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Observations on the Genetic Structure and Mating System 
of Ponderosa Pine in the Colorado Front Range 
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S u m m a r y .  Var ia t ion  of p e r o x i d a s e  e n z y m e s  is  ana lyzed  both in m a t u r e  need le  t i s s u e  and in open-po l l ina ted  
seed l ing  f a m i l i e s  of ponde rosa  pine ,  Pinus ponderosa, and is ident i f ied  as being con t ro l l ed  by a s ing le  Mende-  
l ian l o c u s .  Var i a t ion  at this locus ,  ana lyzed  in 1,386 indiv iduals ,  is  used in the ana lys i s  of populat ion d i f f e r -  
ent ia t ion  and the mat ing s y s t e m .  Signif icant  v a r i a t i o n  of gene f r e q u e n c i e s  is de tec ted  o v e r  d i s t ances  of s e v e r a l  
hundred  m e t e r s ,  and is  found to be a s s o c i a t e d  with s lopes  of d i f ferent  a s p e c t s .  P o n d e r o s a  pine is  wind-po l -  
l ina ted ,  and an ana lys i s  of the mat ing  s y s t e m  ind ica tes  that the l eve l  of ou t c ro s s ing  is  g r e a t e r  than 90 %. Se-  
l ec t ion  spec i f i c  fo r  d i f fe ren t  e n v i r o n m e n t s  is  ev ident ly  s t rong  enough to o v e r c o m e  the homogen iz ing  f o r c e  of 
m i g r a t i o n  and p roduce  populat ion f i s s u r i n g  in ponderosa  p ine .  
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In t roduct ion  

Di f fe ren t i a t ion  of na tura l  populat ions  i s  v iewed as a 

dynamic  p r o c e s s  involving the opposing f o r c e s  of m i g -  

ra t ion  and s e l e c t i o n .  Trad i t iona l ly ,  m ig ra t i on  has 

been v iewed  as an o v e r p o w e r i n g  f o r c e ,  so that d i f f e r -  

en t ia t ion  was not expec ted  un less  b a r r i e r s  to m i g r a -  

t ion a r o s e  (Mayr  1963; K i m u r a  and Ohta 1971).  More  

r e c e n t l y ,  o b s e r v a t i o n s  have a c c r u e d  that  indica te  that 

s e l e c t i o n  in na tu ra l  populat ions  is  of a magni tude  that 

can o v e r r i d e  the homogen iz ing  f o r c e s  of m ig ra t i on ,  

even  when mig ra t i on  is  high (Wi l l i ams  et a l .  1973; 

J a in  and B r a d s h a w  1966; Antonovics  et a l .  1971 ; Shay-  

don and Davies  1972; Schaal  1975; Koehn and Mit ton 

1972; Linhart  1974).  N e v e r t h e l e s s ,  enhanced d i f f e r e n -  

t ia t ion is  expec ted  when m i g r a t i o n  is  impeded  e i t h e r  

by the mat ing  s y s t e m  (Al l a rd  1975; Solbr ig  1972) o r  

by low mobi l i ty  ( B e r g e r  1973 ; Se l ande r  and Kaufman 

1975).  Thus, s e l e c t i o n  and m i g r a t i o n  may have i m -  

pac ts  of s i m i l a r  magni tudes  upon populat ion s t r u c t u r e ,  

and d i f fe ren t ia t ion  in one s p e c i e s  may not be p r e d i c -  

t ive  fo r  the populat ion s t r u c t u r e  of a s y m p a t r i c  s p e c i e s  

with a s l igh t ly  d i f fe ren t  mat ing s y s t e m  o r  d i s p e r s a l  

r a t e .  

To shed f u r t h e r  l ight on the p r o c e s s  of populat ion 

d i f f e ren t i a t ion ,  we a r e  conduct ing s tud ies  on a long-  

l ived  p e r e n n i a l ,  Pinus ponderosa L a w s . ,  the ponde ro -  

sa  pine of w es t e rn  Nor th  A m e r i c a .  This is  a wind-po l -  

l ina ted  g y m n o s p e r m  found in a d i v e r s i t y  of na tura l  en -  

v i r o n m e n t s .  This f i r s t  r e p o r t  dea l s  with Mendel ian  

va r i a t i on  of p e r o x i d a s e  e n z y m e s ,  and the use  of this 

v a r i a t i o n  to ana lyze  m i c r o - g e o g r a p h i c  v a r i a t i o n  and 

to e s t i m a t e  p a r a m e t e r s  of the mat ing s y s t e m .  Many 

e n z y m e s  can be de tec ted  in t i s s u e s  such as  endo-  

s p e r m ,  pol len ,  and s eed l i ngs ,  but r e l i a n c e  upon f low-  

e r i ng  may bias  s ampl ing .  T h e r e f o r e ,  th is  ana lys i s  

u t i l i zed  only the f a s t e s t  anodal p e r o x i d a s e ,  which can 

be de tec ted  r e l i ab ly  in adult o r  seed l ing  needle  t i s s u e s .  

At this t i m e ,  th is  s y s t e m  is  the only one fo r  which we 

have ex tens ive  da t a . 'To  study m i c r o - g e o g r a p h i c  v a n -  

a t ion,  gene f r e q u e n c i e s  and genotypic  p ropo r t i ons  of 

t r e e s  f rom ad jacen t ,  con t r a s t i ng  e n v i r o n m e n t s  have 

been e s t i m a t e d .  

The wind-borne  pol len  of ponde rosa  pine is  ex -  

pec ted  to p rov ide  e f fec t ive  m i g r a t i o n  o v e r  vas t ly  

g r e a t e r  d i s t ances  than the 50-200 m s e p a r a t i n g  the 

N-  and S - s lope  populat ions s am p led  at each loca t ion .  

