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Effect of Test Environment on Expression of Clines 
and on Delimitation of Seed Zones in Douglas-Fir 
R . K .  C a m p b e l l  a n d  F . C .  S o r e n s e n  
P a c i f i c  N o r t h w e s t  F o r e s t  and  R a n g e  E x p e r i m e n t  S t a t i o n ,  C o r v a l l i s ,  O r e g o n  ( U S A )  

Summary. Clinal models of population structure in an indigenous tree species can be used to delineate seed- 
collection zones and breeding zones, and to devise transfer rules. Models may be developed by growing popu- 
lations in test environments; however, a clinal description may be a function of test environments as well as 
of population genotypes. This possibility was studied by growing seedlings from 40 populations of northwestern 
U.S. Douglas-fir (Pseudotsuga menziesii var. 'menziesii' E Mirb. ] Franco) in eigl~t nursery-bed treatments 
which contrasted air and soil temperatures and nutrition. Growth traits measured were stem diameter, top 
height, and dry weight; phenological traits were bud-burst and bud-set dates, extension period, and extension- 
period midpoint. Population samples interacted significantly with soil temperature for growth traits, and with 
soil and air temperatures combined for phenological traits. Interactions were at least partly explained by com- 
plex clinal associations of seedling performance with elevation, with latitude, and with distance from the ocean 
of the populations sampled. Both the complexity and the gradient of the clinal pattern depended on the trait and 
on the specific test environment. 

The clinal patterns of greatest complexity were expressed in warm air and soil treatments. Dry top-weights 
of population samples were associated with latitudes for samples grown in warm soils, but this relationship was 
not apparent in cool soils. A discrepancy in bud-burst dates between extreme coastal and more inland populations 
was greatest in warm soil-warm air treatments and was negligible in cool soil-cool air treatments. Populations 
• temperature interactions were attributed to the differential response of population samples to spring tempera- 
ture and photoperiod. It is proposed that first attempts at devising a model can be based on nursery or growth- 
chamber tests, and that test environments should stress contrasting photo- and temperature-regimes. 

The estimate of clinal structure in Douglas-fir suggests that there is more risk within northwestern U.S. in 
moving provenances east-west than north-south, that this risk increases with elevation of provenances, and that 
north-south transfers are more critical near the coast than inland. 

Key w o r d s :  Pseudotsuga menziesii - G e n e c o l o g y  - P r o v e n a n c e  - G e n o t y p e - t e m p e r a t u r e  i n t e r a c t i o n s  - F e r t i l i z e r  
i n t e r a c t i o n s  

I n t r o d u c t i o n  

M e t h o d s  f o r  s t r a t i f y i n g  f o r e s t  h a b i t a t s  an d  p o p u l a t i o n s  

a r e  u s e f u l  w h e n  w o r k i n g  w i th  g e n e t i c  l i n e s  ( p r o v e n -  

a n c e s ,  r a c e s ,  e c o t y p e s ,  e t c . )  w h i c h  s a m p l e  n a t u r a l  

p o p u l a t i o n s  in  a h e t e r o g e n e o u s  f o r e s t  r e g i o n .  In  r e -  

f o r e s t a t i o n ,  t h i s  w as  n o t e d  f i ve  d e c a d e s  a g o  by  S c h o t t e  

( 1 9 2 3 )  who r e l a t e d  d i f f e r e n c e s  in  m o r t a l i t y  of p l a n t e d ,  

n o n - i n d i g e n o u s  p r o v e n a n c e s  of  S c o t s  p i n e  to m e a n  a n -  

nua l  t e m p e r a t u r e  of  t h e i r  h a b i t a t s .  S u b s e q u e n t l y ,  E n e -  

r o t h  ( 1 9 2 6 )  d e v i s e d  a t r a n s f e r  m o d e l  f o r  p r e d i c t i n g  

e f f e c t s  of  s e e d  t r a n s f e r  a n d  L a n g l e t  ( 1 9 4 5 )  p r o p o s e d  

r u l e s  f o r  s t r a t i f y i n g  f o r e s t  r e g i o n s  i n t o  " s e e d  c o l l e c -  

t i o n "  o r  " p r o v e n a n c e "  z o n e s .  M o r e  r e c e n t l y ,  t r e e  

b r e e d e r s  h a v e  r e c o g n i z e d  the  v a l u e  of  s t r a t i f i c a t i o n  

m o r e  s p e c i f i c a l l y  a s  a m e a n s  f o r  r e d u c i n g  g e n o t y p e -  

e n v i r o n m e n t  i n t e r a c t i o n  c o m p o n e n t s .  In  f i e l d  t e s t s  of  

forest species, these are often as large as or larger 

than the genetic component (King 1965, Morgenstern 

and Teich 1969). Stratification makes the reference 

population of environments more homogeneous, thus 

increasing useful genetic variance by reducing the var- 

iance component for genotype-environment interaction 

(Comstock and Moll 1963). 

Based on Langlet's ( 1934, 1936) demonstration 

that population diversity is closely correlated with en- 

vironmental diversity, stratification procedures have 

usually assumed a clinal response of genotypes to cli- 

matic gradients. In concept, at least, most clines are 

described by fitting regressions of provenance per- 

formance to climatic, geographic, or physiographic 

parameters. Zone dimensions or provenance transfer 

rules can then be devised, the limits depending on re- 

gression line slope in conjunction with a criterion of 
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a c c e p t a b l e  a d a p t a t i o n  ( S t e r n  1964 ,  M o r g e n s t e r n  and  

R o c h e  1969 ,  C a m p b e l l  1 9 7 4 ) .  

Two f a c t o r s  c o m p l i c a t e  t h i s  p r o c e d u r e .  The f i r s t  

o c c u r s  b e c a u s e  not  a l l  t r a i t s  in  p o p u l a t i o n s  f o l l o w  

i d e n t i c a l  c l i n e s ,  a f a c t  d o c u m e n t e d  in  t r e e  s p e c i e s  

( e . g . ,  H o l z e r  1967 ,  1969,  H a m r i c k  and  L ibby  1972) 

and  long  r e c o g n i z e d  by  g e n e c o l o g i s t s  ( L a n g l e t  1 9 7 1 ) .  

The p r o b l e m  a r i s e s  in  d e c i d i n g  on  t he  t r a i t  o r  t r a i t s  

to  u s e  a s  i n d e x e s  of g r o w t h  and  a d a p t a t i o n .  The s e c o n d  

o c c u r s  b e c a u s e  t he  p a t t e r n  of  t r a i t  r e s p o n s e  o v e r  

s e v e r a l  l e v e l s  of  a n  e n v i r o n m e n t a l  f a c t o r  ( i . e . ,  t h e  

r e s p o n s e  c u r v e )  c o m m o n l y  v a r i e s  a m o n g  p r o v e n a n c e s  

o r  e c o t y p e s ~  C u r v e s  m a y  d i f f e r  in  i n t e r c e p t ,  s h a p e ,  

and  p l a c e m e n t  of  m i n i m a  o r  m a x i m a .  E x a m p l e s  of  

t r e e  s p e c i e s  a r e  r e p o r t e d  in  J e n s e n  a n d  G a t h e r u m  

( 1 9 6 7 ) ,  H e r m a n n  and  L a v e n d e r  ( 1 9 6 8 ) ,  L a v e n d e r  and  

O v e r t o n  ( 1 9 7 2 ) ,  F r y e r  a n d  Led ig  ( 1 9 7 2 ) ,  H e l l m e r s  

and  Rook  ( 1 9 7 3 )  , S o r e n s e n  and  F e r r e l l  ( 1 9 7 3 ) ,  and  

C a m p b e l l  and  S u g a n o  ( 1 9 7 5 ) .  

G e n o t y p i c  v a l u e s  of p o p u l a t i o n s  a r e  u s u a l l y  c h a r -  

a c t e r i z e d  by  g r o w i n g  p o p u l a t i o n  s a m p l e s  in  t e s t  e n -  

v i r o n m e n t s ,  e . g . ,  n u r s e r y  b e d s  o r  p l a n t a t i o n  s i t e s .  

I f  r e s p o n s e  c u r v e s  d i f f e r  a m o n g  p o p u l a t i o n s  t e s t e d  a t  

s e v e r a l  l e v e l s  of a s i n g l e  f a c t o r ,  t h e n  the  r a n k i n g  of  

p o p u l a t i o n  m e a n s  in  a s i n g l e  e n v i r o n m e n t  c o u l d  v a r y  

d e p e n d i n g  on  t h e  t e s t  e n v i r o n m e n t  ( K n i g h t  1 9 7 0 ) .  

C l i n e s  a r e  d e s c r i b e d  by  f i t t i n g  e s t i m a t e d  g e n o t y p i c  

v a l u e s  of  p o p u l a t i o n s  to r e g r e s s i o n  m o d e l s .  B e c a u s e  

r a n k i n g  m a y  b e  i n f l u e n c e d  by  t e s t  e n v i r o n m e n t ,  t he  

r e g r e s s i o n  d e s c r i b i n g  a c l i n e  a l s o  m a y  b e  a f f e c t e d .  

C o r r e s p o n d i n g l y ,  s o  would  t h e  c h o i c e  of  m o d e l  u s e d  

in d e l i m i t i n g  p r o v e n a n c e  z o n e s  o r  s e e d  c o l l e c t i o n  

z o n e s .  The p r o b l e m  i s  p o t e n t i a l l y  g r e a t e s t  when  e s t i -  

m a t e s  a r e  d e r i v e d  f r o m  t he  " c o m m o n  g a r d e n "  e x p e r i -  

m e n t ,  e s p e c i a l l y  wi th  o n l y  a s i n g l e  e n v i r o n m e n t ,  bu t  

i t  m a y  a l s o  b e  of  s i g n i f i c a n c e  when  s e v e r a l  t e s t  p l a n -  

t a t i o n s  a r e  u s e d  ( C a m p b e l l  1 9 7 4 ) .  

