1981. Applied re- 
gression analysis. Wiley and Sons, New York. 
407 p. 

•, G. E. 1978. Genetic differentiation of 
Douglas-fir populations from the northern 
Rocky Mountains. Ecology 59:1264-1270. 

•, G. E. 1979. Ecological adaptations in 
Douglas-fir (Pseudotsuga menziesii var. glauca) 
populations. I. North Idaho and northeast 
Washington. Heredity 43:383-397. 

P,•ml•ELDT, G. E. 1982. Ecological adaptations in 
Douglas-fir (Pseudotsuga menziesii var. glauca) 
populations. II. Western Montana. USDA For. 
Serv. Res. Pap. INT-295. 8 p. 

•, G. E. 1983a. Adaptation of Pinus oon- 
torta populations to heterogeneous environ- 
ments in northern Idaho. Can. J. For. Res. 
13:405-411. 

P,•ml•ELDT, G. E. 1983b. Ecological adaptations in 
Douglas-fir (Pseudotsuga menz•sii var. glauca) 
populations. Ill. Central Idaho. Can. J. For. 
Res. 13:626-632. 

SAS INs'rrru•, INC. SAS user's guide: Statistics. 
SAS Inst., Cary, NC. 965 p. 

SORENSEN, F. C. 1983. Geographic variation in 
seedling Douglas-fir (Pseudotsuga menziesii) 
from the western Siskiyou Mountains of Or- 
egon. Ecology 64:696-702. 

STEEL, R. G. D., AND J. H. TORPaE. 1960. Prin- 
ciples and procedures of statistics. McGraw- 
Hill, New York. 481 p. 

U.S. DEPARTMENT OF COMMERCE. 1968. Climatic 

atlas of the United States. Washington, DC: 
U.S. Dep. Commerce, Environ. Data Serv. 
80 p. 

WJAF 3(4)1988 105 