But the m i g r a t i o n  (pol len  c louds can be seen  in the 

a i r  dur ing an thes i s )  may not be e f f ec t ive  if the t r e e s  

a r e  subs tan t ia l ly  s e l f -po l l i na t i ng ,  o r  if  t he r e  a r e  di f -  

f e r e n c e s  in phenology (eg .  pol len  an thes i s  and f e m a l e  

r e cep t i v i t y )  between sub-popu la t ions .  F o r e s t  t r e e s  

a r e  known to be p redominan t ly  ou tbred  (S te rn  and 

Roche 1974), but it i s  a lso  known that th is  p a r a m e -  
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Tab le  1. C o m p a r i s o n  of  p h y s i c a l  and  b i o t i c  c o n d i t i o n s  on N -  and  S - f a c i n g  s l o p e s  and  r i d g e  t o p s  of  L o w e r  
S u g a r l o a f  M o u n t a i n  ( e l e v .  2130 m)  and  r i d g e  top  at  G l a c i e r  Lake ( e l e v .  2590 m)  ( F r o m  M a r r  1961 and  
p e r s o n a l  o b s e r v a t i o n )  

C o n d i t i o n s  S u g a r l o a f  G l a c i e r  Lake 

N R i d g e  S R i d g e  

P h y s i c a l  

A i r  T e m p e r a t u r e s  D e c . - F e b .  R a n g e s  (~  
M a x i m a  12 to 14 14 to 16 17 to  21 12 to 17 
M e a n  Da i ly  Max 3 to  6 4 to 7 6 to 10 2 to 5 
M i n i m a  -18 to  -17 -19 to -17  -18 to  -17 -20  to -21 
M e a n  Da i ly  M i n .  - 8 to  - 3 - 8 to  - 1 - 7 to 2 -11 to - 7 

Soi l  T e m p .  a t  15 c m  D e c . - F e b .  R a n g e s  (~  
M a x i m a  1 to  1 0 to  1 8 to  10 - 1 to  2 
M e a n  W e e k l y  M a x .  - 2 to - 1 0 to 0 3 to 5 - 2 to - 1 
M i n i m a  5 to  - 3 - 4 to - 2 - 2 to  - 1 - 6 to  - 3 
M e a n  W e e k l y M i n .  - 3 to  - 2 - 2 to - 1 - 1 to  1 - 4 to - 3 

Total  M o n t h s  when  M i n i m a l  
Soil  T e m p e r a t u r e s  < 0~ 

at  1 5 o r e  d e p t h  4 3 0 4 
at  33 c m  d e p t h  4 3 0 4 

M o n t h s  of  Snow D e p t h  
of  15 c m  o r  m o r e  6 2 3 6 

Total  Y e a r l y  P r e c i p i t a t i o n  
( m m  of  r a i n f a l l )  513 513 498 538 

Total  w i n d s  D e c .  - F e b .  ( k m )  21 ,381  3 0 ,2 4 4  19 ,130  37 ,576  

B i o t i c  

Total  T r e e s  p e r  20 • 20 m 
q u a d r a t  75 49 42 v a r i a b l e  

S h r u b s  : ~ a r e a  c o v e r e d  7 . 1  1 .3  0 . 8  9 . 4  
H e r b s :  % a r e a  c o v e r e d  6 . 0  12 .2  18 .0  9 . 4  

S p e c i e s  d i s t r i b u t i o n  
Juniperus virginiana X X X 
Yucca glauca X 
Opuntia rafinesquei X 

Pseudotsuga menziesi i X X X 
Amelanchier alnifolia X 
Populus tremuloides X X X 
Pinus ponderosa X X X X 
Pinus flexilis X 

t e r  o f  the  m a t i n g  s y s t e m  i s  s u b j e c t  to  n a t u r a l  s e l e c -  

t i o n  in  p l a n t s  ( K a h l e r  e t  a l .  1976) .  

D i v e r s i f y i n g  s e l e c t i o n  in t he  a d j a c e n t  e n v i r o n m e n t s  

w a s  e x p e c t e d  on  t h e  b a s i s  o f  m a n i f e s t  d i f f e r e n c e s  in  

b i o t i c  and  a b i o t i c  c o m p o n e n t s  of  t h e  e n v i r o n m e n t  

(Tab le  1 ) .  T h e r e  a r e  c l e a r  d i f f e r e n c e s  in  a i r  and  so i l  

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

s i t y  wi th  a s p e c t .  The d i s t r i b u t i o n  of  s o m e  p l a n t  s p e -  

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

( 1961 ) h a s  s h o w n  tha t  s p e c i e s  c h a r a c t e r i s t i c  o f  m e s i c  

h a b i t a t s  ( e g .  v a r i o u s  m o s s e s ,  Populus t remulo ides ,  

Amelanchier alnifolia) a r e o f t e n  r e s t r i c t e d t o  N - f a c i n g  

s l o p e s ,  wh i l e  s p e c i e s  of  m o r e  x e r i c  h a b i t a t s  ( e g .  