In  i n i t i a l  e f f o r t s  to  s t r a t i f y  n a t u r a l  p o p u l a t i o n s ,  a 

t e s t  e n v i r o n m e n t  i s  d e s i r a b l e  to t he  e x t e n t  t h a t  i t  r e -  

v e a l s  t he  a d a p t i v e  g e n e t i c  v a r i a b i l i t y  w i t h i n  t h e  p o p u -  

l a t i o n .  By  u s i n g  e n v i r o n m e n t s  wi th  l e s s  r e s o l v i n g  

p o w e r ,  we r i s k  d e v i s i n g  a m o d e l  wh ich  l a c k s  i m p o r -  

t a n t  v a r i a b l e s  f o r  d e s c r i b i n g  p o p u l a t i o n  s t r u c t u r e .  

T e s t s  in  n u r s e r y  b e d s ,  g r e e n h o u s e s ,  o r  g r o w t h  c h a m -  

b e r s  a r e  o f t e n  u s e d  to  o b t a i n  h i g h  r e s o l u t i o n  bu t  t h i s  

p r o c e d u r e  i s  c r i t i c i z e d  b e c a u s e  s u c h  e n v i r o n m e n t s  

m a y  not  b e  n a t u r a l - - p o p u l a t i o n - s a m p l e  d i f f e r e n c e s  r e -  

v e a l e d  in a r t i f i c i a l  c o n d i t i o n s  m a y  h a v e  l i t t l e  a d a p t i v e  

s i g n i f i c a n c e  a n d ,  c o n s e q u e n t l y ,  l i t t l e  r e l e v a n c e  to f i e l d  

c o n d i t i o n s .  

We g a i n  c o n f i d e n c e  t h a t  the  p o p u l a t i o n - s a m p l e  d i f -  

f e r e n c e s  e x p o s e d  by  an  " a r t i f i c i a l "  t e s t  a r e  a d a p t i v e l y  

s i g n i f i c a n t  i f  t h e y  a r e  a s s o c i a t e d  wi th  e n v i r o n m e n t a l  

d i f f e r e n c e s  a t  p o p u l a t i o n  o r i g i n .  And c o n f i d e n c e  i s  

e n h a n c e d  i f ,  f o r  e x a m p l e ,  g e n e t i c  v a r i a t i o n  i s  c l i n a l l y  

s t r u c t u r e d  and  i f  g e n o t y p e - e n v i r o n m e n t  i n t e r a c t i o n s  

a r e  a l s o  c l i n a l l y  s t r u c t u r e d .  In t e r m s  of  t h e  r e s p o n s e  

c u r v e  a n a l o g y ,  s u c h  a r e l a t i o n s h i p  i m p l i e s  t h a t  c u r v e  

s h a p e s  d i f f e r  a m o n g  p o p u l a t i o n  s a m p l e s ,  a n d ,  f u r t h e r -  

m o r e ,  t h a t  c u r v e  s h a p e s  c h a n g e  a l o n g  c l i n a l  g r a d i e n t s .  

Such  a c o m p l e x  s t r u c t u r e  of  g e n e t i c  v a r i a t i o n  i s  d i f f i -  

c u l t  to  a c c o u n t  f o r  e x c e p t  a s  a r e f i n e d  a d j u s t m e n t  of  

p o p u l a t i o n s  to  n a t u r a l  s e l e c t i o n .  

The m a i n  o b j e c t i v e  in  the  p r e s e n t  s t u d y  was  to  e x -  

a m i n e  t h e  e f f e c t  of  t e s t  e n v i r o n m e n t  on  r e g r e s s i o n s  

of two d e v e l o p m e n t a l - c y c l e  t r a i t s  ( b u d  b u r s t ,  bud  s e t )  

and  t h r e e  g r o w t h  t r a i t s  ( h e i g h t ,  d i a m e t e r ,  d r y  w e i g h t )  

on  l o c a t i o n  p a r a m e t e r s  of p o p u l a t i o n s  in  c o a s t a l  D o u g -  

l a s - f i r  s e e d l i n g s .  S u b s i d i a r y  o b j e c t i v e s  w e r e :  

1) e v a l u a t i o n  of e n v i r o n m e n t a l  f a c t o r s  w h i c h  we 

h a v e  i d e n t i f i e d  a s  h a v i n g  p o t e n t i a l  f o r  e x p o s i n g  g e n -  

e t i c  v a r i a t i o n  a m o n g  p o p u l a t i o n  s a m p l e s  and  f o r  p a r -  

t i c i p a t i n g  in  g e n o t y p e - e n v i r o n m e n t  i n t e r a c t i o n s  

2) a p r e l i m i n a r y  d e s c r i p t i o n  of t o p o g r a p h i c  and  

g e o g r a p h i c  c l i n e s  f o r  t h e s e  d e v e l o p m e n t a l - c y c l e  and  

g r o w t h  t r a i t s  in  P a c i f i c  C o a s t  D o u g l a s - f i r  

3) p r e l i m i n a r y  r e c o m m e n d a t i o n s  r e g a r d i n g  s e e d -  

t r a n s f e r  of  D o u g l a s - f i r  

E x p e r i m e n t a l  r e s u l t s  c a m e  f r o m  a s a m p l e  of  40 

p o p u l a t i o n s  f r o m  w e s t e r n  W a s h i n g t o n  and  O r e g o n ,  

g r o w n  in  e i g h t  d i f f e r e n t  n u r s e r y - b e d  e n v i r o n m e n t s .  

M a t e r i a l s  and  M e t h o d s  

We s a m p l e d  40 p o p u l a t i o n s  (24  wi th in  0 . 7 5  k m  of a 
U . S .  W e a t h e r  B u r e a u  S t a t i o n )  of D o u g l a s - f i r  in  i t s  
r a n g e  b e t w e e n  t he  P a c i f i c  O c e a n  and  t he  c r e s t  of  the  
C a s c a d e  R a n g e  b e t w e e n  l a t i t u d e s  of  42~  a n d  48~ ' N .  
E l e v a t i o n s  of  c o l l e c t i o n  l o c a t i o n s  a r e  f r o m  6 to 1 , 4 3 2 m  
a b o v e  s e a  l e v e l  ( a . s . 1 )  and  d i s t a n c e s  f r o m  the  o c e a n  
a r e  f r o m  5 to 244 k m ,  t he  m e a n  l o c a t i o n  b e i n g 4 5 . 0 ~  
1 1 2 . 4  k m  f r o m  t h e  o c e a n  and  602 m a . s . 1 .  C o l l e c t i o n s  
s a m p l e d  t he  r e g i o n  f a i r l y  u n i f o r m l y  wi th  s o m e  u n d e r -  
r e p r e s e n t a t i o n  of h i g h  e l e v a t i o n s  in  n o r t h  c o a s t a l  a r e -  
a s  and  of l ow  e l e v a t i o n s  in  the  C a s c a d e  R a n g e .  S i m p l e  
c o r r e l a t i o n s  a m o n g  l o c a t i o n s  f o r  l a t i t u d e  a n d  e l e v a -  
t i o n ,  l a t i t u d e  a n d  d i s t a n c e  f r o m  t h e  o c e a n ,  a n d  e l e v a -  
t i on  and  d i s t a n c e  f r o m  the  o c e a n  w e r e ,  r e s p e c t i v e l y ,  
r = - .  27 ,  . 28 ,  . 53 .  " G r o w i n g - s e a s o n "  l e n g t h s  ( m e a n  
l a s t  s p r i n g  m i n i m u m  of 0~  to m e a n  f i r s t  f a l l  m i n i -  
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mum of 0~ based on 22 years of record) at weather 
station collection-locations ranged from 142 to 278 
days. 

The experiment was established in nursery beds 
in Corvallis, Oregon, as a split-plot design using po- 
pulation-sample subplots within environmental-treat- 
ment main plots. The eight environmental treatments 
were replicated in two randomized blocks (Li 1964, 
p. 515). Environments were created by factorial ar- 
rangement of the following treatments: fertilized vs. 
nonfertilized, cool soil vs. warm soil, "cool air" vs. 
"warm air". Environmental plots had surrounding 
rows of non-counting seedlings from a common source. 
Each population-sample subplot contained five seed- 
lings, one from each of five open-pollinated single- 
tree collections at a location. 

The warm-soil treatment was produced by burying 
plastic-coated electric heating cables at 15-cm depth 
and spacing, and heating was applied continuously 
from time of sowing of seed (June 4, 1969) to harves- 
ting (October 1970). The warm-air treatment, ob- 
tained by erecting small polyethylene-covered frames 
over appropriate plots, was designed to raise air tem- 
perature by the greenhouse effect. Treatment started 
August 15, 1969, and ended June I0, 1970. Cool-soil 
and cool-air plots were, respectively, unheated and 
uncovered. Fertilizer plots were treated, before see- 
ding, with a commercial fertilizer (6N, 10P, 4K) at 
a rate of 37 kg nitrogen per hectare. 

