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EVOLUTION OF THE BREADTH OF 
BIOCHEMICAL ADAPTATION 

M. Lynch 
W. Gabriel 

INTRODUCTION 
T h e e x i s t e n c e of V a r i a t i o n at the gene i e v e l is now a c c e p t e d t o 

be u b i q u i t o u s a m o n g s p e c i e s , a l t h o u g h the e x t e n t of V a r i a t i o n is known to 

d i f f e r a m o n g s p e c i e s ( N e i , 1975; A y a l a , 1976; N e i & K o e h n , 1983; N e i & 

G r a u r , 1984). M u c h , but not a l l , of th is V a r i a t i o n c a n be e x p l a i n e d by the 

n e u t r a l t h e o r y of m o l e c u l a r e v o l u t i o n ( K i m u r a , 1983) w h i c h a s s u m e s that the 

d o m i n a n t f o r c e s u n d e r l y i n g the d y n a m i c s of gene f r e q u e n c y c h a n g e a re 

m u t a t i o n and the r a n d o m d r i f t r e s u l t i n g f r o m f i n i t e p o p u i a t i o n s i z e . W h i l e the 

n e u t r a l t h e o r y has been p a r t i c u l a r l y s u c c e s s f u l in e x p l a i n i n g the a p p r o x i m a t e 

c o n s t a n c y of the l o n g - t e r m ra te of gene S u b s t i t u t i o n , t h e r e a re m a n y 

s h o r t - t e r m and l o c a l i z e d p r o p e r t i e s of s t r u c t u r a l gene p o l y m o r p h i s m s that c a n 

on ly be e x p l a i n e d by s e l e c t i o n , and a c o n s e n s u s is g r a d u a l l y e m e r g i n g that the 

f i t o f the n e u t r a l t h e o r y to e x i s t i n g d a t a is i m p r o v e d when the t h e o r y is 

m o d i f i e d to i n c o r p o r a t e a s e c o n d k ind of d r i f t due to r a n d o m V a r i a t i o n in 

s e l e c t i o n i n t e n s i t y ( M a t s u d a <5c G o j o b o r i , 1979; T a k a h a t a & K i m u r a , 1979; 

T a k a h a t a , 1981; N e i <3c G r a u r , 1984). 

T h e s e r e c e n t d e v e l o p m e n t s a re of i n t e r e s t s ince a v e r y 

s u b s t a n t i a l a m o u n t of m a t h e m a t i c a l t h e o r y on the m a i n t e n a n c e of g e n e t i c 

p o l y m o r p h i s m s v i a s p a t i a l and t e m p o r a l h e t e r o g e n e i t y in the e n v i r o n m e n t has 

been f o r m u l a t e d , l a r g e l y as an a l t e r n a t i v e to the n e u t r a l t h e o r y ( for 

c o m p r e h e n s i v e r e v i e w s and syn theses see K a r l i n <5c L i e b e r m a n , 1974; 

C h r i s t i a n s e n <3c F e l d m a n , 1975; F e l s e n s t e i n , 1976; H e d r i c k et a h , 1976; 

G i l l e s p i e , 1978). T h e o b j e c t of m o s t of th is t h e o r y has b e e n to d e m o n s t r a t e 

how e n v i r o n m e n t a l V a r i a t i o n c a n s e r v e as a f o r m of b a l a n c i n g s e l e c t i o n , 

t h e r e b y p r e s e r v i n g g e n e t i c p o l y m o r p h i s m s . W i t h the e x c e p t i o n of the s t u d i e s 

o f T a k a h a t a <5c K i m u r a (1979); T a k a h a t a (1981) and T i e r (1981), m o s t o f th is 

t h e o r y e i t h e r does not i n c o r p o r a t e m u t a t i o n or does so only in a v e r y 

r e s t r i c t i v e m a n n e r ( two a l l e l e s w i t h r e v e r s i b l e m u t a t i o n ) , and t h e r e f o r e has 
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v e r y l i t t l e t o c o n t r i b u t e t o our u n d e r s t a n d i n g of t h e e v o l u t i o n of b i o c h e m i c a l 

a d a p t a t i o n . T h a t i s , w h i l e the t h e o r y m a y e x p l a i n t h e d e g r e e of h e t e r o z y g o s i t y 

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

p a t t e r n s of s e l e c t i o n i n t e n s i t y , it does not c o n s i d e r the u n d e r l y i n g 

d e t e r m i n a n t s o f an a l l e le ' s s e n s i t i v i t y t o e n v i r o n m e n t a l f l u c t u a t i o n s . 

In a d d i t i o n to i ts p o t e n t i a l ro le in p r o m o t i n g p o l y m o r p h i s m s , 

e n v i r o n m e n t a l h e t e r o g e n e i t y m a y a l s o s e l e c t fo r genes whose b i o c h e m i c a l 

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

H o w e v e r , pe rhaps b e c a u s e e n v i r o n m e n t a l h e t e r o g e n e i t y c o m e s in m a n y f o r m s 

(spat ia l and t e m p o r a l v a r i a n c e , b o t h w i t h i n and b e t w e e n g e n e r a t i o n s , and in 

the g e n e t i c as we l l as the e n v i r o n m e n t a l b a c k g r o u n d ) and is g e n e r a l l y 

s u b j e c t i v e l y d e f i n e d , l i t t l e m a t h e m a t i c a l t h e o r y or e m p i r i c a l work has been 

f o c u s e d on the p r o b l e m of b r e a d t h of b i o c h e m i c a l a d a p t a t i o n . O n l y a v e r b a l 

a r g u m e n t p r e s e n t e d by A y a l a and V a l e n t i n e ( A y a l a e t a h , 1975; V a l e n t i n e , 

1976; A y a l a <5c V a l e n t i n e , 1979) bears d i r e c t l y on the i ssue . 

D r a w i n g f r o m the f i t n e s s set t h e o r y o f L e v i n s (1968) as wel l as 

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

b e t w e e n the s t a b i l i t y of t r o p h i c r e s o u r c e s and the l e v e l of g e n e t i c V a r i a t i o n 

in p e l a g i c and b e n t h i c m a r i n e i n v e r t e b r a t e s , the A y a l a - V a l e n t i n e hypothes is 

s t a t e s that f u n c t i o n a l l y - b r o a d a l l e l e s tha t e n c o d e for a h igh ly g e n e r a l i s e d 

p h e n o t y p e are s t r o n g l y f a v o u r e d in t e m p o r a l l y v a r i a b l e e n v i r o n m e n t s . 