Yucca glauca, Opuntia rafinesquei ) a r e  r e s t r i c t e d  to 

S - f a c i n g  s l o p e s .  We e x p e c t e d  tha t  f a c t o r s  i n f l u e n c i n g  

t h e  d i s t r i b u t i o n  and  a b u n d a n c e  of  s p e c i e s  would  a l s o  

i n f l u e n c e  the  g e n e t i c  c o n s t i t u t i o n  of  p o p u l a t i o n s .  We 

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

l a t i o n s  on N -  and  S - f a c i n g  s l o p e s  would  be  c o n s i s t e n t  

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

t i o n s  in  m o r e  x e r i c  and  m e s i c  s i t e s  s e p a r a t e d  by 

g r e a t e r  d i s t a n c e s .  
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M a t e r i a l s  a n d  M e t h o d s  

A. F i e l d  C o l l e c t i o n s  

T r e e s  w e r e  s e l e c t e d  a t  r a n d o m  a n d  s a m p l e d  f o r  n e e -  
d i e s  in  f o u r  l o c a l i t i e s  f o r  c o m p a r i s o n  of  a l l e l e  f r e -  
q u e n c i e s  in  s u b p o p u l a t i o n s  of  N -  a n d  S - f a c i n g  s l o p e s .  
S e v e n t y  to n i n e t y - s i x  t r e e s  p e r  s l o p e  w e r e  c o l l e c t e d  
at  e a c h  l o c a l i t y .  The  l o c a l i t i e s  ( a l l  i n  B o u l d e r  C o u n -  
t y )  i n c l u d e d  Left  H a n d  C a n y o n ,  C o a l  C r e e k  C a n y o n ,  
B o u l d e r  C a n y o n  a n d  a r i d g e  o n  t h e  l o w e r  p o r t i o n  of  
S u g a r l o a f  M o u n t a i n  c a l l e d  S i t e  A by  M a r r  ( 1 9 6 1 ) .  The  
c o m p a r i s o n  b e t w e e n  N a n d  S s l o p e s  i s  a c o m p a r i s o n  
b e t w e e n  r e l a t i v e l y  m e s i c  v e r s u s  x e r i c  h a b i t a t s .  To 
e x t e n d  t h e s e  o b s e r v a t i o n s  to g r e a t e r  g e o g r a p h i c  a n d  
e n v i r o n m e n t a l  c o n t r a s t s ,  t h r e e  a d d i t i o n a l  c o l l e c t i o n s  
w e r e  m a d e .  O ne  h u n d r e d  a n d  n i n e t y  t r e e s  w e r e  c o l -  
l e c t e d  a t  a n  e l e v a t i o n  of  2590 m ,  a t  a coo l  m e s i c  s i t e  
n e a r  G l a c i e r  L a k e ,  c a l l e d  S i t e  B by  M a r r  ( 1 9 6 1 ) .  T h i s  
c o l l e c t i o n  w a s  m a d e  to c o m p a r e  t h e  r e s u l t s  to p o p u l a -  
t i o n s  a t  s i m i l a r  a l t i t u d e s  a t  Lef t  H a n d  C a n y o n  a n d  
C o a l  C r e e k  C a n y o n ;  f u r t h e r m o r e ,  t h e  t r e e s  s a m p l e d  
were shedding pollen and genotypes were derived from 
pollen samples. Ninety-six trees were collected at a 
relatively xeric habitat at a grassland-forest ecotone 
near Eldorado Springs, Boulder, Colorado, altitude 
1760 m. Finally, 41 trees were collected in the east- 
ernmost outlier of ponderosa pine in Colorado, a 
very xeric site at Cheyenne Lookout, near Limon, 
170 km south-east of Boulder. Environmental data col- 
lected at A and B by Marr (1961) illustrate the dif- 
ferences in climatic and biotic variables which can be 
expected between N- and S-facing slopes and between 
elevations (Table 1). The variables cited in the table 
exemplify the differences in physical conditions be- 
tween the various sites. Only December to February 
data are shown because during these months the sun 
is lower on the horizon and north-south differences 
are maximal and produce relatively mesic conditions 
on N-facing slopes (Marr 1961). 

Maternal trees used to analyze the mating system 
were taken from the ridge top of lower Sugarloaf Moun- 
tain between northern and southern exposures. 

B .  Elect rophoresis 

Peroxidase activity for several putative loci is evi- 
dent in the preparations of adult needle tissue, seed- 
ling tissue, pollen, and gametophyte tissue. This re- 
port deals with the peroxidase activity that migrates 
fastest anodally, and is present in adult needles, seed- 
ling tissue, and pollen. The migration rates in these 
tissues are the same. The bands appearing in this area 
fit the expectation of variation due to a Mendelian lo- 
cus (see results). These bands appear reliably on 
gels from extracts of fresh tissue, tissue frozen at 
-60~ for more than one year, and tissue collected 
at different times of the day or year. Samples were 
prepared for electrophoresis by cutting needle tissue 
in lengths of 3 to 5ram, immersing it in an equal 
volume of distilled water, and disrupting cells with 
ultrasonic sound for approximatley 10 seconds. Pre- 
paration of tissue by grinding with mortar and pestle 
was avoided because this method produces additional 
bands that obscure the simple pattern of variation. 
Polyvinylpolypyrrolidone maybe addedte concentrate 
the sample, but does not seem to be necessary. 

Samples were absorbed onto filter paper, insert- 
ed into horizontal starch gels, and subjected to elec- 

t r o p h o r e s i s  in  a d i s c o n t i n u o u s  t r i s - c i t r i c  a c i d  b u f f e r  
s y s t e m  ( g e l  b u f f e r  pH 7 . 7 ,  . 15 M t r i s ,  . 003 M m o n o -  
h y d r a t e  c i t r i c  a c i d ;  e l e c t r o d e  b u f f e r  pH 7 . 5 ,  . 031  M 
s o d i u m  h y d r o x i d e ,  . 300 M a n h y d r o u s  b o r i c  a c i d ) .  A f t -  
e r  t h e  b o r a t e  f r o n t  h a d  m o v e d  6 c m  p a s t  t h e  o r i g i n ,  
g e l s  w e r e  s l i c e d  a n d  s t a i n e d  by  t he  m e t h o d  of  S h a w  
a n d  P r a s a d  ( 1 9 7 0 ) .  