Soil-temperature differences between treated and 
untreated plots varied, depending on measurement 
depth, time of day, season, and rainfall patterns. 
During the growing season, at 10-cm depth, differ- 
ences were rarely greater than 5.5~ or maxima 
higher than 21~ 

We did not record air temperature continuously, 
but continuous recording under similar polyethylene 
frames in a subsequent comparable experiment has 
shown temperatures in frames to be marginally war- 
mer in the early morning (about 0.5~ and consider- 
ably warmer in early evening (about 5~ with great- 
est differences on overcast days. As shown by shade- 
cloth experiments (Allen 1975), this treatment may 
alter humidity, irradiance, eddy diffusivity, and CO2 
concentration, as well as temperature. In comparison 
to natural environments of Douglas-fir in the Pacific 
Coast region, treatment environments could be classed 
as ranging from the relatively mild, infertile, mesic 
site to the very mild, very fertile, humid site. 

Total heights, basal stem diameters, and dry 
weights of stem and needles above the cotyledon scar 
(dry top weight) were measured at the end of the sec- 
ond growing season. Mean bud-set and bud-burst dates 
of the terminal bud were determined for the second 
growing season. Seedlings were scored for bud-burst 
every 3.5 days - i.e., Monday a.m. and Thursday p. 
m. ; later they were scored every 2 weeks for bud set. 
From these data, two secondary traits were derived: 
(i) extension period, which equaled mean bud-setdate 
minus mean bud-burst date, and (2) extension period 
midpoint, which equaled mean bud-burst date plus one- 
half the terminal extension period. 

In an unbiased experiment with properly scaled 
data, a significant population-sample X environment 
interaction implies either that the ranking of popula- 
tion-samples or the relative magnitude of differences bet- 
ween population-samples is not identical in all environ- 
ments. The interaction is measured by the difference bet- 
ween two differences; that is, by the failure of a difference 
between population samples to be the same in two envir- 
onments. In this experiment, these differences are 

h y p o t h e s i z e d  a s  r e s u l t i n g  f r o m  p o p u l a t i o n - s a m p l e s  
r e s p o n d i n g  v a r i o u s l y  to t h e  two e n v i r o n m e n t s ,  in  c l i -  
ha l  r e l a t i o n s h i p  to p o p u l a t i o n  o r i g i n .  When  i n t e r a c -  
t i o n s  w e r e  s t a t i s t i c a l l y  s i g n i f i c a n t  in  a n a l y s e s  of  v a r -  
i a n c e ,  we e x a m i n e d  p o p u l a t i o n  r e s p o n s e s  in  r e l a t i o n  
to  e l e v a t i o n  ( X ~ ) ,  l a t i t u d e  ( X ~ ) ,  and  d i s t a n c e  f r o m  
t h e  o c e a n  ( X 3 )  of  p o p u l a t i o n  o r i g i n  to  d e t e r m i n e  i f  
the  t r a i t  r e s p o n s e s  w e r e  c l i n a l  o r  p o p u l a t i o n - s p e c i f i c .  
T h i s  was  d o n e  f o r  e a c h  l e v e l  of a n  i n t e r a c t i n g  e n v i r o n -  
m e n t a l  t r e a t m e n t .  I f ,  f o r  e x a m p l e ,  i n t e r a c t i o n s  i n -  
v o l v e d  a i r  t e m p e r a t u r e ,  p o p u l a t i o n - s a m p l e  m e a n s  
w e r e  a v e r a g e d  o v e r  r e p l i c a t i o n s  in  s u b p l o t s  in  t he  
c o o l - a i r  t r e a t m e n t  a n d  a r e g r e s s i o n  e q u a t i o n  was  t h e n  
f i t t e d  to t he  m e a n s .  The s a m e  p r o c e s s  w a s  r e p e a t e d  
f o r  m e a n s  in t h e  w a r m - a i r  t r e a t m e n t .  T h i s  p r o v i d e d  
two r e g r e s s i o n  e q u a t i o n s  w h i c h  w e r e  s o l v e d  f o r  a s e t  
of  s e l e c t e d  v a l u e s  f o r  l a t i t u d e s ,  e l e v a t i o n s ,  and  d i s -  
t a n c e s  f r o m  the  o c e a n  ( i . e . ,  44 ~ , 46 ~ , 48~  l a t i t u d e ;  
i 0 0 - ,  6 0 0 - ,  1, 1 0 0 - m  e l e v a t i o n ;  5,  50 ,  150 ,  200 k m  
f r o m  o c e a n ) .  W h e n  c a l c u l a t e d  r e s p o n s e s  w e r e  p l o t t e d  
g r a p h i c a l l y ,  t he  r e s u l t  was  a s e t  of c u r v e s  f o r  d e s -  
c r i b i n g  p e r f o r m a n c e  of p o p u l a t i o n - s a m p l e s  in  e a c h  
t e s t  e n v i r o n m e n t .  R e s p e c t i v e l y ,  two a n d  f o u r  s e t s  of  
c u r v e s  w e r e  r e q u i r e d  to i l l u s t r a t e  d i f f e r e n c e s  o r i g i n -  
a t i n g  f r o m  f i r s t -  and  s e c o n d - o r d e r  i n t e r a c t i o n s .  

E q u a t i o n s  w e r e  f i t t e d  to p o p u l a t i o n - s a m p l e  m e a n s  
by  s e l e c t i n g  p r e d i c t i n g  v a r i a b l e s  f r o m  a p r e l i m i n a r y  
m o d e l  by  s t e p w i s e  m u l t i p l e  r e g r e s s i o n .  O u r  p r e l i m i n -  
a r y  m o d e l  i n c l u d e d  18 " i n d e p e n d e n t "  v a r i a b l e s  m a d e  
up  a s  a n  e x p a n s i o n  s e r i e s  of p o l y n o m i a l  f i r s t -  a n d  
s e c o n d - o r d e r  t e r m s  of l a t i t u d e ,  e l e v a t i o n ,  and  d i s -  
t a n c e  f r o m  the  o c e a n .  Such  a s e r i e s  w i th  two i n d e p e n -  
d e n t  v a r i a b l e s  ( e . g . ,  e l e v a t i o n  and  l a t i t u d e )  h a s  t h e  
f o r m  : 

2 2 2 2 
Y:B0+BIXI+B2X2 +B3XIX2+B4XI+BsX 2 + B6XIX 2. 

From the 18 variables, the stepwise procedure builds 
an equation variable by variable, by adding in sequence 
all those variables that contribute significantly (P<.05) 
in reducing sums of squares in the dependent variable. 
The process is completed when no more variables are 
admitted to the equation and no more are rejected. 

After the equation was chosen, differences between 
observed and calculated values were examined to en- 
sure that error variances were homogeneous and that 
there was no visual evidence for lack of fit of data to 
equations. A final test was to determine if the observ- 
ed F-ratios (regression mean squares)/(residual mean 
squares) exceeded the 5-percentage point of the F-dis- 
tribution point by four times. This is the "four-times 
rule" (Draper and Smith 1966, p. 64) for rating the 
fitted equation as a satisfactory predictor, in that the 
variaton in response values predicted is substantially 
larger than the standard error of the response. 

R e s u l t s  

P h e n o l o g i c a l  t r a i t s  w e r e  i n f l u e n c e d  m a i n l y  by  a i r  and  

s o i l  t e m p e r a t u r e s ,  and  g r o w t h  t r a i t s  by  f e r t i l i z e r  

( T a b l e  1 ) .  Bud  b u r s t  a n d ,  s e c o n d a r i l y ,  e x t e n s i o n -  

p e r i o d  m i d p o i n t ,  c a m e  e a r l i e r  in  b o t h  w a r m  s o i l  

(warm vs. cool soil) and warm air (warm vs. cool 

air - Table 2); extension-period and bud set were not 

significantly changed by environmental treatment. 
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Table 1. Ana lyses  of v a r i a n c e  for  seven  t r a i t s :  mean  s q u a r e s  and s ign i f i cance  t e s t s  

Ex tens ion  Ex tens ion  LOgl0 LOgl0 LOgl0 

per iod  per iod  s t em s t e m  dry  top 
Var ia t ion  Bud bu r s t  Bud se t  length midpoint  d i a m e t e r  height  weight 
s o u r c e  d . f .  ( ha l f -weeks )  (2 -weeks )  (days)  (days)  ( m m  • ( e m )  ( g x l 0 )  

Ai r  
t e m p e r a t u r e  
(A )  
Soil 
t e m p e r a t u r e  
( s )  
F e r t i l i z e r  
( F )  
Blocks (B) 
AS 
AF 
SF 
ASF 
Error a z 
P r ovenanc e 
(p) 
PA 
PS 
PF 
PB 
PAS 
PAF 
PSF 
PASF 
E r r o r  b ~ 
E x p e r i m e n t a l  
mean 

1 785.13 ~ 12.36 2334.3 5463.2~*~ .031 1 . 6 4 6 ~  .527 

1 163.96 ~ 11.55 7 .7  2 1 3 4 . 6 ~  .105 .004 .300 

1 34.72 16.91 6114.1 341.3 1 . 9 9 4 ~  7 . 2 8 0 ~  1 7 . 7 9 5 ~  

1 51.61 17.47 6999.9 278.5 .013 .212 .001 
1 13.47 .22 374.4 10.1 .049 .140 .286 
1 17.88 .03 156.6 73.0 .115 .106 .506 
1 4 .95 4.61 1431.8 124.0 .021 .038 .046 
1 8.23 .01 125.4 19.7 .001 .010 .017 
7 16.94 3.90 1419.4 131.0 .022 .077 .159 