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

t h e s e c o n d i t i o n s , t h e r e b y r e s u l t i n g in a h igh d e g r e e of h o m o z y g o s i t y . In m o r e 

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

thought to t a k e p r e c e d e n c e s u c h t h a t m i c r o h a b i t a t s p e c i a l i z a t i o n resu l ts in the 

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

s e l e c t i o n . T h e A y a l a - V a l e n t i n e h y p o t h e s i s is un ique i n i ts f o c u s on both the 

p r o p e r t i e s o f l o c i ( p o l y m o r p h i s m and h e t e r o z y g o s i t y ) and genes ( f u n c t i o n a l 

b r e a d t h ) , and i t has s u b s e q u e n t l y b e e n i n v o k e d in m o d i f i e d f o r m t o exp la in 

p a t t e r n s of g e n e t i c V a r i a t i o n in m a r i n e d e c a p o d s ( N e l s o n & H e d g e c o c k , 1980) 

and m a r i n e f i shes (Smi th 6c F u j i o , 1982). 

T h e h y p o t h e s i s c a n a lso be c r i t i c i s e d on a n u m b e r o f grounds 

(Sou le , 1976; N e i <5c G r a u r , 1984). F i r s t , t h e r e a re a n u m b e r of s p e c i e s , such 

as t h e c a v e f i sh A s t y a n a x m e x i c a n u s ( A v i s e <3c S e i a n d e r , 1972) and fossor ia l 

m a m m a l s ( N e v o e t a h , 1974), w h i c h a r e thought t o l i v e i n h igh ly s tab le 

e n v i r o n m e n t s but have e x c e p t i o n a l l y low l e v e l s of g e n e t i c V a r i a t i o n . A n y 

c r i t i c i s m on these g r o u n d s is w e a k , s i n c e i t c a n a l w a y s be a r g u e d that a 

s m a l l e f f e c t i v e p o p u l a t i o n s i z e is r e s p o n s i b l e f o r the r e d u c e d a m o u n t of 
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h e t e r o z y g o s i t y . A s e c o n d and m o r e s e r i o u s p r o b l e m is the s u b j e c t i v e n a t u r e o f 

t h e h y p o t h e s i s . U n l e s s the l e v e l of e n v i r o n m e n t a l h e t e r o g e n e i t y c a n be 

o b j e c t i v e l y d e f i n e d f r o m the Standpoint of t h e o r g a n i s m , t h e r e is l i t t l e hope 

f o r t e s t i n g the h y p o t h e s i s . F i n a l l y , i t is not c l e a r tha t the v e r b a l r e a s o n i n g 

of A y a l a <5c V a l e n t i n e has l ed to the c o r r e c t p r e d i c t i o n . F o r e x a m p l e , i t is not 

c l e a r w h y m i c r o h a b i t a t s p e c i a l i z a t i o n c a n n o t be e q u a l i y or m o r e p r o n o u n c e d in 

t e m p o r a l l y v a r i a b l e e n v i r o n m e n t s than in s t a b l e o n e s . T h e e x i s t i n g t h e o r e t i c a l 

w o r k o n the r e l a t i o n of e n v i r o n m e n t a l h e t e r o g e n e i t y to h e t e r o z y g o s i t y a l o n e is 

e x c e e d i n g l y c o m p l e x , and w i t h s l ight c h a n g e s in a s s u m p t i o n s , d i f f e r e n t 

i n v e s t i g a t o r s have o f t e n r e a c h e d r a d i c a l l y d i f f e r e n t c o n c l u s i o n s . M o d i f i c a t i o n 

of t h e e x i s t i n g t h e o r y to a l low f o r the e v o l u t i o n of e n v i r o n m e n t a l s e n s i t i v i t y 

at t h e gene l e v e l is l i k e l y to f u r t h e r c o m p l i c a t e the t h e o r y f o r g e n e t i c 

v a r i a b i l i t y to an e v e n g r e a t e r d e g r e e . 

D e s p i t e t h e s h o r t a g e of a t t e n t i o n tha t the p r o b l e m of b r e a d t h of 

b i o c h e m i c a l a d a p t a t i o n has r e c e i v e d f r o m e v o l u t i o n a r y b i o l o g i s t s , t h e r e is no a 

p r i o r i r e a s o n to e x p e c t it t o be any less i m p o r t a n t as a m e a n s of g e n e t i c 

a d a p t a t i o n to v a r i a b l e e n v i r o n m e n t s than the m a i n t e n a n c e of h e t e r o z y g o s i t y . 

I n d e e d , s e v e r a l e m p i r i c a l s tud ies suggest that s o m e t h i n g o t h e r than the 

p r o m o t i o n of p o l y m o r p h i s m s must o c c u r when p o p u l a t i o n s a re e x p o s e d to 

i n c r e a s i n g l e v e l s of e n v i r o n m e n t a l h e t e r o g e n e i t y . W h i l e P o w e l l (1971), P o w e l l 3c 

W i s t r a n d (1978) a n d M c D o n a l d <5c A y a l a (1974) a l l f o u n d s t r i k i n g l y h igher l e v e l s 

o f g e n e t i c v a r i a n c e in l a b o r a t o r y p o p u l a t i o n s of D r o s o p h i l a e x p o s e d to s p a t i a l 

a n d t e m p o r a l h e t e r o g e n e i t y c o m p a r e d to c o n t r o l s , m o r e r e c e n t s tud ies ( M i n a w a 

6c B i r l e y (1978); M a c k a y (1980), (1981); H a l e y 6c B i r l e y (1983); Z i r k l e 6c R i d d l e 

(1983) have o b t a i n e d e i t h e r m i x e d or c o n t r a r y r e s u l t s . M o r e o v e r , N e i (1980) 

has p o i n t e d out t h a t , e v e n in t h e p r e s e n c e of e n v i r o n m e n t a l h e t e r o g e n e i t y , 

h e t e r o z y g o s i t y in the p o p u l a t i o n s of P o w e l l (1971), P o w e l l 6c W i s t r a n d (1978), 

a n d M c D o n a l d 6c A y a l a (1974) was e r o d e d m o r e r a p i d l y than c o u l d be 

a c c o u n t e d by r a n d o m s a m p l i n g d r i f t ; i .e . e v e n in the s tud ies w i th resu l ts m o s t 

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

t h e r a t e of loss o f g e n e t i c v a r i a n c e r e l a t i v e to e x p e c t a t i o n s under s e l e c t i v e 

n e u t r a l i t y . C l e a r l y , t h e p r o b l e m of what e n v i r o n m e n t a l h e t e r o g e n e i t y s e l e c t s 

f o r is fat f r o m r e s o l v e d . 