C. Genetic Analyses 

V a r i a t i o n  p o s t u l a t e d  to a r i s e  f r o m  t h e  s e g r e g a t i o n  of  
t h e  t h r e e  a l l e l e s  of  a l o c u s  was  t e s t e d  in  o p e n - p o l l i -  
n a t e d  f a m i l i e s  to  d e t e r m i n e  i f  i t  w a s  s t r i c t l y  M e n d e -  
l i a n .  T r e e s  w e r e  i d e n t i f i e d  a s  b e i n g  a p a r t i c u l a r  g e n -  
o t y p e ,  a n d  s e e d s  c o l l e c t e d  f r o m  t h a t  t r e e  w e r e  s t r a -  
t i f i e d  f o r  4 w e e k s ,  g e r m i n a t e d ,  g r o w n  in  p o t s  in  t he  
g r e e n h o u s e ,  a n d  t h e n  i d e n t i f i e d  f o r  t h e i r  p e r o x i d a s e  
genotypes. 

Homogeneity of gene frequencies was tested with 
the method of Workman and Niswander (1970), and 
gene frequencies in the pollen and the level of self- 
ing were estimated from seedling progeny arrays by 
the method of Brown and Allard (1970). Alleles were 
designated Per-2 ~ , Per-2 ~ , and Per-2 s , with Per- 
2 ~ being the fastest migrating of the three alleles. 
The migration rates of these alleles, relative to the 
borate line, are 0.77, 0.71 and 0.64 respectively. 
The Per-2 ~ allele was absent in 5 of II collections, 
and never attained a frequency greater than 0.036. 
Because of its rarity and for easons discussed below, 
the rate Per-2 ~ allele has been pooled with the allele 
Per-23 . 

R e s u l t s  

Table 1 shows that there are differences in physical 

conditions between north- and south-facing slopes 

which result in the former being much more mesic 

and supporting a different flora from the latter. On 

the ridge top, conditions tend to be intermediate be- 

tween those of the two slopes with the exception of 

degree of exposure to winds ; winds are more severe 

on ridge tops. At higher altitudes such as Glacier 

Lake, more mesic conditions and higher winds pre- 

vail. 

In all progeny analyses, the peroxidase variation 

behaved as proper Mendelian units; for example, 

trees of genotypes Per-222 produced Per-212, 

Per-222 and Per-223, but never Per-233 progeny. 

Trees of genotype Per-223 could produce progeny of 

genotypes P e r - 2 1 2 ,  P e r - 2 2 2 ,  P e r - 2 2 3 ,  o r  P e r - 2 1 3 .  

Al l  bu t  P e r - 2 1 3  w e r e  o b s e r v e d  a m o n g  t h e  p r o g e n y  

of such trees. 

The four comparisons of adjacent north- and south- 

facing slopes disclosed significantly different gene 

frequencies between slopes in Left Hand Canyon and 
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Table 2. Al le le  and genotypic f r equenc ies  of a pe rox idase  locus  at s e ve r a l  loca l i t i e s  s ampled  

Genotypes 
Sample  loca l i ty  Aspect  E leva t ion  

(m) 22 23 33 

G lac i e r  Lake 

Left Hand Canyon 

Coal Creek Canyon 

Lower Sugar loaf  
Mountain 

Boulder  Canyon 

Eldorado Spr ings  

Cheyenne Lookout 

2590 135 44 11 
(129 .7)  (54 .5)  ( 5 . 7 )  

North Fac ing  =" 2440 60 11 0 
( 6 0 . 4 )  (10 .1)  ( 0 . 4 )  

South Fac ing  =~ 2440 44 26 2 
( 4 5 . 1 )  (23 .8)  ( 3 . 1 )  

North Fac ing  ~ 2440 62 26 3 
( 6 1 . 8 )  (26~ ( 2 . 8 )  

South Fac ing  ~" 2440 55 24 1 
( 5 6 . 1 )  (21 .8)  ( 2 . 1 )  

North Fac ing  2130 41 29 3 
( 4 2 . 2 )  (26 .6)  ( 4 . 2 )  

South Fac ing  2130 23 52 1 
( 3 1 . 6 )  (34 .8)  ( 9 . 6 )  

North Fac ing  1738 54 37 2 
( 5 6 . 5 )  (32 .0 )  ( 4 . 5 )  

South Fac ing  1738 40 51 3 
( 4 5 . 6 )  (39 .7)  ( 8 . 6 )  

1760 26 64 6 
( 3 5 . 0 )  (45.9) (15.1) 

1770 2 31 8 
( 7.5) (20.1) (13.4) 

Note: Number s  in p a r e n t h e s e s  a re  those expected under  the a s sumpt i ons  of the H a rd y -Wein -  
berg  model .  X~ tes t s  the fit to Ha rdy -Weinbe rg  expecta t ions ,  and X~ t e s t s  the homo-  
genei ty of gene f r equenc ies  between s lopes  of d i f ferent  aspec t .  Xc ~ t e s t s  the homoge-  
nei ty  of mean  gene f r equenc ie s  for  all  l o c a l i t i e s .  *, **, *** ind ica te  s ign i f i cance  at 
the .05,  .01,  and .001 l eve l s ,  x i n d i c a t e s  a probabi l i ty  > .05 and < .10.  P e r  22 is  
the mean  f requency of P e r - 2  ~ at that loca l i ty .  

on lower  Sugar loaf .  In Boulder  Canyon the d i f fe rence  

approaches  s ign i f i cance  ( . 05  < P < . 1),  but no d i f fe r -  

ence is obse rved  in Coal Creek Canyon (Table 2) .  In 

all  ca ses  where d i f fe rent ia t ion  is  evident ,  the d i s p a r i -  

ty between s lopes  is  s i m i l a r .  South-facing s lopes have 

a higher  f requency  of the s lowest  mig ra t i ng  a l l e le  

( P e r - 2 3 ) .  