39 1 4 . 1 6 ~  1 . 9 5 ~  4 1 4 . 9 ~  173.7~e . 0 3 2 ~  . 0 5 9 ~  . 1 9 4 ~  
39 1.55 .31 84.0 18.7 .004 .004 .017 
39 1.86 .25 60.0 21.0 .007 ~ .006~ .022~ 
39 1.43 .29 91.5 14.0 .005 .005 .019 
39 1.58 .32 93 .9e  17.1 .003 .002 .009 
39 2.03~ .42~ 119.5e~ 23.9 .005 .004 .016 
39 1.38 .28 76.6 16.4 .003 .003 .011 
39 1.04 .20 53.9 12.4 .006 .004 .019 
39 1.47 .21 61.0 14.2 .004 .004 .017 

273 1.36 .27 63.5 19.2 .004 .004 .014 

7 .75 2.12 116.5 162.4 1.519 1.378 1.546 

Pooled t r e a t m e n t  • block in t e r ac t i ons  
Pooled popu la t ion - sample  x block in t e r ac t i ons  
Signif icant  at P < .05 

~ Signif icant  at P < .01 

Table 2. Main plot t r e a t m e n t  means  ave raged  over  al l  o ther  t r e a t m e n t s  and 40 populat ions 

Ex tens ion  Log10 LOgl0 

Ex tens ion  per iod  s t e m  s t e m  
Bud bu r s t  Bud se t  pe r iod  midpoint  d i a m e t e r  height  

T rea tmen t  (ha l f -weeks  ~) ( 2 - w e e k s  2) (days)  (daysa f t e r  ( m m •  ( cm)  
D e c .  22) 

L~ 
dry  top 
weight 
( g •  

Cool a i r  8 .86)  2.26 115 165) 1.512 1.328) 
) ~ ) ~ ) ~ 

Warm a i r  6 .65)  1.98 118 159) 1.526 1.429) 

Cool soi l  8 .26)  2.25 117 164) 1.506 1.376 
)~ ) ~  

Warm soi l  7 .25)  1.99 116 161) 1.532 1.381 

F e r t i l i z e r - l o w  7.52 2 .28  120 163 1.463) 1.272) 
) ~ ) ~ 

F e r t i l i z e r - h i g h  7.99 1.96 113 162 1. 575 ) 1. 485) 

1.518 

1.575 

1.525 

1.568 

1.380) 
) ~ 

1.713) 

To conve r t  to days a f t e r  Dec .  22, use (ha l f -weeks  x 3.5 + 77) 
2 To conve r t  to days a f t e r  Dec .  22, use ( 2 - w e e k s  • 14 + 191) 
~, ~ Ma in -e f f ec t s  s ign i f i cance  leve l  (Table 1) 

F e r t i l i z e r  t r e a t m e n t  i n c r e a s e d  d i a m e t e r s ,  he igh t s ,  

and dry  top weights  by 30, 60, and 115 pe rcen t ,  r e s -  

pec t ive ly  ( r e t r a n s f o r m e d  f rom Table 2 ) .  

Populat ion s a m p l e s  d i f fe red  s ign i f ican t ly  ( P < .  01) 

in al l  t r a i t s ,  but magni tudes  of the d i f f e r ences  de -  

pended par t ly  on env i ronmen ta l  t r e a t m e n t  as  ind iea t -  
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Table 3. R e g r e s s i o n  equat ions  for f i t t ing populat ion p e r f o r m a n c e  (Y) in tes t  e n v i r o n m e n t s  to fac to rs  of p ro -  
venance  or ig in :  e leva t ion  in m e t e r s  (X~),  la t i tude in deg rees  nor th  (X~),  and d i s tance  f rom Pac i f ic  Ocean 
in k i l ome te r s  (X3) 

Y in equat ion R2 F o u r - t i m e s  
pe r t a ins  to : R e g r e s s i o n  equat ion z Sy. x d . f .  F ru le  2 

1. log lO(dry  top weight (g) • 10) 

a.  Cool soi l  Y= I .  5 7 - 3 . 4 5 ( - 1 2 )  X21X~ 

b.  Y= 1 .84-5 .29  ( -02)  X2+ 1.85 ( -04)  X2X 3 

- 9 . 2 1 ( - 0 9 ) X I X 2  

Warm soil  

loglo height (cm)  

Cool soi l  

Warm soil  

2 .  

a Y 1 4 1  2 35( 12)x x] 

b. y=l.44_7.75(_04)X2_3.21(_12)X1X322 

3. lOgl0 d i a m e t e r  ( m m  • 10) 

a.  Cool soi l  Y = l . 5 7 - 1 . 6 5 ( - 0 2 ) X 2 + 4 . 0 7 ( - 0 4 ) X 3 - 1 . 7 9  
2 2  

( - 1 2 ) X l X  3 

b.  Warm soil Y = l . 5 8 - 7 . 6 5 ( - 0 4 ) X 2 2 - 1 . 8 6 ( - 0 6 ) X I X  ~ 

4. Ex tens ion  per iod (days)  
Cool a i r  

a .  Cool soi l  Y=121 .21-6 .99( -05)X1X 3 

b.  Warm soil  Y=132 .58 -2 .87X2-1 .50 ( -04 )X1X 3 

+3 84( 171 

o. Y-- 119.53-2.22( -08)x x 3 
d. Y= 1 2 3 . 1 9 - 7 . 4 4 ( - 0 2 )  X2-1 .64 ( -10 )X2X 2 

5. af ter  July 1) 

2 2  2 2  
a. Y = 2 . 6 2 + l . 6 0 ( - O 8 ) X I X 2 - 3 . 1 5 ( - l l ) X 1 X  3 

b.  Y= 2 .34+7.99 ( -05 ) X 1X2-5.55 ( -06 ) X 1X3 

c .  Y=2 .25-1 .88(  -09)X~X 3 

d. Y=2 .04 -1 .37 ( -11 )X2X 2 

6. Bud b u r s t  ( in  ha l f -weeks  af ter  March 9) 
Cool a i r  

a.  Cool soi l  Y=4 .54+3 .74 ( -03 )X1+7 .19 ( -01 )X  2 

-4 .69  ( -07)  X21X 2 

b.  Warm soil  Y=6.18+5.56(_01)X2_7.92(_07)X2X322 

Warm a i r  
c .  Cool soil  Y=5.16+5.03( -O1)X2-1 .11( -O4)X2X 3 

d. Warm soil  Y=3.37+6.64(-O1)X2+9.36(-O6)X2 X2 

- 4 . 4 8 ( - 0 4 )  X22X 3 

7. Ex tens ion  per iod 
midpoint  (days Y= 158.03+ 1.06X2+3.29 ( -06)X 2 
af ter  winter  _ 2 . 1 2  ( _ lO ) X21X ~ 
so l s t i ce ;  Dec.  22) 

Warm a i r  
Cool soi l  

Warm soil  

Bud set  ( in 2-weeks  
Cool a i r  
Cool soi l  

Warm soil  

Warm a i r  
Cool soi l  

Warm soi l  

.36 .085 1,38 21 .3"*  + 

.75 .065 3,36 26.4** + 

.59 .036 1,38 54.5** 

.73 .037 2,37 51.1"* 

.46 .035 3,36 10.4"* 

.45 .040 2,37 15.1"* 

.37 7.29 1,38 22.7** + 

.60 4.06 4,35 12.9"* + 

.20 4.59 1,38 9 .8** - 

.45 3.75 2,37 15.1"* + 

.49 .41 2,37 17 .7-*  + 

.57 .26 2,37 25.0** + 

.29 .31 1,38 15.6"* - 

.45 .28 1,39 30.6** + 

.55 .86 3,36 14 .5 -*  + 

.28 1.16 2,37 7 .2** - 

.35 .84 2,37 9.8** - 

.51 .59 3,36 12 .6 .*  + 

.62 2.10 3,36 19.8"* + 

z Number s  in pa r en the se s  a r e  exponents ,  base  10. X2 is  coded as  degrees  nor th  la t i tude minus  40 
2 F o u r - t i m e s  ru l e :  Equat ion  is  an inadequate  p red ic to r  when ca lcula ted  F value is not four t imes  g r e a t e r  than 

tabular  Fp=0.05 , equat ion inadequate if minus  ( - )  

** Equat ion  s igni f icant  at probabi l i ty  < .01 

ed by two types  of s ign i f ican t  in t e rac t ion  (Table 1) : 

1) popu la t ion - sample  • s o i l - t e m p e r a t u r e  i n t e r a c -  

t ion - r e l a t ive  seedl ing  s i zes  among populat ion s a m p -  

les, as measured by stem diameter, stem height, and 

dry top weight, were influenced by soil temperature; 

2) population-sample • soil-temperature • air- 
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Fig. I. Clines of dry top-weights and heights retransformed from logarithms (5 and 50 lines are in Coast 
Ranges, 150 and 200 lines are in the Cascades) - population samples grown in warm soil 

t e m p e r a t u r e  i n t e r ac t ions  - phenological  t r a i t s  of popu- 

lat ion s amp le s  in s o i l - t e m p e r a t u r e  t r e a t m e n t s  were 

addi t ional ly  affected by a i r  t e m p e r a t u r e .  