A l t h o u g h we r e c o g n i z e the i m p o r t a n c e of g e n e t i c V a r i a t i o n i n 

h e t e r o g e n e o u s e n v i r o n m e n t s , we w i l l not c o n c e r n o u r s e l v e s w i th th is issue 

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

t h e b r e a d t h of a d a p t a t i o n at the gene l e v e l . We t h e r e f o r e address the 

A y a l a - V a l e n t i n e h y p o t h e s i s o n l y i n p a r t . M u c h of what f o l l o w s w i l l t a k e on a n 
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a d a p t a t i o n a l tone s i n c e we a r e p r i m a r i l y c o n c e r n e d w i t h i d e n t i f y i n g the 

o p t i m a l l e v e l of f u n c t i o n a l f l e x i b i l i t y of an a l l e l e in an e f f o r t to f o r m a l i z e 

t h e a r g u m e n t of A y a l a and V a l e n t i n e . E l s e w h e r e , we w i l l e x a m i n e the e x t e n t 

to w h i c h the i n t e n s i t y of s e l e c t i o n f o r a l l e l e s , and h e n c e the l i k e l i h o o d of the 

e v o l u t i o n of the O p t i m u m and of the m a i n t e n a n c e of h e t e r o z y g o s i t y , is 

m o d i f i e d by the l e v e l of e n v i r o n m e n t a l V a r i a t i o n ( L y n c h <5c G a b r i e l , in p rep . ) . 

W e wi l l a lso present our m a t h e m a t i c a l d e r i v a t i o n s in d e t a i l e l s e w h e r e , 

r e s t r i c t i n g our a t t e n t i o n h e re on ly to the m o s t f u n d a m e n t a l de f in i t ions and 

f o r m u l a e . 

THE GENIC FITNESS FUNCTION 

In o rder to e x p l o r e the c o n s e q u e n c e s of e n v i r o n m e n t a l 

h e t e r o g e n e i t y f o r the e v o l u t i o n of gene p r o p e r t i e s , we r e q u i r e a theory that 

e x p l i c i t l y l inks the f i t n e s s of an a l l e l e to i ts e n v i r o n m e n t . In the f o l l o w i n g , 

we d e f i n e the g e n i c f i t n e s s f u n c t i o n , w ( g ^ , g ^ | <j>), as t h e e x p e c t e d f i tness of 

an a l l e l e over a c o n t i n u o u s e n v i r o n m e n t a l g r a d i e n t , $ . It is eas ies t to th ink 

of <j> as a d e n s i t y - i n d e p e n d e n t p a r a m e t e r s u c h as t e m p e r a t u r e , and the a l l e l e 

as a gene e n c o d i n g f o r an e n z y m e . A s s o c i a t e d w i t h any a l l e l e w i l l be a m e a n 

e n v i r o n m e n t a l O p t i m u m (g^) and a m e a s u r e of f u n c t i o n a l f l e x i b i l i t y (g^), A 

p r e c i s e d e f i n i t i o n of g 2 w i l l f o l l o w b e l o w , but in e f f e c t it is a m e a s u r e of 

the e q u i t a b i l i t y of the f i t n e s s of an a l l e l e o v e r the e n v i r o n m e n t a l g r a d i e n t . It 

is i m p o r t a n t t o note that g ^ and g 2 a r e not in v i t r o p r o p e r t i e s of an a l l e l e . 

O n the c o n t r a r y , they a r e f u n c t i o n s of the i n t e g r a t e d p h e n o t y p e , be ing d e f i n e d 

as the a v e r a g e e n v i r o n m e n t a l O p t i m u m and b r e a d t h of a l l i nd iv idua ls c o n -

t a i n i n g the a l l e l e . 

In the d e r i v a t i o n of a f i t n e s s e s t i m a t e f o r a l l e l e ( g p g 2 ) t w o 

s o u r c e s of V a r i a t i o n m u s t be t a k e n i n t o c o n s i d e r a t i o n . F i r s t , b e c a u s e of 

m u t a t i o n , r e c o m b i n a t i o n , s e g r e g a t i o n , and g e n e f l o w , a n y g e n e is l i ke ly to be 

f o u n d in a m u l t i t u d e of g e n e t i c b a c k g r o u n d s . M o r e o v e r , V a r i a t i o n in the 

e n v i r o n m e n t is l i k e l y to f u r t h e r m a g n i f y the d i v e r s i t y of p h e n o t y p e s w i t h i n 

w h i c h a gene r e s i d e s . T h e e n v i r o n m e n t w i th in w h i c h an i n d i v i d u a l deve lops 

m a y have l o n g - l a s t i n g e f f e c t s on the p h e n o t y p e ( F a l c o n e r , 1981), and 

s h o r t - t e r m c h a n g e s m a y be a c c o m p l i s h e d by p h y s i o l o g i c a l a c c l i m a t i o n or 

b e h a v i o r a l m o d i f i c a t i o n ( H o c h a c h k a <5c S o m e r o , 1973; R i c k l e f s , 1979). T h u s , 

wh i le ( g ^ , g 2 ) is d e f i n e d to be the e x p e c t e d p h e n o t y p e of an ind iv idua l w i th 

the a l l e l e , t h e a c t u a l g e n i c f i t n e s s f u n c t i o n is d e t e r m i n e d by the c o n d i t i o n a l 

p h e n o t y p e d i s t r i b u t i o n p f z ^ z ^ | g 1>g 2)> a s w e ^ a s by the p h e n o t y p i c f i tness 

f u n c t i o n , w ( z ^ , z 2 |<f>) ( F i g . 1), s u c h tha t : 
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° 1 ° 2 | r o - ° ° 1 2 1 2 1 2 1 2 

T h e s e c o n d s o u r c e o f V a r i a t i o n t h a t i n f l u e n c e s the f i t n e s s o f a 

gene is t h e v a r i a n c e i n t h e e n v i r o n m e n t a l p a r a m e t e r <|> due to s p a t i a l 

h e t e r o g e n e i t y and t e m p o r a l f l u c t u a t i o n s . We w i l l t a k e th is t o p i c up in s o m e 

d e t a i l in the f o l l o w i n g s e c t i o n . F i r s t , h o w e v e r , w e c o n s i d e r the f u n d a m e n t a l 

r e l a t i o n s h i p of the f i t n e s s of a gene t o the e n v i r o n m e n t . 

W e a s s u m e that t h e e n v i r o n m e n t a l S t a t e , <f> , is m e a s u r e d on a 

s c a l e s u c h t h a t the p h e n o t y p i c f i t n e s s f u n c t i o n is n o r m a l i s e d , 

w(zlfz2|4>) = ( 2 T T Z 2 ) - 1 / 2 e x p [ - ( z r ( | » ) 2 / 2 z 2 ] (2) 

F o r an i n d i v i d u a l w i t h p h e n o t y p e (z^9z^)9 z is the e n v i r o n m e n t a l S ta te in 

w h i c h f i t n e s s is m a x i m i z e d , and z 2 , the " v a r i a n c e " of t h e f i t n e s s f u n c t i o n . 