An ana lys i s  of these  repeated  t e s t s  for d i f fe rences  

of gene f r equenc ie s  between s lopes  was p e r f o r m e d  

following Sokal and Rohlf (1969 p. 581).  This ana ly -  

s i s  ind ica tes  that the re  is  probably  he te rogene i ty  for 

these  d i f fe rences  between sampl ing  loca l i t i e s  ( see  

Table 2) but that the overa l l  effect of slope on gene 

f r equenc ies  at these  four  loca l i t i e s  i s  s igni f icant  

(P < .001) .  

The G lac i e r  Lake populat ion,  a s sayed  on the ba s i s  

of pol len s a m p l e s ,  shows a l l e l i c  and genotypic f r e -  

quencies  comparab l e  to those in Left Hand Canyon and 

Coal Creek Canyon,  both of which a r e  at s i m i l a r  a l t i -  

tudes  and a r e  s i m i l a r l y  mes ic  (Table 1) .  The E l d o r a -  

do Spr ings  populat ion,  at the g r a s s l a n d - f o r e s t  eco-  

tone,  is  the most  xe r ic  of the mounta in  s i t e s ,  and 

shows a s igni f icant  i n c r e a s e  in P e r - 2 3  compared  to 

the populat ions  at h igher  a l t i tudes .  The Cheyenne 

Lookout populat ion r e p r e s e n t s  the most  xer ic  of the 

s i t e s  sampled  and is  the e a s t e r n m o s t  ponderosa  pine 

populat ion in Colorado.  P e r - 2 3  has by far  the high-  

est  f requency in that populat ion.  

The fit of the obse rved  genotypic d i s t r ibu t ions  at 

each sampl ing  local i ty  to Ha rdy -Weinbe rg  expec ta -  
2 t ions  i s  m e a s u r e d  by X A in Table 2. Xe r i c ,  low e l e -  

vat ion,  o r  sou th- fac ing  s lopes  show a s igni f icant  ex-  

cess  of he terozygotes  f rom expec ta t ions .  These s a m p -  

l ing loca l i t i e s  include Cheyenne Lookout, Eldorado 

Spr ings ,  and the S-fac ing  s lopes  of Boulder  Canyon 

and lower  Sugar loaf  Mountain .  At the h igher  e l eva -  

t ion,  more  me s i c  s i t e s ,  the S-fac ing s lopes  show 

slight but non s ignif icant  exces se s  of he te rozygo tes ;  
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f o r  p o n d e r o s a  p i n e ,  Pinus ponderosa 

N P e r  22 2 2 P e r  22 2 X A X B X C 
f r e q .  + S .  E .  f r e q .  + S.  E .  

190 . 826  + . 0 1 9  7 . 1  ~ 

71 . 9 2 3  • . 0 2 2  0 . 5  

72 . 7 9 2  • . 0 3 4  0 . 6  

91 . 8 2 4  • . 0 2 8  0 . 1  

80 . 8 3 7  + . 0 2 9  0 . 8  

73 . 7 6 0  • . 0 3 5  0 . 6  

76 . 6 4 5  • . 0 3 9  1 8 . 5 ~  

93 . 7 8 0  Z . 0 3 0  2 . 3  

94 . 6 9 7  • . 0 3 4  7 . 6  ~ 

96 . 6 0 4  ~ . 0 3 5  1 4 . 9  ~ 

41 . 4 2 7  • . 0 5 5  1 2 . 2  ~ 

. 8 2 6  + . 019  

1 0 . 0  ~ . 857  + . 021  

O. 1 . 8 3 0  • . 020  

4.7~* . 701  • . 027  1 1 4 . 1 ~  

3 . 3 x  . 7 3 8  + . 023  

. 6 0 4  -+ . 0 3 5  

.427  + . 0 5 5  

T a b l e  3.  R e s u l t s  of  a n a l y s i s  of  p r o g e n y  a r r a y s  of  p o n d e r o s a  p i n e  f r o m  t h e  r i d g e  
t o p  of L o w e r  S u g a r l o a f  M o u n t a i n ,  C o l o r a d o  f ( 2 )  i s  t h e  f r e q u e n c y  of  a l l e l e  P e r - 2  ~, 
a n d  t i s  t h e  r a t e  of  o u t c r o s s i n g  

G e n o t y p e s  

P e r - 2  P e r - 2 3  P e r - 3  f(2)  t 

M a t e r n a l  M a t e r n a l  
T r e e s  25 8 0 0 . 8 7 9  + 0 . 0 4  

P o l l e n  P o o l  
S e e d l i n g s  298 72 6 0 . 8 2 0  + 0 . 2 8  

0 . 9 5 8  + 0 . 5 1  

N o t e :  The  s t a n d a r d  e r r o r s  f o r  t h e  a l l e l e  f r e q u e n c i e s  a r e  c a l c u l a t e d  f o r  o b s e r v e d  
f r e q u e n c i e s  of  m a t e r n a l  g e n o t y p e s ,  a n d  t a k e n  f r o m  t h e  j o i n t  e s t i m a t i o n  
p r o c e d u r e  f o r  t h e  p o l l e n  a l l e l e  f r e q u e n c i e s  a n d  r a t e  of  s e l f i n g .  