When popu la t ion-sample  r e s p o n s e s  were fitted by 

s tepwise  r e g r e s s i o n  to fac to rs  of population o r ig in ,  

r e g r e s s i o n  mean squa re s  were highly s igni f icant  

(P < .01) for al l  t r a i t s .  Several  equat ions were found 

to be inadequate  by the " f o u r - t i m e s  ru le"  (Table 3) ,  

but even in these c a s e s ,  r e sponse  su r f ace s  ca lcula ted  

5 

== Km from o c e a n  

~= 5 
"~ 50 

a 

30 

u 
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Fig .  2. C l ines  of dry top-weights  and heights  r e t r a n s -  
formed f rom loga r i thms  - populat ion samples  grown 
in cool soil  

f rom such " inadequate"  equat ions gene ra l ly  followed 

pa t t e rns  es tab l i shed  by the "adequate" r e g r e s s i o n s .  

Of equat ions pred ic t ing  popu la t ion-sample  growth 

(height ,  d i a m e t e r ,  dry top weight) ,  those for cool 

so i l s  were l e s s  sa t i s f ac to ry  than for warm soi ls  : cool -  

soil  equat ions e i the r  were inadequate  p red ic to r s  (Table 

3, equation 3a) or  explained s m a l l e r  p ropor t ions  of 

va r i a t ion  in provenance  means  (Table 3, compare  R 2, 

equation la with lb ,  e tc .  ) .  F o r  phenological  t r a i t s ,  

equat ions  were l eas t  s a t i s f ac to ry  in the w a r m - a i r ,  

coo l - so i l  e nv i r onme n t  (Table 3, equat ions  4c,  5c, 6c); 

be t t e r  in w a r m - s o i l ,  w a r m - a i r ;  and coo l - so i l ,  cool-  

a i r  combina t ions  (equat ions  4a, 4d, 5a, 5d, 6a, 6d); 

and best  in the w a r m - s o i l ,  c o o l - a i r  t r e a t m en t  (equa-  

t ions 4b, 5b) ,  except for bud b u r s t ,  which was poorly 

predic ted (equat ion 6b) .  

Trends  for  the s e ve r a l  t r a i t s  a r e  p resen ted  g raph i -  

cal ly  in F i g u r e s  1-9.  Rather  than desc r ibe  r e s u l t s  in 

de ta i l ,  we have chosen those for jus t  four t r a i t s ,  dry 

top-weight ,  s tem height ,  ex tens ion  per iod ,  and date 

of bud se t ,  to i l l u s t r a t e  the effect of tes t  en v i ronmen t  

on c l inal  pa t t e rn s .  

Dry  top-weight  and height a re  used as examples  

for growth traits. When population-samples were 

grown in warm soil, their dry weights were signifi- 

cantly related to all three geographic variables - lati- 

tude, elevation, and distance from ocean (Table 3, 
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Fig.3. Clines in extension period as established in warm soil: a) as influenced by cool air; b) as influenced 
by  w a r m  a i r  

e q u a t i o n  l b ) .  The r e l a t i o n s h i p  i s  c o m p l e x ,  a s  c a n  b e  

s e e n  when  t he  e q u a t i o n  i s  s o l v e d  f o r  a s e t  of  l a t i t u d e s ,  

e l e v a t i o n s ,  and  d i s t a n c e s  f r o m  t he  o c e a n  ( F i g .  1 ) .  In  

c o m p a r i s o n ,  w h e n  p o p u l a t i o n - s a m p l e s  w e r e  g r o w n  in  

cool soil, population latitude was not a significant 

predictor of dry top-weight (Table 3, equation la). 

Consequently, trends from the solved equation did not 

include latitudinal influences, and latitude is not a 

classification in the trend graph (Fig. 2). The differ- 

ence in pattern among soil temperatures is similar 

for height (Figs. 1 and 2). For both traits, in the 

warm-soil test, genetic variation among sources is 

associated with latitude, elevation, and distance from 

ocean of populations; in the cool-soil test, genetic 

variation was evident mainly among Cascades sources 

(150 and 200 km from the ocean) from different ele- 

vations. 

The relationship of extension period to population 

origin also varied depending on test environment. The 

contrast was greatest in warm soil where, in cool air, 

extension period was strongly related to latitude of po- 

pulations near the ocean (Fig. 3a and Table 3, equation 

4b). In comparison, the effect of latitude among Cas- 

cades populations was negligible (Fig. 3a). In warm 

soil, warm air, extension period changed only slightly 

with population latitude, the change being consistent 

across all combinations of population elevation and dis- 

tance from the ocean (Fig.3b). In cool soil, genetic 

variation among populations was not associated with 

latitude, regardless of population elevation, distance 
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F i g .  4 .  C l i n e s  in  e x t e n s i o n  p e r i o d  a s  e s t a b l i s h e d  in  
c o o l  s o i l :  a )  a s  i n f l u e n c e d  b y  c o o l  a i r ;  b)  a s  i n f l u -  
e n c e d  by  w a r m  a i r  
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Fig .  5. Bud-se t  t rends  of popu la t ion - samples  in 
cool a i r  

from ocean, or the test's air temperature (Fig.4 and 

Table 3, equations 4a and 4c). Also, regardless of 

air- and soil-temperature combination, the trend with 

elevation is steeper and more curvilinear for Cascade 
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Fig. 6. Bud-set performance trends of population-sam- 
ples tested in warm air 

population-samples (150 and 22 km from ocean) than 

for coastal population-samples (5 and 20 km from o- 

cean). 

The final example of the four illustrating effects 

of test environment deals with bud set, the major con- 

trasts in clinal patterns occurring between cool air 

and warm air (Table 3, equations 5a, 5b, and 5c, 5d). 

In cool air, provenance latitude in combination with 

elevation and distance from the ocean is a partial pre- 

dictor of bud set (Fig.5). In warm air, regardless of 

soil temperature, there is no relation of population- 

sample bud-set with latitude (Fig. 6). 

An exception to the general pattern of interactions 

occurred with the extension period midpoint (Fig. 7). 

Population-samples differed in midpoint and these dif- 

ferences were related to all three physical factors 

considered (latitude, elevation, distance from the 

ocean; Table 3, equation 7), but the samples perform- 

ed consistently in all test environments; and interac- 

tions were not significant (Table l). 

In general, in comparisons between the test en- 

vironments involved in statistically significant inter- 
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a c t i o n s  ( T a b l e  1 ) ,  r e g r e s s i o n  s u r f a c e s  d i f f e r e d  s u b s -  

t a n t i a l l y  b e t w e e n  e n v i r o n m e n t s .  T h i s  i n d i c a t e s  t h a t  

i n t e r a c t i o n  m a y  b e  m a i n l y  a f u n c t i o n  of t h e  c l i n a l l y  

g r a d e d  r e s p o n s e s  of p o p u l a t i o n - s a m p l e s  to  t e s t  e n -  

v i r o n m e n t s .  E v i d e n c e  i s  p r o v i d e d  by  c o m p a i r i n g  e x -  

p e c t e d  and  o b s e r v e d  i n t e r a c t i o n  e f f e c t s .  A s  n o t e d  p r e -  

v i o u s l y ,  i n t e r a c t i o n  i s  f a i l u r e  of  a d i f f e r e n c e  b e t w e e n  

p o p u l a t i o n - s a m p l e s  to  b e  t h e  s a m e  in  two  e n v i r o n m e n t s .  

F o r  t h i s  f a i l u r e  to  b e  s t a t i s t i c a l l y  s i g n i f i c a n t ,  a n d  

f u r t h e r ,  to  b e  c l i n a l l y  s t r u c t u r e d ,  t h e  e x p e c t e d  d i f f e r -  

e n c e  in  p o p u l a t i o n  r e s p o n s e  to e n v i r o n m e n t s ,  a s  g e n -  

e r a t e d  by  p r e d i c t i o n  f r o m  r e g r e s s i o n ,  s h o u l d  b e  c o r -  

r e l a t e d  w i th  t he  a c t u a l  d i f f e r e n c e .  To t e s t  t h i s ,  a n  e x -  

p e c t e d  p o p u l a t i o n  r e s p o n s e  w as  c o m p u t e d  f o r  e a c h  p o -  

p u l a t i o n  l o c a t i o n  b y  a p p r o p r i a t e  e q u a t i o n s  f r o m  T a b l e  3.  

One  s e t  of p r e d i c t i o n s  w as  m a d e  f o r  e a c h  i n t e r a c t i n g  

e n v i r o n m e n t  in  a c o m p a r i s o n .  T h e n ,  t he  e x p e c t e d  d i f -  

f e r e n t i a l  r e s p o n s e  f o r  e a c h  p o p u l a t i o n - s a m p l e  was  c a l -  

c u l a t e d  by  s u b t r a c t i o n  b e t w e e n  e n v i r o n m e n t s .  In  t he  

f i n a l  s t e p ,  t h e s e  d i f f e r e n c e s  w e r e  c o m p a r e d  wi th  o b -  

s e r v e d  d i f f e r e n c e s .  Th i s  w as  d o n e  f o r  d r y  t o p - w e i g h t  

and  e x t e n s i o n  p e r i o d .  D r y  t o p - w e i g h t  l a r g e l y  i n t e -  

g r a t e s  t he  s e p a r a t e  m e a s u r e m e n t s  of  s t e m  h e i g h t  a n d  

d i a m e t e r ,  t he  two o t h e r  g r o w t h  t r a i t s ;  e x t e n s i o n  p e r -  

iod  i s  d e r i v e d  f r o m  m e a s u r e m e n t s  of  bud  b u r s t  and  

bud  s e t ,  t h e  d e v e l o p m e n t a l - c y c l e  t r a i t s .  