N o t e that z ^ and z 2 a r e m e a s u r e d on d i f f e r e n t s c a l e s , a s m a l l i n c o n v e n i e n c e 

tha t c a n be e l i m i n a t e d by Square roo t t r a n s f o r m a t i o n of the l a t t e r . 

T h r o u g h o u t this paper wi l l r e f e r t o / z 2 as the e n v i r o n m e n t a l b r e a d t h of a 

p h e n o t y p e . N o t e a l s o tha t a c o s t to b e i n g a g e n e r a l i s t is i m p l i c i t in e q u a t i o n 

(2), s ince a n y i n c r e a s e in / z 2 resu l ts in a r e d u c t i o n of f i t n e s s in the o p t i m a l 

e n v i r o n m e n t wh i l e i n c r e a s i n g f i t n e s s in m o r e e x t r e m e e n v i r o n m e n t s . S u c h a 

c o s t is i m p l i c i t in t h e A y a l a - V a l e n t i n e h y p o t h e s i s and t h r o u g h o u t the 

e v o l u t i o n a r y e c o l o g i c a l l i t e r a t u r e ( M a c A r t h u r , 1972; P i a n k a , 1978), a l t h o u g h as 

e m p h a s i s e d by F u t u y m a e t a h , (1984) and H u e y <5c H e r t z (1984) e m p i r i c a l t e s t s 

o f the i d e a a re a l m o s t t o t a l l y l a c k i n g . 

W e f u r t h e r a s s u m e that the genes tha t c o n t r i b u t e to an 

ind iv idua l 's e n v i r o n m e n t a l O p t i m u m and b r e a d t h h a v e a d d i t i v e e f f e c t s bo th 

w i t h i n and b e t w e e n l o c i ( for s u p p o r t i v e a r g u m e n t s f o r e n z y m a t i c l o c i , see 

G i l l e s p i e & L a n g l e y , 1974 and K a c s e r & B u r n s , 1981) and tha t the c o n d i t i o n a l 

p h e n o t y p e d i s t r i b u t i o n s f o r z\ and Z2 a r e i n d e p e n d e n t so that 

P ( z

1 » z

2 l g 1 » g 2

) = P ( z i l S i ) - P ( z

2 | g 2

) ( 3 ) 

T h e c o n d i t i o n a l p h e n o t y p e d i s t r i b u t i o n f o r the e n v i r o n m e n t a l O p t i m u m , 

p f e j j g j ) , is t a k e n to be n o r m a l w i t h m e a n g ^ and v a r i a n c e V ^ . V ^ i n c l u d e s 

t h e v a r i a n c e in e n v i r o n m e n t a l e f f e c t s tha t c o n t r i b u t e to the O p t i m u m , V E 1 , 

and a l l of t h e g e n e t i c v a r i a n c e f o r the t r a i t c o n d i t i o n a l on one c o p y of t h e 

g e n e being p resen t at the l o c u s . T h u s , 



L y n c h <5c G a b r i e l : B i o c h e m i c a l A d a p t a t i o n 72 

F i g . 1. M e a n f i t n e s s f u n c t i o n f o r a gene (sol id l ine) and fo r 
a f ew of the p h e n o t y p e s w i t h i n w h i c h it is f o u n d . 

INDIVIDUAL FITNESS 

E N V I R O N M E N T A L S T A T E , <f> 

F i g . 2. T h r e e c o n d i t i o n a l p h e n o t y p e d i s t r i b u t i o n s f o r the Square 
of e n v i r o n m e n t a l b r e a d t h ( z 2 ) , shapes o f the d i s t r i b u t i o n s f o r V t 2 
= 1, 10, 100, and shapes o f t h e g e n i c f i t n e s s f u n c t i o n when 
a p p l i e d to e q u a t i o n (1) w i t h g ^ O , g 2 = 5 , a n d ^ ,^=1. ^ o r 8 a m m a ~ 2 
and i n v e r s e G a u s s i a n d i s t r i b u t e d z 2 , the g e n i c f i t n e s s f u n c t i o n 
was o b t a i n e d by n u m e r i c a l In tegra t ion ( G a u s s - L a g u e r r e 
q u a d r a t u r e ) , w h e r e a s the a p p r o x i m a t e a n a l y t i c a l So lut ion (equat ion 
(5)) was used in the c a s e of the b e t a d i s t r i b u t i o n of the s e c o n d 
k i n d . 

GAMMA-2 DISTRIBUTION: 

P(z2|g2) = [/3 a^(ajl- |zr , e x p ^ l 

a = g|/v;2 

I N V E R S E G A U S S I A N D I S T R I B U T I O N : 

2, 
. , . f a T f a(z 2-q 2)^ ^ 

a=g|/v;2 

B E T A OISTRIBUTION 
OF T H E SECONO KIND: 

n a ) . r ( ß ) . v ; , r i ^ l a + / 

v ; 2 

- 6 - 4 - 2 0 *2 »4 «6 
ENVIRONMENTAL STATE, 0 
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V ' = n V + V (4) 
T l P l G l E l V ' 

w h e r e V _ 1 is the t o t a l g e n e t i c v a r i a n c e f o r the O p t i m u m . N o t e that p., t a k e s 
o l J-

on a m i n i m u m v a l u e of 0.5 w h e n no o t h e r l o c i e n c o d e f o r the e n v i r o n m e n t a l 

O p t i m u m , s i n c e only a Single gene is f r e e to v a r y . T h i s low v a l u e m a y a lso be 

a p p r o a c h e d i f the l o c u s under c o n s i d e r a t i o n is in e x t r e m e l i n k a g e d i s e q u i l i b r i u m 

w i t h o t h e r l o c i e n c o d i n g f o r the e n v i r o n m e n t a l O p t i m u m . H o w e v e r , i f l i nkage 

is not s t r o n g , p ^ l as the n u m b e r of l o c i i n c r e a s e s . 