N - f a c i n g  s l o p e s  do n o t .  The  p o p u l a t i o n  a t  G l a c i e r  

L a k e ,  b a s e d  o n  p o l l e n  s a m p l e s ,  h a s  a d e f i c i e n c y  of  

h e t e r o z y g o t e s .  

T a b l e  3 s h o w s  g e n o t y p i c  a n d  a l l e l i c  f r e q u e n c i e s  

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

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

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

by  t he  m e t h o d  of  B r o w n  a n d  A l l a r d  ( 1 9 7 0 ) .  W i t h i n  

t h e  s a m p l e  of  33 f a m i l i e s  a v a i l a b l e  f o r  t h i s  a n a l y s i s ,  

25 w e r e  h o m o z y g o u s  P e r - 2 2 ,  a n d  8 w e r e  h e t e r o z y -  

g o u s  f o r  a l l e l e s  P e r - 2 2  a n d  P e r - 2 3 .  No P e r - 2 3  h o -  

m o z y g o t e s  w e r e  o b s e r v e d  a n d  t h e  e s t i m a t e d  f r e q u e n c y  

of  t h e  c o m m o n  a l l e l e  i s  . 879  -+ . 0 4 .  The  m a x i m u m -  

l i k e l i h o o d  p r o c e d u r e  of  B r o w n  a n d  A l l a r d  ( 1 9 7 0 )  e s t i -  

m a t e s  t h e  f r e q u e n c y  of  t he  c o m m o n  a l l e l e  in  t h e  e f f e c -  

t i v e  p o l l e n  pool  to  b e  . 8 2 0  + . 2 8 ,  a n d  t h e  r a t e  of  o u t -  

c r o s s i n g  to b e  . 9 5 8  • . 5 1 .  
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D i scus s ion  

Theore t i ca l  d i s cus s ions  (eg. Mayr  1963; K i m u r a  and 

Ohta 1971) p r e sen t  mig ra t ion  as a s t rong  unifying 

f ac to r ,  opposing d ive r s i fy ing  s e l e c t i o n .  E m p i r i c a l  

data  sugges t  that gene flow in na tu re  is  often quite 

r e s t r i c t e d ,  both in wind-pol l ina ted  (Colwel l  1951; 

Wol fenba rge r  1959) and a n i m a l - p o l l i n a t e d  plants  

(Levin and K e r s t e r  1968; K e r s t e r  and Levin 1969; 

E h r l i c h  and Raven 1969; Linhart  1973; Schaal  1975). 

These  r e s u l t s  have led Bradshaw (1972) to sugges t  

that in plant populat ions d e m e s  a re  v e r y  s m a l l ,  often 

a few m e t e r s  in d i a m e t e r .  The extent  of gene flow 

does affect  the magni tude of d i f fe ren t ia t ion  in Droso- 

phila (End l e r  1973), m o l l u s c s  ( B e r g e r  1 9 7 3 ) a n d  

plants  ( Ja in  and Bradshaw 1966; B a r b e r  1975).  Dif-  

f e ren t i a t ion  may be an e p h e m e r a l  phenomenon,  de -  

pendent upon the r e l a t i v e  magni tudes  of two v a r i a b l e s ,  

the r a t e  of mig ra t i on ,  and the in tens i ty  of s e l ec t i on .  

There  is  no gene ra l  a g r e e m e n t  about the extent  of 

potent ia l ly  e f f ec t ive  gene flow in c o n i f e r s .  Although 

the m a j o r i t y  of pol len f r o m  a point s o u r c e  fa l l s  with-  

in a hundred m e t e r s  (Libby et a l .  1969; Levin and 

K e r s t e r  1974), c louds of pol len have been r e p o r t e d  

to c o v e r  r e m a r k a b l e  d i s t ances  (Koski 1970; T i g e r -  

s tedt  1973; S te rn  and Roche 1974; Hamr i ck  1976).  

The e f f e c t i v e n e s s  of pol len  flow is  thought to be d e n s i -  

ty -dependent  even in wind-pol l ina ted  s p e c i e s  (Gleaves  

1973), with the e f fec t ive  d i s t ance  of pol len flow de-  

c r e a s i n g  with both the dens i ty  of pol len and the num-  

be r  of pol len s o u r c e s .  The re fo r e ,  the c louds  of pol len  

seen  dur ing an thes i s  in pine f o r e s t s  do not n e c e s s a r i -  

ly d e m o n s t r a t e  high gene f low. 

Po l l en  f low o v e r  g r ea t  d i s t ances  would not indica te  

high r a t e s  of gene flow in p redominan t ly  inbred  s p e -  

c i e s .  In such s p e c i e s ,  gene flow is p redominan t ly  

v ia  s e e d s ,  not pol len .  However ,  our  e s t i m a t e  of the 

r a t e  of o u t c r o s s i n g  ind ica tes  that the t r e e s  on the 

r idge  top of lower  Sugar loaf  Mountain a r e  produc ing  

most  of t h e i r  p rogeny by o u t c r o s s i n g .  Our  o b s e r v a -  

tion is  cons i s t en t  with o the r  o b s e r v a t i o n s  on the l eve l  

of o u t c r o s s i n g  in fo re s t  t r e e s  ( r e v i e w e d  in Squi l lace  

1974). The v i s ib l e  movemen t  of pol len c louds ,  coupled 

with e s t i m a t e s  of high r a t e s  of o u t c r o s s i n g ,  sugges t s  

the potent ia l  fo r  high gene flow, at l eas t  be tween pop-  

ula t ions  on adjoining s l o p e s .  In this  context ,  the d i f -  

f e ren t i a t ion  r e p o r t e d  h e r e  o v e r  d i s t ances  of a p p r o x i -  

mate ly  100 m is  s t r i k ing .  A r e a s o n a b l e  conc lus ion  

e x t r a c t e d  f r o m  these  o b s e r v a t i o n s  is  that al though 

pollen flow is  subs tan t ia l ,  i t  is  o v e r r i d d e n  by d i v e r s i -  

fying s e l e c t i o n .  Additional ev idence  for  this  s e l e c t i o n  

is  found in the dev ia t ion  f r o m  expec ted  genotypic  f r e -  

quenc ie s ,  with e x c e s s e s  of  he t e rozygo t e s  on S- fac ing  

s lopes  and in the most  x e r i c  e n v i r o n m e n t s .  