The c o r r e l a t i o n  b e t w e e n  e x p e c t e d  a n d  a c t u a l  d i f -  

f e r e n c e s  in  d r y  t o p - w e i g h t  of p o p u l a t i o n - s a m p l e s  

g r o w n  in  coo l  s o i l  v s .  w a r m  s o i l  w a s  r = . 4 1 .  F o r  

e x t e n s i o n  p e r i o d ,  i n t e r a c t i o n  m e a s u r e d  a d i f f e r e n t i a l  

r e s p o n s e  b e t w e e n  s o i l s  in  t he  two a i r  t r e a t m e n t s ,  i n -  

v o l v i n g  f o u r  r e g r e s s i o n  e q u a t i o n s  ( T a b l e  3 ) .  In  t h i s  

c o m p a r i s o n ,  t h e  c o r r e l a t i o n  b e t w e e n  e x p e c t e d  a n d  a c -  

t ua l  d i f f e r e n c e s  was  r = . 4 4 .  B o t h  c o e f f i c i e n t s  a r e  

h i g h l y  s i g n i f i c a n t  ( P  < . 0 1 )  bu t  t h e i r  s m a l l  s i z e s  i n -  

d i c a t e  t h a t  o b s e r v e d  i n t e r a c t i o n - e f f e c t s  w e r e  no t  c l o s e -  

ly  a s s o c i a t e d  wi th  the  e x p e c t e d  i n t e r a c t i o n - e f f e c t s  d e -  

r i v e d  f r o m  r e g r e s s i o n  e q u a t i o n s .  H o w e v e r ,  i n h e r e n t  

in  t h e  a n a l y s e s  a r e  two  s o u r c e s  of e r r o r ,  to  b e  d i s ~  

c u s s e d  b e l o w ,  and  e i t h e r  c o u l d  r e d u c e  t h e  s i z e s  of 

c o r r e l a t i o n  c o e f f i c i e n t s  c o n s i d e r a b l y  b e l o w  t h e i r  t r u e  

v a l u e s .  In  s p i t e  of  t h i s ,  c o e f f i c i e n t s  w e r e  s t a t i s t i c a l l y  

s i g n i f i c a n t .  We i n t e r p r e t  t h i s  a s  e v i d e n c e  t h a t  i n t e r -  

a c t i o n - e f f e c t s  w e r e  s t r o n g l y  r e l a t e d  to p o p u l a t i o n -  

s a m p l e  o r i g i n  a n d  w e r e  c l i n a l l y  s t r u c t u r e d .  

The f i r s t  s o u r c e  of  i m p r e c i s i o n  in  c o r r e l a t i o n  r e -  

s u l t s  b e c a u s e  p o p u l a t i o n - s a m p l e  m e a n s  w e r e  s u b j e c t  

to  s a m p l i n g  e r r o r .  S a m p l i n g  v a r i a n c e s  c o n t r i b u t e d  
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d o u b l y  to e r r o r  in  f i t t i n g  the  r e g r e s s i o n s  f r o m  w h i c h  

e x p e c t e d  v a l u e s  w e r e  d e r i v e d  and  a l s o  in  c a l c u l a t i n g  

t he  o b s e r v e d  d i f f e r e n c e s .  On t he  a v e r a g e ,  f o r  e x t e n -  

s i o n  p e r i o d ,  s a m p l i n g  v a r i a n c e s  w e r e  36 a n d  74 g of  

the  v a r i a n c e s  in  p o p u l a t i o n - s a m p l e  m e a n s  in c o o l  s o i l s  

and  w a r m  s o i l s ,  r e s p e c t i v e l y .  F o r  d r y  t o p - w e i g h t  

c o m p a r a b l e  v a l u e s  w e r e  14 and  17 %. T h u s ,  t he  t r u e  

v a l u e s  of c o r r e l a t i o n  c o e f f i c i e n t s  u n d o u b t e d l y  h a v e  

b e e n  s u b s t a n t i a l l y  u n d e r e s t i m a t e d .  

The s e c o n d  s o u r c e  of i m p r e c i s i o n  r e s u l t s  b e c a u s e  

no t  a l l  r e l e v a n t  i n d e p e n d e n t  v a r i a b l e s  w e r e  i n c l u d e d  

in  r e g r e s s i o n  a n a l y s e s .  Land  f o r m  a s p e c t ,  r e l i e f ,  a n d  

e x p o s u r e ,  f a c t o r s  w h i c h  we d id  no t  m e a s u r e  a t  s e e d -  

c o l l e c t i o n  p o i n t s ,  a l l  i n f l u e n c e  l o c a l  c l i m a t e s  ( G e i g e r  

e t  a l  1933,  1934,  U t a a k e r  1963,  B a u m g a r t n e r  1964,  

M c G e e  1974) and  p r e s u m a b l y  n a t u r a l  s e l e c t i o n .  A d a p -  

t i ve  p l a n t  r e s p o n s e s  c a u s e d  by  l o c a l  c l i m a t i c  v a r i a -  

t ion  m a y  not  h a v e  b e e n  c o m p l e t e l y  e x p l a i n e d  by  t he  

i n d e p e n d e n t  v a r i a b l e s  we u s e d .  C o n s e q u e n t l y ,  p o p u -  

l a t i o n - s a m p l e  m e a n s  would no t  h a v e  b e e n  p r e d i c t e d  

a s  a c c u r a t e l y  a s  in  a c o m p l e t e  m o d e l .  The r e g r e s -  

s i o n s  f o r  coo l  s o i l s ,  e s p e c i a l l y ,  i n c l u d e d  t h i s  t y p e  of  

e r r o r  - s a m p l i n g  v a r i a n c e s  in  c o o l  s o i l s  w e r e  r e l a -  

t i v e l y  s m a l l ,  y e t  on ly  a b o u t  a t h i r d  of  v a r i a b i l i t y  in  

p o p u l a t i o n - s a m p l e  m e a n s  w as  e x p l a i n e d  b y  r e g r e s s i o n  

( T a b l e  3,  e q u a t i o n s  l a ,  4a ,  4 c ) .  

Discussion 

a .  I n t e r a c t i o n s  a n d  C l i n a l  P a t t e r n s  

P o p u l a t i o n - s a m p l e  • e n v i r o n m e n t  i n t e r a c t i o n s ,  w h e n  

t hey  o c c u r r e d  a t  a s t a t i s t i c a l l y  s i g n i f i c a n t  l e v e l ,  w e r e  

c o n s i s t e n t l y  c o n n e c t e d  wi th  t e m p e r a t u r e  r a t h e r  t h a n  

f e r t i l i z e r ,  e v e n  t h o u g h  m a i n  e f f e c t s  of  f e r t i l i z e r  w e r e  

l a r g e r  t h a n  m a i n  e f f e c t s  of t e m p e r a t u r e  in  m o s t  t r a i t s  

( T a b l e  2 ) .  Soi l  t e m p e r a t u r e  was  i n v o l v e d  in  a l l  s u c h  

i n t e r a c t i o n s ,  bu t  e f f e c t s  of a i r  t e m p e r a t u r e  a p p e a r e d  

to b e  e q u a l l y  a s  i m p o r t a n t  in  s i g n i f i c a n t  i n t e r a c t i o n s  

r e l a t e d  to p h e n o l o g y ~  T h u s ,  D o u g l a s - f i r  p o p u l a t i o n s  

f r o m  the  r e g i o n  we s a m p l e d  a p p a r e n t l y  a r e  n o t  g e n -  

e t i c a l l y  d i f f e r e n t i a t e d  in  r e s p o n s e  to t he  n u t r i e n t  l e v e l s  

we u s e d ,  bu t  a r e  d i f f e r e n t i a t e d  in  t h e i r  r e s p o n s e  to 

s o i l  and  a i r  t e m p e r a t u r e s .  

D i f f e r e n t  t e s t  e n v i r o n m e n t s  e x p o s e d  d i f f e r e n t  p a t -  

t e r n s  of  c l i n a l  g e n e t i c  v a r i a t i o n ,  t he  p a t t e r n s  a l s o  d e -  

p e n d i n g  on  t h e  t r a i t  i n v o l v e d .  F o r  h e i g h t ,  bud  b u r s t ,  

and  bud  s e t ,  c l i n a l  s t r u c t u r e s  in  d i f f e r e n t  t e s t  e n v i r o n -  

m e n t s  w e r e  s i m i l a r .  A m o n g  l o w - e l e v a t i o n  p o p u l a t i o n s ,  

g e n e t i c  v a r i a b i l i t y  t h a t  was  r e l a t e d  to l a t i t u d e  o r  d i s -  

t a n c e  f r o m  the  o c e a n  was  g e n e r a l l y  s m a l l .  A m o n g  

h i g h e r - e l e v a t i o n  p o p u l a t i o n s ,  v a r i a b i l i t y  was  g r e a t e r  

the  h i g h e r  the  e l e v a t i o n ,  a n d  v a r i a b i l i t y  a m o n g  h i g h e r -  

e l e v a t i o n  p o p u l a t i o n s  was  g r e a t e r  in  s o m e  t e s t  e n v i -  

r o n m e n t s  t h a n  in  o t h e r s .  T o g e t h e r ,  t h e s e  two f a c t o r s  

a c c o u n t e d  f o r  d i f f e r e n c e s  in  c l i n a l  p a t t e r n s .  