S i n c e a v a r i a n c e c a n n o t be <0, the c o n d i t i o n a l d i s t r i b u t i o n f o r 

e n v i r o n m e n t a l b r e a d t h c a n n o t be n o r m a l . M o r e o v e r , i t does not s e e m 

b i o l o g i c a l l l y r e a s o n a b l e f o r z 2 to e v e r e q u a l z e r o e x a c t l y . In o r d e r to s e p a r a t e 

g e n e t i c f r o m e n v i r o n m e n t a l e f f e c t s a d i s t r i b u t i o n for w h i c h t h e v a r i a n c e is 

i n d e p e n d e n t of the m e a n is d e s i r a b l e . T h r e e d i s t r i b u t i o n s tha t m e e t t h e s e 

r e q u i r e m e n t s a re o u t l i n e d in F i g . 2 a . In e a c h c a s e the e x p e c t a t i o n of z 2 is 

g 2 and the v a r i a n c e of z 2 is V, j , 2 (de f ined in the s a m e m a n n e r as V ^ ) . A l l 

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

[ ( V i ^ 2 ) i 5 / g 2 J <0.5,and a l t h o u g h they d i f f e r q u a n t i t a t i v e l y fo r l a r g e r V | 2 , the i r 

q u a l i t a t i v e b e h a v i o u r is the s a m e ( F i g . 2b). W h e n ( V ^ 2 ) 2 « g 2 > p ( z 2 l g 2 ) is 

a p p r o x i m a t e l y n o r m a l ; but as V | 2 i n c r e a s e s , the c o n d i t i o n a l d i s t r i b u t i o n 

b e c o m e s i n c r e a s i n g l y a s y m m e t r i c a l w i t h the m o d e a p p r o a c h i n g the o r i g i n . In 

t h e f o l l o w i n g a n a l y s e s we re ly on the b e t a d i s t r i b u t i o n of the s e c o n d k ind 

f o r p ( z 2 |g^) as i t is t h e on ly c a s e f o r w h i c h we have been a b l e to o b t a i n an 

a n a l y t i c a l So lu t ion f o r the g e n i c f i t n e s s f u n c t i o n . 

T h e So lu t ion t o e q u a t i o n (1) f o r n o r m a l l y d i s t r i b u t e d p ( z ^ I g i ) a n d 

b e t a d i s t r i b u t e d p(z I e ) is s o m e w h a t i n v o l v e d and is p r e s e n t e d e l s e w h e r e 
2 1 ° 2 

( L y n c h <5c G a b r i e l , in press) . It is s u f f i c i e n t to no te h e r e that i f t h e 

s c a l e is set s u c h tha t = 1, t h e n p r o v i d e d g 2 > l (an a s s u m p t i o n tha t is 

s u p p o r t e d by a n a l y s e s in the next s e c t i o n ) and the c o e f f i c i e n t o f V a r i a t i o n 

[ ( V ^ ^ ^ / g j < l ( a l i b e r a l u p p e r l i m i t f o r m o s t q u a n t i t a t i v e t r a i t s ) , the g e n i c 

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

w ( g r g 2 | * ) = ( 2 7 r V ' ) " 1 / 2 e x p [ - ( g 1 - ( ( ) ) 2 / 2 V ' ] (5) 

w h e r e 

g 2 { g 2 ( g 2
+ V T i ) + V ' } 

V ' = V 1 + . . 
T l g 2 ( R 2 + V ^ ) + 2 V ^ ' (6) 
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T h u s , t h e g e n i c f i t n e s s f u n c t i o n is a p p r o x i m a t e l y n o r m a l w i t h m a x i m u m 

f i t n e s s in e n v i r o n m e n t 4> = g ^ and v a r i a n c e V 1 . In the f o l l o w i n g we wi l l r e f e r 

to / V as the r e a l i s e d e n v i r o n m e n t a l b r e a d t h fo r a g e n e . N o t e tha t f o r t h e 

s p e c i a l c a s e in w h i c h = 0> e q u a t i o n (5) r e d u c e s to the e x a c t So lu t ion of 

e q u a t i o n (1) under those c i r c u m s t a n c e s : 

w ( g 1 , g 2 k ) = L2 T r ( g 2 + V ^ ) r 1 / 2 e x p [ - ( g p f ) ) 2 ^ ^ ) ] (7) 

and tha t at the upper l i m i t of the a p p l i c a b i l i t y of the n o r m a l a p p r o x i m a t i o n , 

[ ( V T2^ ^ 2 ̂  ~ A * t n e 8 e n i c F i tness f u n c t i o n is a p p r o x i m a t e l y 

w ( g 1 , g 2 | ( ^ ) = { 2TT[ ( 2 g 2 / 3 ) + V » 1 ] r 1 / 2 e x p { - ( g
1
- < J ) ) 2 / 2 [ ( 2 g 2 / 3 ) + V ' 1 ] } (8) 

T h u s , d e p e n d i n g on the g e n e t i c and e n v i r o n m e n t a l b a c k g r o u n d , an a l l e le ' s 

r e a l i s e d e n v i r o n m e n t a l b r e a d t h is e x p e c t e d to f a l l w i t h i n the r ä n g e o f 

[(2g 2/3) +V r[, 1] and [ g ^ V ^ l 

In s u m m a r y , and V ̂  h a v e c o n f l i c t i n g e f f e c t s on the g e n i c 

f i t n e s s f u n c t i o n . V a r i a n c e f o r the e n v i r o n m e n t a l O p t i m u m a l w a y s resu l ts in a 

f l a t t e n i n g of the f i t n e s s f u n c t i o n , t h e r e b y e n d o w i n g an a l l e l e w i t h f u n c t i o n a l 

f l e x i b i l i t y , w h e r e a s v a r i a n c e f o r e n v i r o n m e n t a l b r e a d t h has the o p p o s i t e 

e f f e c t . T h e l a t t e r e f f e c t is not un ique to t h e b e t a d i s t r i b u t i o n o f the s e c o n d 

k ind ( F i g . 2c). 

SPATIAL AND TEMPORAL HETEROGENEITY 
H a v i n g d e f i n e d the f u n d a m e n t a l r e l a t i o n s h i p b e t w e e n g e n i c 

f i t n e s s and <j> , we now p r o c e e d to e v a l u a t e the r e a l i s e d f i t n e s s o f an a l l e l e 

w i t h p r o p e r t i e s ( g ^ g ^ in e n v i r o n m e n t s c h a r a c t e r i s e d by d i f f e r e n t degrees o f 

s p a t i a l and t e m p o r a l V a r i a t i o n . F o r a p o p u l a t i o n g r o w i n g in d i s c r e t e 

g e n e r a t i o n s , we i d e n t i f y the m e a n e n v i r o n m e n t a l S ta te o v e r a l l m i c r o h a b i t a t s 

in g e n e r a t i o n t as $ t . If t h e e n v i r o n m e n t is s p a t i a l l y h e t e r o g e n e o u s r e l a t i v e to 

the m o b i l i t y of i n d i v i d u a l s , t h e n i t is l i k e l y tha t the a c t u a l m e a n 

e n v i r o n m e n t a l S ta te e x p e r i e n c e d by an i n d i v i d u a l w i l l be s o m e w h a t d i f f e r e n t 

f r o m <J>
T
 . We wi l l t a k e the m e a n e n v i r o n m e n t a l S ta te e x p e r i e n c e d by 

i n d i v i d u a l s , <|> , to be n o r m a l l y d i s t r i b u t e d w i t h e x p e c t a t i o n <(>t and v a r i a n c e 