The d i f fe ren t ia t ion  o b s e r v e d  h e r e  may s e e m  s u r -  

p r i s i ng  in a populat ion of mixed  age c l a s s e s  of a pe -  

rennia l  with a long gene ra t i on  t i m e  and high r a t e s  of 

o u t c r o s s i n g .  A n u m b e r  of w o r k e r s  including B a r b e r  

(1965) ,  Ca l laham and Liddiooet (1961),  Hamr i ck  

(1976) and F r y e r  and Ledig (1972) have found d i f f e r -  

ent ia t ion be tween t r e e  populat ions which, by v i r t ue  of 

t h e i r  p rox im i ty ,  could be i n t e r b r e e d i n g .  Howeve r ,  we 

be l i eve  that our  obse rva t i on  of gene t ic  d i f fe ren t ia t ion  

between adjacent  m ic rohab i t a t s  is  somewhat  novel ,  

and ind ica tes  that th is  phenomenon,  a l r eady  r e p o r t e d  

in he rbaceous  p lan ts ,  a lso  o c c u r s  in t r e e s .  S i m i l a r  

d i f fe ren t ia t ion  o v e r  a few hundred m e t e r s  has been 

found to be a s s o c i a t e d  with growth f o r m s  of E n g e l -  

mann sp ruce  (Picea engelmannii) and subalpine f i r  

(AbieS lasiocarpa) n e a r  t r e e  l ine in Co lo rado .  C o m -  

p a r i s o n s  be tween k r u m m h o l z ,  r ad i a l l y  s y m m e t r i c a l  

s p i r e  t r e e s  and the i n t e r m e d i a t e  f lag t r e e s  show high-  

ly s igni f icant  d i f f e r e n c e s  in a l l e l i c  f r e q u e n c i e s  be -  

tween these  m o r p h s  (Grant  and Mitton 1977).  

Long-gene ra t ion  plants  may not have the s a m e  r e -  

sponse  to env i ronmen ta l  he t e rogene i ty  as s h o r t - g e n -  

e ra t ion  p lants ,  for  the r e s p o n s e  to he t e rogene i ty  de -  

pends upon the length of c y c l e s  of env i ronmen ta l  v a r i -  

at ion r e l a t i v e  to gene ra t ion  t ime  (Slobodkin 1964, 

1968; Long 1970). T r e e s ,  however ,  gene ra l l y  have 

the vas t  ma jo r i t y  of the i r  m o r t a l i t y  o c c u r r i n g  in the 

seed l ing  s t age ,  and it is  at just  th is  s tage  of the l i fe  

cyc l e  that the env i ronmen ta l  p a r a m e t e r s  that  d i f fe r  

between N - a n d  S- fac ing  s lopes  (Table 1) would have 

the g r e a t e s t  e f fec t  on s u r v i v a l .  Such s e l e c t i o n  can be 

in tense  in ponde rosa  p ine ;  for  example ,  in the sou th-  

w es t e rn  USA, about 100 seeds  a r e  n e c e s s a r y  to ob-  

tain one seed l ing  under  " m o d e r a t e l y  f a v o r a b l e  f ie ld  

condi t ions"  (Schuber t  1974).  Evident ly  the env i ro~-  

mental  he t e rogene i ty  s am p led  h e r e  is  of suff ic ient  

magni tude and p e r s i s t e n c e  to cause  populat ion d i f f e r -  

ent ia t ion  in a l i fe  cyc l e  and mat ing s y s t e m  l eas t  in-  

c l ined  to exhibi t  i t .  
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There  is  a sa t i s fy ing  c o n s i s t e n c y  to the pa t t e rns  of 

a l l e l i c  f r e q u e n c i e s  and genotypic  d i s t r ibu t ions  in our  

s a m p l e s .  The d i f f e r e n c e s  be tween  our  cool ,  mois t  

(high e l eva t ion )  and w a r m ,  dry  (low e leva t ion)  s a m p l e  

l o c a l i t i e s  extend our  o b s e r v a t i o n s  on the gene t ic  d i f -  

f e r e n c e s  between populat ions  on s lopes  of d i f ferent  

a s p e c t .  Spec i f i ca l ly ,  a l l e l e  P e r - 2 3  is  in h igher  f r e -  

quenc ies  in w a r m e r ,  m o r e  x e r i c  e n v i r o n m e n t s ,  and 

as expec ted ,  d i f f e r e n c e s  be tween s a m p l e  l o c a l i t i e s  

a r e  g r e a t e r  than d i f f e r e n c e s  be tween s lopes  within a 

l oca l i t y .  The pa t t e rn  of he t e rozygo te  e x c e s s e s  i s  a lso  

cons i s t en t  with the pa t t e rn s  of geograph ic  and m i c r o -  

geog raph ic  v a r i a t i o n  of a l l e l i c  f r e q u e n c i e s .  The f r e -  