F o r  o t h e r  t r a i t s ,  c l i n a l  p a t t e r n s  in  d i f f e r e n t  t e s t  

e n v i r o n m e n t s  w e r e  so  d i v e r s e  a s  to s e e m  q u a l i t a t i v e -  

ly  d i s t i n c t .  D r y  t o p - w e i g h t  p r o v i d e d  t he  m o s t  s t r i k i n g  

e x a m p l e .  When  p o p u l a t i o n  s a m p l e s  w e r e  g r o w n  in  

coo l  s o i l ,  g e n e t i c  v a r i a t i o n  c o u l d  no t  be  r e l a t e d  to l a -  

t i t u d e  ( T a b l e  3,  e q u a t i o n  l a ,  a n d  F i g . 2 ) .  W h e n  s a m -  

p l e s  w e r e  g r o w n  in  w a r m  s o i l ,  l a t i t u d e  b e c a m e  a n  

i m p o r t a n t  p r e d i c t o r  ( F i g .  1 ) .  F o r  e x a m p l e ,  c a l c u l a t e d  

d r y  w e i g h t s  of two s o u r c e s  f r o m  600 m ,  50 k m  i n l a n d  

- one  f r o m  4 4 ~  the  o t h e r  f r o m  48~  - w e r e  4 . 6  and  

3 . 1  g ,  r e s p e c t i v e l y ,  a d i f f e r e n c e  of  1 . 5  g o r  39 7O of  

t he  m e a n  d r y  w e i g h t .  

F o r  s e v e r a l  t r a i t s  p o p u l a t i o n - s a m p l e  p e r f o r m a n c e s  

w e r e  c o m p l e x l y  r e l a t e d  to l a t i t u d e ,  d i s t a n c e  f r o m  the  

o c e a n  and  e l e v a t i o n .  In  w a r m  s o i l  and  c o o l  a i r ,  e x -  

t e n s i o n  p e r i o d  d e c r e a s e d  by  a b o u t  2 . 5  and  1 day  p e r  

d e g r e e  of  i n c r e a s i n g  l a t i t u d e  f o r  s o u r c e s  n e a r  ( C o a s -  

t a l )  a n d  d i s t a n t  ( C a s c a d e s )  f r o m  the  o c e a n ,  r e s p e c -  

t i v e l y  ( F i g . 3 a ) .  Th i s  i s  m a i n l y  a c c o u n t e d  f o r  by  a d e -  

l ay  in bud b u r s t  in  n o r t h  C o a s t a l  s o u r c e s  in  w a r m  s o i l .  

The d i s c r e p a n c y  in  m e a n  b u d - b u r s t  d a t e s  b e t w e e n  C o a s -  

t a l  and  C a s c a d e s  s o u r c e s  i s  g r e a t e s t  in  w a r m  soi l~  

w a r m  a i r  ( F i g . 8 )  and  i s  n e g l i g i b l e  in  c o o l  s o i l ,  c o o l  

a i r .  In  t h i s  l a t t e r  e n v i r o n m e n t ,  p o p u l a t i o n  d i s t a n c e  

f r o m  the  o c e a n  i s  no  l o n g e r  a p r e d i c t o r  of  bud  b u r s t  

( T a b l e  3 ,  e q u a t i o n  6a ,  and  F i g . 9 ) .  

The l a t i t u d i n a l  c l i n a l  p a t t e r n  f o r  d r y  t o p - w e i g h t  was  

s i m i l a r  to t he  p a t t e r n  f o r  e x t e n s i o n  p e r i o d  s h o w n  a -  

b o v e .  D r y  t o p - w e i g h t  of C o a s t a l  p o p u l a t i o n s  g r o w n  in  

w a r m  s o i l s  d e c r e a s e d  by  a b o u t  . 4 g p e r  d e g r e e  of  i n -  

c r e a s i n g  l a t i t u d e  ( F i g .  1 ) .  B a s e d  on  t he  h e a v i e s t  p o -  

p u l a t i o n - s a m p l e ,  t h i s  i s  a d e c r e a s e  of  6 . 6  70 p e r  d e -  

g r e e .  F o r  C a s c a d e s  s o u r c e s ,  t he  c o r r e s p o n d i n g  d e -  

c r e a s e  i s  a p p r o x i m a t e l y  2 . 4  7o. A v e r a g e  d r y  w e i g h t s  

and  e x t e n s i o n  p e r i o d s  o f  p r o v e n a n c e s  w e r e  c o r r e l a t e d ,  

wi th  e x t e n s i o n  p e r i o d  a c c o u n t i n g  f o r  15 7O to 40 7o of  t he  

v a r i a t i o n  in  d r y  w e i g h t .  C o r r e l a t i o n s  w e r e  w e a k e s t  in  

coo l  e n v i r o n m e n t s  and  s t r o n g e s t  in  w a r m  e n v i r o n m e n t s .  
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b. Adaptive Significance of Trait Response c. Interactions and Test Environments 

Within any single test environment a large part of the 

variation among population-samples was clinally pat- 

terned. On the average, regression accounted for a- 

bout 50 % of the variation among samples, though 

means were subject to sampling error and regression 

models probably did not include all pertinent predicting 

variables for some traits. Interaction effects also 

could be attributed largely to differences in clinal pat- 

terns; ie: the individual manner in which the average 

genotype of a population-sample was expressed in con- 

trasting environments was also patterned according 

to population origin. 

Such a multidimensional structuring of genetic 

variation is difficult to explain except as a reflection 

of differential selection pressures in native environ- 

ments, especially since both growth and growth- 

rhythm traits were involved. Also, such a structuring 

is equally difficult to explain if it is hypothesized that 

the test environments were irrelevant to environments 

in which populations evolved. We therefore infer that 

the responses in our test environments have indicated 

adaptive differences among populations and that res- 

ponses were not artifacts exposed in an "unnatural" 

environment. 

The correlation between dry top-weight and extension 

period and the concommitant association of growth and 

phenological traits with population latitude were strong- 

est in warm environments. Since effects related to la- 

titude of populations usually can be ascribed to photo- 

periodic control, this suggests a basis for the signi- 

ficant interactions in this experiment and reasons for 

emphasizing some components of environment, es- 

pecially, in the choice of test environments. 

To explain population-specific responses to soil and 

air temperatures, we offer a three part hypothesis. 

First, photoperiod and temperature are major infor- 

mation sources serving to synchronize developmental 

periodicity to annual climatic cycle. Second, not only 

are overt phenological events (e.g., bud burst, bud 

set) programmed to occur at particular times in the 

annual cycle, but so also are other features of the 

growth process (Krueger 1966). Third, the temper- 

ature regimes created in this test have tended to put 

growth processes of some population-samples "out 

of phase" in reference to photoperiodic information 

being received as a consequence of their being adapted 

to different photoperiod-temperature regimes. Thus, 

some stages of their growth may have occurred in 
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condit ions which were  not op t ima l ,  g iving r i s e  to po-  

pu l a t i on - sample  • t e m p e r a t u r e  i n t e r ac t ions  in growth 

t r a i t s  as well as  in phenologica l  t r a i t s .  

Pho toper iod  as a synchron iz ing  m e c h a n i s m  has 

been r epea t ed ly  d i s c u s s e d  ( e . g . ,  W i e r s m a  1963, 

H e s l o p - H a r r i s o n  1964, Langlet  1967). Repor t s  which 

spec i f i ca l ly  deal  with the r e m a i n d e r  of the hypothes i s  

in r e s p e c t  to pe renn ia l  p lants  a r e  not c o m m o n ,  but 

support  may be i n f e r r e d  f rom e x a m p l e s .  

In Coas ta l  D o u g l a s - f i r ,  soi l  t e m p e r a t u r e  inf luences  

spr ing  r a t e  of shoot  deve lopment  (Lavender  et al 1973) 

and a lso  dry  weight accumula t ion  (Lavender  and O v e r -  

ton 1972). In the l a t t e r  capac i ty ,  soi l  t e m p e r a t u r e  

op t ima for  growth a r e  s t rong ly  affected by t h e r m o -  

pe r iod .  P lan t  a c t i v i t i e s  af fec ted  by soi l  t e m p e r a t u r e  

a r e  a l so  affected by photoper iod ,  in much the s a m e  

way. Photoper iod  inf luences  spr ing  r a t e  of deve lop -  

ment  (Campbel l  and Sugano 1975); it a f fec ts  the n u m -  

ber  of need les  in i t ia ted  ( I r g e n s - M o l l e r  1962) and the 

l a t e r a l  m e r i s t e m  ac t iv i ty  (Lavender  and He rm ann  

1970), both p r e sumab ly  e s s e n t i a l  a spec t s  of d r y -  

weight accumula t ion ;  and,  at any given photoper iod 

within the n o r m a l  r ange ,  sp r ing  r a t e  of deve lopment  

is  a l so  modif ied by t h e r m o p e r i o d  (Campbe l l  and Sugano 

1975). Thus, longer  photoper iods  appear  to com pen -  

sa te ,  in pa r t ,  for  h igher  soi l  t e m p e r a t u r e s ,  whether  

the r e s p o n s e  is  in t r a i t s  of growth or  of growth rhy thm .  

F u r t h e r ,  in mos t  of the r e p o r t s  c i t ed ,  r e s p o n s e s  to 

t e m p e r a t u r e  or  photoper iod were  popu la t ion - spec i f i c .  

This sugges t s  that fo r  D o u g l a s - f i r  in the r eg ion  we 

sampled ,  app rop r i a t e  combina t ions  of t e m p e r a t u r e  and 

photoper iod may be needed to adjust  growth p r o c e s s e s  

of a populat ion to i ts  na t ive  env i ronmen t .  