V N o t e tha t V ̂ g is a m e a s u r e of s p a t i a l h e t e r o g e n e i t y p e r c e i v e d by t h e 

p o p u l a t i o n . It is l i k e l y that V^s w i l l be h i g h e r f o r a s e d e n t a r y s p e c i e s than 

f o r a m o b i l e s p e c i e s in t h e s a m e e n v i r o n m e n t . H o w e v e r , th is n e e d not a l w a y s 

be t h e c a s e , s i n c e d o m i n a n c e h i e r a r c h i e s in b e h a v i o u r a l l y s o p h i s t i c a t e d 
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o r g a n i s m s m i g h t a c t u a l l y i n f l a t e t h e v a r i a n c e i n m e a n e n v i r o n m e n t a l s t a t e s 

e x p e r i e n c e d by d i f f e r e n t i n d i v i d u a l s . 

T h e s e c o n d s o u r c e o f e n v i r o n m e n t a l V a r i a t i o n that we i n c o r p o r a t e 

is t h e t e m p o r a l v a r i a n c e in <j> e x p e r i e n c e d by i n d i v i d u a l s w i t h i n a g e n e r a t i o n , 

V ( j ) t w . W e wi l l a s s u m e that the l e v e l o f t e m p o r a l h e t e r o g e n e i t y e x p e r i e n c e d 

by i n d i v i d u a l s is i n d e p e n d e n t of t h e i r m e a n e n v i r o n m e n t a l S t a t e , but m a k e no 

a s s u m p t i o n s r e g a r d i n g the t e m p o r a l d i s t r i b u t i o n o f .<(). 

B e f o r e p r o c e e d i n g , i t is w o r t h c o n s i d e r i n g t h e r e l a t i o n s h i p o f 

V ^ s and V to t h e c o n c e p t of e n v i r o n m e n t a l g r a i n ( L e v i n s , 1968) w h i c h is 

f r e q u e n t l y a l l u d e d t o in t h e e c o l o g i c a l g e n e t i c l i t e r a t u r e . A n o r g a n i s m is s a i d 

to p e r c e i v e i ts e n v i r o n m e n t as f i n e - g r a i n e d i f i t passes t h r o u g h m a n y p a t c h e s 

in i ts l i f e t i m e . A s i n d i v i d u a l s spend a g r e a t e r p r o p o r t i o n of the i r l i ves in a 

S ing le m i c r o h a b i t a t , t h e e n v i r o n m e n t is s a i d to be m o r e c o a r s e - g r a i n e d . W h i l e 

t h e c o n c e p t o f g r a i n is used in the c o n t e x t of s p a t i a l h e t e r o g e n e i t y , i t a l s o 

has an e l e m e n t of t e m p o r a l h e t e r o g e n e i t y e m b e d d e d in i t . In our t e r m i n o l o g y , 

a f i n e - g r a i n e d e n v i r o n m e n t is one in w h i c h V ^ s is r e l a t i v e l y low but V is 

r e l a t i v e l y h i g h . T h a t i s , $ s - <f>t f o r m o s t i n d i v i d u a l s s i n c e they a l l pass 

t h r o u g h m o s t p a t c h t y p e s in t h e i r l i f e t i m e s , but the m o v e m e n t b e t w e e n 

p a t c h e s w i t h d i f f e r e n t e n v i r o n m e n t a l s ta tes i n c r e a s e s V ^ t w t In the m o s t 

f i n e - g r a i n e d of e n v i r o n m e n t s , w i l l be e s s e n t i a l l y z e r o , but e v e n i n t h e 

m o s t c o a r s e - g r a i n e d of e n v i r o n m e n t s , w h i l e V ^ t w w i l l be r e d u c e d , i t c a n n o t be 

less t h a n the t e m p o r a l v a r i a n c e o f $ w h i c h o c c u r s w i th in a m i c r o h a b i t a t . 

T h u s , t h e d e f i n i t i o n of e n v i r o n m e n t a l g r a i n , w h i c h has h e r e t o f o r e been used 

p r i m a r i l y f r o m a h e u r i s t i c S t a n d p o i n t , is f o r m a l i z e d by t h e use of a n d 

<̂()tw* 

A m o r e g e n e r a l I n t e r p r e t a t i o n of V ^ s and V ^ t w is to c o n s i d e r 

t h e m t o be the t o t a l v a r i a n c e in a d d i t i v e and m u l t i p l i c a t i v e e f f e c t s on f i t n e s s 

r e s u l t i n g f r o m e n v i r o n m e n t a l h e t e r o g e n e i t y . W h i l e we have d e f i n e d the s p a t i a l 

c o m p o n e n t of e n v i r o n m e n t a l V a r i a t i o n s u c h tha t i t has an a d d i t i v e i n f l u e n c e 

on g e n i c f i t n e s s , t e m p o r a l v a r i a n c e in <j) w i t h i n g e n e r a t i o n s i n f l u e n c e s f i t n e s s 

g e o m e t r i c a i l y (as when d a i l y p r o b a b i l i t i e s o f s u r v i v a l i n t e r a c t m u l t i p l i c a t i v e l y 

to d e t e r m i n e annua l s u r v i v o r s h i p ) . U s i n g t e c h n i q u e s tha t we present e l s e w h e r e 

( L y n c h <Sc G a b r i e l , in press) , the f i t n e s s o f a l l e l e ( g p g 2 ) in g e n e r a t i o n t is 

f o u n d t o be 
2 

w ( g 1 ( g 2 , t ) = ^ ( V . ^ r ^ ^ e x p j ^ ^ . ^ L j J ( 9 ) 
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F i n a l l y , in o r d e r to d e t e r m i n e the r e l a t i v e l o n g - t e r m a d v a n t a g e s 

of d i f f e r e n t a l l e l e s , we i n c o r p o r a t e t h e v a r i a n c e in <$>̂  b e t w e e n g e n e r a t i o n s . In 

e x t e n d i n g our ana lys is a c r o s s g e n e r a t i o n s , w e a d o p t t h e g e o m e t r i c m e a n 

f i t n e s s of a gene as a m e a s u r e of i ts r e l a t i v e s u c c e s s ( D e m p s t e r , 1955). In 

o r d e r fo r us to m a k e any a n a l y t i c a l p r o g r e s s , i t is n e c e s s a r y to a s s u m e 

c o n s t a n c y of t h e g e n e t i c b a c k g r o u n d ( P p p 2 , V G 1 , and V G 2 ) t h r o u g h o u t the 

p e r i o d of s e l e c t i o n . A p p r o x i m a t e c o n s t a n c y of t h e s e p a r a m e t e r s c a n be 

e x p e c t e d to resul t f r o m s e l e c t i o n - m u t a t i o n b a l a n c e in an e n v i r o n m e n t tha t 