quency of h e t e r o z y g o t e s  s ign i f i can t ly  exceeds  equ i -  

l i b r i u m  expec ta t ions  in w a r m  and dry  l o c a l i t i e s  and 

s l opes ,  and this  e x c e s s  of h e t e r o z y g o t e s  g e n e r a l l y  

con t r ibu tes  to the e l eva t ed  f r equency  of P e r - 2 3  in 

x e r i c  s i t e s .  P r e l i m i n a r y  o b s e r v a t i o n s  on the k ine t i c s  

of the p e r o x i d a s e  genotypes  p rov ide  a m e c h a n i s t i c  ba-  

s i s  fo r  these  pa t t e rn s  ; genotypes  d i f fe r  in t h e i r  a c t i v -  

i t i e s  at d i f fe rent  t e m p e r a t u r e s ,  a n d t h e s e k i n e t i c p r o p -  

e r t i e s  a r e  cons i s t en t  with the p r e s e n t  o b s e r v a t i o n s .  

The k ine t i c s  data  sugges t  s i m i l a r  p e r f o r m a n c e s  fo r  

the e n z y m e s  coded by a l l e l e s  P e r - 2 1  and P e r - 2 3 .  

P e r - 2 1  is  r a r e ,  and al though p r e s e n t  at G l a c i e r  Lake, 

Lower  Sugar loaf  Mountain,  and Bou lde r  Canyon, it 

n e v e r  exceeds  a f r equency  of .036.  Consequent ly ,  we 

have pooled a l l e l e s  P e r - 2 1  and P e r - 2 3  fo r  s t a t i s t i -  

cal  a n a l y s e s .  

There  a r e  s e v e r a l  o b s e r v a t i o n s  which do not nea t -  

ly fit  the genera l  pa t t e rns  of v a r i a t i o n  s u m m a r i z e d  

above .  Although d i f f e ren t i a t ion  of a l l e l i c  f r e q u e n c i e s  

be tween s lopes  of d i f fe ren t  aspec t  w e r e  noted at s e v -  

e r a l  l o c a l i t i e s ,  no d i f f e r ence  was de tec ted  in Coal 

C r e e k  Canyon.  We have no r eady  explanat ion  fo r  the 

homogene i ty  of a l l e l i c  f r e q u e n c i e s  at this  s i t e .  

At l ower  Sugar loaf  Mountain,  the a l l e l i c  f r e q u e n -  

c i e s  of ma te rna l  t r e e s  and t h e i r  p rogeny a r e  not i n t e r -  

med ia te  be tween the a l l e l i c  f r e q u e n c i e s  of populat ions  

on e i t h e r  s lope .  This may be due to s e v e r a l  r e a s o n s .  

One i s  that  th is  s a m p l e  may be b iased ,  for  it  inc ludes  

only c o n e - b e a r i n g  t r e e s .  Ano the r  r e a s o n  may be that 

the r idge top  may not be eco log i ca l l y  i n t e r m e d i a t e  be -  

tween the two s l opes .  As Table 1 shows,  wind speeds  

a r e  much h ighe r  on the r idge top ,  and wind damage  is  

much m o r e  e x t e n s i v e ;  pe rhaps  due to this  damage ,  

t h e r e  i s  an e x t e n s i v e  in fes ta t ion  of d w a r f m i s t l e t o e  

(Arceuthobium vaginatum) that does  not extend onto 

e i t h e r  of the ad jacent  s lopes  o r  our  o the r  s i t e s .  In the 

sou thwes t ,  such in fes ta t ions  a r e  often heav ie s t  on 

r idge tops  (Hawkswor th  1959). The G l a c i e r  Lake pop-  

ulat ion s tands  out by having a s igni f icant  de f ic iency  

of h e t e r o z y g o t e s .  Again,  t h e r e  i s  a p o s s i b l e  bias  in 

t he se  data,  for all  indiv iduals  s a m p l e d  bo re  ma le  

s t r o b i l i .  S i m i l a r  de f i c i enc i e s  of h e t e r o z y g o t e s  have 

been noted in s tud ies  that r e l i e d  on f lower ing  ind iv id -  

uals  of Pinus sylvestris (Rudin et a l .  1974) and 

Eucalyptus obliqua (Brown et a l .  1975).  

F i n a l l y ,  the s tandard  e r r o r s  on the a l l e l i c  f r e -  

quenc ies  in the pol len pool and on the r a t e  o f o u t c r o s s -  

ing a r e  s u r p r i s i n g l y  l a r g e .  The magni tudes  of t he se  

s t andard  e r r o r s  a r e  not someth ing  inhe ren t  in the 

e s t im a t i on  p r o c e d u r e ,  but a r e  a product  of the data .  

In addi t ion,  the a l l e l i c  f r equency  of the pol len does  

not match  the f r equency  of the ma te rna l  genotypes  o r  

the r e su l t i ng  p rogeny .  These  p r o b l e m s  may s t e m  f r o m  

va r ious  c o m p l e x i t i e s  of the populat ion biology of pon-  

d e r o s a  pine that do not p r e c i s e l y  fit  the a s sumpt ions  

of the model  of Brown and A l l a r d  (1970) .  F o r  e x -  

ample ,  the pol len  r each ing  any individual  t r e e  may 

not be a random s a m p l e  of the populat ion,  and seed  

deve lopment  may not be independent  of genotype ( S a r -  

vas  1962). In addi t ion,  the populat ion may be c o m -  

posed of c l u s t e r s  of r e l a t e d  indiv iduals ,  r a t h e r  than 

a random spacing of genotypes  (Co les  and F o w l e r  

1976). 
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