Addit ional  ev idence  that  synchron iza t ion  to s e a -  

sonal  cyc le  can  r e q u i r e  appropr i a t e  t e m p e r a t u r e s  in 

combina t ion  with photoper iod c o m e s  f r o m  a study of 

t imothy s t r a i n s  with d i f fe ren t  growth rhy thms  (Evans  

et a l .  1935). The o r d e r  of f lower ing  in vege ta t ive ly  

e a r l y  s t r a i n s  depended mainly  on t e m p e r a t u r e ,  head-  

ing s t a r t i ng  f i r s t  in w a r m e r  sou thern  s ta t ions  and p r o -  

g r e s s i n g  r e g u l a r l y  to no r the rn  s i t e s  where  t e m p e r a -  

ture  was the l imi t ing  f ac to r .  In c o n t r a s t ,  la te  s t r a i n s  

were  l imi t ed  by r e q u i r e m e n t s  fo r  longer  photoper iods  

in southern  s t a t ions ,  at a t ime  when t e m p e r a t u r e  was 

not l imi t ing .  F l o w e r i n g  of these  s t a r t ed  f i r s t  at  no r th -  

e rn  la t i tudes  in r e s p o n s e  to the e a r l i e r  long days in 

la te  sp r ing  and e a r l y  s u m m e r .  

Knight ( 1971) d e s c r i b e d  con t r a s t i ng  growth pa t -  

t e rn s  of na tura l  populat ions  of a pe renn ia l  pas tu re  

g r a s s  f rom two con t r a s t i ng  c l i m a t i c  r e g i o n s .  In one,  

populat ions were  s u m m e r - g r o w i n g  and w i n t e r - d o r m a n t  

and in the o ther  the r e v e r s e .  These d i s p a r a t e  annual 

growth rhy thms  ( e x p r e s s e d  as y ie ld  in s u c c e s s i v e  

h a r v e s t s )  p e r s i s t e d  even when the p r e s u m e d  causa t i ve  

agent  ( s ea sona l  m o i s t u r e  pa t te rn)  in the local  e n v i r o n -  

ment  was a l t e r e d .  D i f f e r e n c e s  in rhy thm were  a p p a r -  

ently main ta ined  by r e l a t i v e  growth r a t e s  and leaf  a r e a  

r a t i o s  which were  popu la t ion-spec i f i c  in r e s p o n s e  to 

a i r  t e m p e r a t u r e  ( E a g l e s  1973). 

Since we did not d i r e c t l y  con t ro l  photoper iod in our  

e x p e r i m e n t ,  we cannot p ropose  that our popula t ion-  

s ample  • t e m p e r a t u r e  i n t e r ac t i ons  had causes  ident ical  

to those d e s c r i b e d  for  g r a s s e s .  Howeve r ,  based on the 

points d i s cus sed  and on our  r e s u l t s ,  we do sugges t  that 

such in t e r ac t i ons  a r e  m o r e  l ikely to accompany  changes  

in f a c to r s  a s soc i a t ed  with the annual c l i m a t i c  cyc le  

( so i l  and a i r  t e m p e r a t u r e ,  photoper iod)  than changes  

in f a c to r s  not so d i r ec t l y  a s s o c i a t e d  with the cyc le  (e .  

g . ,  f e r t i l i z e r ,  c o m p e t i t i o n ) .  T h e r e f o r e ,  photoper iod 

and t e m p e r a t u r e  r e g i m e s  a r e  l ike ly  to be c r i t i c a l  c o m -  

ponents in any s a t i s f a c t o r y  se t  of tes t  e n v i r o n m e n t s .  

d. Test  E n v i r o n m e n t s  and a P r o v i s i o n a l  Model 

We p ropose  that r e a s o n a b l e  f i r s t  s t eps  in developing 

a model  can be based on n u r s e r y  o r  g r o w t h - c h a m b e r  

t e s t s .  In this  way, env i ronm en t s  can be produced 

which will tend to m a x i m i z e  the e x p r e s s i o n  of adap-  

t ive gene t ic  va r i a t i on  and, at the s a m e  t ime ,  p e r m i t  

eva lua t ion  of pa t te rn ing  among in t e r ac t ion  e f f ec t s .  

Although future  s tud ies  may show m o i s t u r e  r e -  

g i m e s  to be a compl i ca t ing  f ac to r ,  based on our  e x -  

p e r i e n c e  we sugges t  a se t  of con t ra s t ing  t e m p e r a t u r e -  

and p h o t o - r e g i m e s  as t e s t  e n v i r o n m e n t s .  We be l i eve  

these  may fo s t e r  i n t e r ac t ions  in growth rhythm r e s -  

ponses  which wil l ,  in turn ,  br ing  to l ight  adapt ively  

s igni f icant  growth d i f f e r e n c e s .  These d i f f e r e n c e s  

might  o the rwise  be m e a s u r a b l e  only in unusual ly  p r e -  

c i s e  s h o r t - t e r m  field t e s t s ,  o r  in " ro t a t i on - l eng th"  

t e s t s ,  or  in except iona l  " d i s a s t e r "  y e a r s .  

In the envis ioned  p r o c e d u r e ,  this  ini t ia l  model  is 

used to s t r a t i fy  the r eg ion  into uni ts  of s i m i l a r i t y  b a s -  

ed on adapt ive  r e s p o n s e  among p o p u l a t i o n - s a m p l e s .  
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P r e s u m a b l y ,  s i m i l a r i t y  in r e s p o n s e  pa t t e rn s  im p l i e s  

s i m i l a r i t y  of e n v i r o n m e n t s  within which populat ions 

evo lved .  The model  p rov ides  p rov i s iona l  t r a n s f  e r  

r u l e s ,  i . e . ,  i t  p rov ides  an index of the r e l a t i v e  r i s k  

involved in t r a n s f e r r i n g  seed  f r o m  one en v i ronm en ta l  

unit  to ano the r .  A l o n g - t e r m  f ie ld  t es t  i s  then used  to 

eva lua te  the p r a c t i c a l ,  f ield man i fes t a t ions  of lack of 

adapta t ion.  In th is  way the model  is  va l ida ted  or  i m -  

p roved .  Over  the c o u r s e  of a ro ta t ion ,  r e l a t i v e  r i s k s  

can be quantif ied in t e r m s  of actual  l o s s e s  in growth 

and s u r v i v a l .  In the f ie ld  t es t  f ewer  t es t  s i t e s  will  be 

r e q u i r e d  because  seed  t r a n s f e r s  can be a l loca ted ,  for 

e f f i c i ency ,  at des ign  points  along and a c r o s s  c l ina l  

g r ad i en t s  within the model  f r a m e w o r k .  

e .  S e e d - T r a n s f e r  I n f e r e n c e s  

In th is  e x p e r i m e n t ,  c l i n e s  could not be d e s c r i b e d  with 

suf f ic ien t  p r e c i s i o n  to jus t i fy  the i r  use  in dev i s ing  

t r a n s f e r  r u l e s .  A l so ,  the tes t  e n v i r o n m e n t s  we used 

did not s ample  the r ange  ava i l ab le  in the r e g i o n ,  p a r -  

t i c u l a r l y  the c o o l e r ,  d r i e r  s e g m e n t s .  Nor  did p r o v e -  

nances  s ample  al l  topographic  points  r e p r e s e n t e d  in 

f i gu re s  1 to 9 - e . g .  the e x p e r i m e n t  included no p r o -  

venances  f r o m  1,100 m at 5 km f r o m  the ocean ,  or  

f r o m  100 m at 200 km f r o m  the ocean .  T h e r e f o r e ,  a l -  

though in gene ra l  the l i nes  in f i g u r e s  r e f l e c t  an ade -  

quate s a m p l e ,  t h e r e  i s  s o m e  ex t r apo la t ion .  N e v e r -  

t h e l e s s ,  if  we use  d i s s i m i l a r i t y  of populat ion p e r f o r -  

mance  as r e f l e c t e d  in s t e e p n e s s  of c l ina l  r e g r e s s i o n s  

as a m e a s u r e  of i n c r e a s e d  r i s k  in populat ion t r a n s f e r ,  

s e v e r a l  ten ta t ive  i n f e r e n c e s  can be made r e g a r d i n g  

seed  t r a n s f e r  in wes te rn  Washington and Oregon:  

(1) There  i s  m o r e  r i s k  in moving seeds  e a s t - w e s t  

than no r th - sou th .  E a s t - w e s t  c l i n e s  for  mos t  t r a i t s  a r e  

quite  s t eep .  (2) The r i s k  i n c r e a s e s  as  e leva t ion  of po-  

pulat ions  is h ighe r .  In mos t  c a s e s ,  e a s t - w e s t  c l i ne s  

b e c o m e  s t e e p e r  as e l eva t ion  b e c o m e s  h ighe r .  (3) The 

r i s k  is g r e a t e r  with e leva t iona l  seed  t r a n s f e r s  in the 

C a s c a d e s  than in the Coas t  Ranges .  Cl inal  r e g r e s s i o n  

l ines  on e l eva t ions  a r e  g e n e r a l l y  s t e e p e s t  when c lo se  

to the c r e s t  of the C a s c a d e s ,  i . e . ,  150 to 200 k m f r o m  

the P a c i f i c  Coas t .  (4) Nor th - sou th  t r a n s f e r s  appear  

to involve  s m a l l e r  r i s k s  than do t r a n s f e r s  e a s t - w e s t  

or  in e l eva t ion ,  al though the r i s k  is  g r e a t e r  for  n o r t h -  

south t r a n s f e r s  in the Coas t  Ranges .  Nor th - sou th  c l i ne s  

a r e  not s t eep  for  mos t  t r a i t s .  
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