F i g . 3. T h e o p t i m u m g 2 of a gene p r o d u c t as a f u n c t i o n of the 
s p a t i a l (Vxg ), w i t h i n - g e n e r a t i o n t e m p o r a l (V^tw)» a n d b e t w e e n -
g e n e r a t i o n t e m p o r a l ( t y t ^ v a r i a n c e . S o l u t i o n s a re fo r the c a s e 
in w h i c h g± =<pt ( i .e . the o p t i m a l e n v i r o n m e n t a l o p t i m u m has 
been a t t a i n e d ) , V ' = 1 , and V ' = 0. 
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does not c h a n g e b e t w e e n g e n e r a t i o n s , but s t o c h a s t i c V a r i a t i o n in <f> t must 

p r o m o t e v a r i a n c e in t h e g e n e t i c b a c k g r o u n d . P r o v i d e d t h e d i s t r i b u t i o n o f <t>t [ s 

s t o c h a s t i c a l l y s t a b l e , we a n t i c i p a t e tha t s t o c h a s t i c a l l y s t a b l e d i s t r i b u t i o n s 

w i l l a lso a r i s e fo r p , p 2 , V G 1 , and V G 2 , t h e r e b y p r e v e n t i n g (or re ta rd ing ) 

c o m p l e t e f i x a t i o n or loss of a l l e l e s w i t h d i f f e r e n t p r o p e r t i e s in e f f e c t i v e l y 

i n f i n i t e p o p u l a t i o n s ( G i l l e s p i e , 1978). W e hope to a d d r e s s th is c o m p l i c a t e d 

issue in the f u t u r e , F o r now w e . s i m p l y . t a k e the p o s i t i o n tha t the e x p e c t e d 

f r e q u e n c y o f an a l l e l e w i l l be p o s i t i v e l y c o r r e l a t e d w i t h i ts g e o m e t r i c m e a n 

f i t n e s s as d e f i n e d b e l o w . 

S e t t i n g t h e e n v i r o n m e n t a l s c a l e so that the l o n g - t e r m m e a n 

e n v i r o n m e n t a l S ta te ( a v e r a g e <l>t) is z e r o , and l e t t i n g the v a r i a n c e in <j>t 

b e t w e e n g e n e r a t i o n s be > t n e g e o m e t r i c m e a n f i t n e s s of an a l l e l e w i t h 

p r o p e r t i e s (g 1 >g 2 ) is f o u n d us ing t h e t e c h n i q u e s in L y n c h <5c G a b r i e l (in press ) , 

T 
w t g ^ g J = u m [ n w(g , g . t ) 1 7 7 ] 

1 T-** t = l 1
 2 

V w +

 g i * V b ] j ( 1 0 ) 

A s in the c a s e of w i t h i n - g e n e r a t i o n t e m p o r a l v a r i a n c e , th is d e r i v a t i o n m a k e s 

no a s s u m p t i o n s about t h e t e m p o r a l d i s t r i b u t i o n o f (J>
T
 b e t w e e n g e n e r a t i o n s . 

We a r e now in a p o s i t i o n to e v a l u a t e t h e i n f l u e n c e of the 

v a r i o u s f o r m s of e n v i r o n m e n t a l v a r i a n c e on the o p t i m a l p r o p e r t i e s o f an a l l e l e 

(&l&2^' ^ i S i m m e d i a t e l y c l e a r tha t t h e e n v i r o n m e n t a l O p t i m u m tha t 

m a x i m i z e s g e o m e t r i c m e a n f i t n e s s is g ^ = 0, i .e . , t h e l o n g - t e r m m e a n 

e n v i r o n m e n t a l S ta te . E s t i m a t i o n o f the o p t i m a l e n v i r o n m e n t a l b r e a d t h , g 2 , is 

less s t r a i g h t - f o r w a r d b e c a u s e o f the c o m p l e x i t y o f V . H o w e v e r , the l i m i t s t o 

g 2 , c a n be o b t a i n e d q u i t e r e a d i l y by C o m p u t e r by n o t i n g f r o m e q u a t i o n s (7) 

a n d (8) tha t [ ( 2 g 2 / 3 ) + V ^ ] < V • < [ g 2 + V ^ J and tha t f r o m the Standpo in t 

o f t h e i n d i v i d u a l , i t is t h e r e a l i s e d e n v i r o n m e n t a l b r e a d t h ( V 1 ) t h a t m u s t be 

o p t i m i z e d . T h e m i n i m u m v a l u e fo r g 2 , w h i c h a r i ses w h e n Vr|, 2 is z e r o , is g i v e n 

in F i g . 3 as a f u n c t i o n o f V | ) s , , and . T h e m a x i m u m g 2 , w h i c h we 

a s s u m e t o be a p p r o a c h e d as (V,j , 2 ) ' /g^ + 1, is a p p r o x i m a t e l y 1.5 t i m e s t h e 

p l o t t e d v a l u e s . 

S e v e r a l c o n c l u s i o n s c a n be d r a w n f r o m th is a n a l y s i s . F i r s t , in 

a c c o r d a n c e w i t h A y a l a & V a l e n t i n e ' s e x p e c t a t i o n , t e m p o r a l v a r i a n c e in t h e 

e n v i r o n m e n t a l w a y s resu l ts in s e l e c t i o n f o r m o r e b r o a d l y a d a p t e d or 

" f u n c t i o n a l l y f l e x i b l e " a l l e l e s . H o w e v e r , t h e s c a l e of t e m p o r a l v a r i a n c e 

m a t t e r s a g r e a t d e a l . In a n e x t r e m e l y f i n e - g r a i n e d e n v i r o n m e n t (V . = 0), 

= {2TT(V ,+V ( ) ) s ) }" 1 / 2exp 
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V ( j ) t w and h a v e i d e n t i c a l i n f l u e n c e s on £ 2 , ^ u t a s ^ s b e c o m e s l a r g e , the 

i n f l u e n c e of t h e b e t w e e n - g e n e r a t i o n v a r i a n c e b e c o m e s n e g l i g i b l e . T h e 

s i g n i f i c a n c e of t e m p o r a l V a r i a t i o n b e t w e e n g e n e r a t i o n s is d i m i n i s h e d in h igh ly 

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

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

in 4>t b e t w e e n g e n e r a t i o n s does l i t t l e t o c h a n g e i t . 

S e c o n d , and in p a r t i a l a g r e e m e n t w i t h A y a l a 6c V a l e n t i n e , s p a t i a l 

h e t e r o g e n e i t y is not a s u f f i c i e n t c o n d i t i o n f o r t h e e v o l u t i o n of b r o a d l y 

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

a l l e l e s ( those w i t h the l o w e s t poss ib le g 2 ) w i l l h a v e t h e h i g h e s t e x p e c t e d 

f i t n e s s . H o w e v e r , p r o v i d e d t h a t the b e t w e e n - g e n e r a t i o n v a r i a n c e is not too 

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

s e l e c t i o n for g e n e r a l i s m i n e n v i r o n m e n t s w i t h h i g h e r V ( j ) t w . T h i s resu l t is in 

c o n f l i c t w i t h t h e i m p l i c i t a s s u m p t i o n of t h e A y a l a - V a l e n t i n e h y p o t h e s i s that 

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

p r o p e r t i e s in t e m p o r a l l y v a r i a b l e e n v i r o n m e n t s . 

F i n a l l y , we n o t e that i f t h e b e t w e e n - g e n e r a t i o n c o m p o n e n t of 

t e m p o r a l v a r i a n c e is m u c h g r e a t e r than the w i t h i n - g e n e r a t i o n c o m p o n e n t , an 

i n v e r s e r e l a t i o n s h i p m a y a c t u a l l y a r i s e b e t w e e n W^s and g 2 . S u c h an e f f e c t is 

not p r e d i c t e d by the v e r b a l hypothes is o f A y a l a <3c V a l e n t i n e . It a p p e a r s to 

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

e n v i r o n m e n t is h igh ly s e n s i t i v e to e n v i r o n m e n t a l c h a n g e s b e t w e e n g e n e r a t i o n s , 

w h e r e a s the m e a n f i t n e s s of a m o r e b r o a d l y a d a p t e d a l l e l e is r e l a t i v e l y 

c o n s t a n t f r o m g e n e r a t i o n to g e n e r a t i o n . In a h igh ly s p a t i a l l y h e t e r o g e n e o u s 

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

f a v o r a b l e m i c r o h a b i t a t s e v e n i n g e n e r a t i o n s w i t h e x t r e m e <f>t. F o r e x a m p l e , i f 

<j> w e r e t e m p e r a t u r e , t h e n in a y e a r w i t h an e x t r e m e l y h igh t e m p e r a t u r e , a 

m i c r o h a b i t a t tha t is on a v e r a g e e x c e s s i v e l y c o o l w o u l d h a v e a t e m p e r a t u r e 

c l o s e t h e l o n g - t e r m a v e r a g e . 

DISCUSSION 

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

f l u c t u a t i o n s m o s t l i k e l y e v o l v e s in response to t w o c o n f l i c t i n g f o r c e s : the 

n e c e s s i t y o f a g e n e r a l i s e d s t r a t e g y in a h e t e r o g e n e o u s e n v i r o n m e n t , a n d the 

c o s t of e v o l v i n g g e n e r a l i s m (the " j a c k - o f - a l l - t r a d e s is a m a s t e r - o f - n o n e " 

a r g u m e n t ) . A t the l e v e l of b i o c h e m i c a l a d a p t a t i o n , e n v i r o n m e n t a l 

h e t e r o g e n e i t y i n c l u d e s not on ly s p a t i a l and t e m p o r a l v a r i a n c e e x t e r n a l to the 

i n d i v i d u a l (our W^s , , a n d V ( | ) t ^ ), but a l s o V a r i a t i o n in t h e g e n e t i c 
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e n v i r o n m e n t r e s u l t i n g f r o m a gene 's r e s i d e n c e in a n u m b e r of g e n e t i c 

b a c k g r o u n d s (our P ^ V ^ and P 2 V G 2 ) and V a r i a t i o n in the d e v e l o p m e n t a l 

b a c k g r o u n d i n d u c e d by the e n v i r o n m e n t (our V £ 1 and V £ 2 ). W e m a y , 

t h e r e f o r e , e x p e c t the e v o l u t i o n o f b i o c h e m i c a l / p h y s i o l o g i c a l s t r a t e g i e s o f 

o r g a n i s m s t o be as m u c h c o n s t r a i n e d by p o p u l a t i o n g e n e t i c p h e n o m e n a (degree 

of i n b r e e d i n g , m i g r a t i o n , l i nkage and c h r o m o s o m a l s t r u c t u r e ) as by e x t r i n s i c 

e n v i r o n m e n t a l f a c t o r s . 

T h e s tudy of t h e b r e a d t h of b i o c h e m i c a l / p h y s i o l o g i c a l a d a p t a t i o n 

f r o m an e v o l u t i o n a r y p e r s p e c t i v e is c l e a r l y in an e a r l y e m b r y o n i c S t a t e . 

Indeed , we know of no e x p l i c i t a t t e m p t s to t es t the A y a l a - V a l e n t i n e 

h y p o t h e s i s nor of any d a t a se ts to w h i c h our own t h e o r y m a y be a p p l i e d . A 

s u b s t a n t i a l a m o u n t of c o m p a r a t i v e w o r k has been done on the response of 

i s o z y m i c r e a c t i o n s to c h a n g e s in the p h y s i c a l / c h e m i c a l e n v i r o n m e n t , but 

v i r t u a l l y a l l o f th is work has e i t h e r been done in v i t r o or in f i x e d g e n e t i c 

b a c k g r o u n d s ( H o c h a c h k a <3c S o m e r o , 1973; K o e h n et a l . , 1983; W a t t , 1985). A n y 

a t t e m p t to m e a s u r e g a n d r e c o n c i l e i t w i t h an a d a p t a t i o n i s t a r g u m e n t m u s t 

r e a l i s e tha t the r e l e v a n t m e a s u r e s of b i o c h e m i c a l p r o p e r t i e s a re t h o s e 

o b t a i n e d in v i v o r a t h e r than in v i t r o , a po in t r e c e n t l y e m p h a s i s e d by s e v e r a l 

b i o c h e m i c a l g e n e t i c i s t s ( M i d d l e t o n <3c K a c s e r , 1983; P o w e l l <5c A m a t o , 198^; 

W a t t , 1985), and that m e a n i n g f u l m e a s u r e s c a n on ly be o b t a i n e d by e x a m i n i n g 

an a l l e l e ' s p r o p e r t i e s in a f ü l l c o m p l e m e n t o f g e n e t i c b a c k g r o u n d s ra ther than 

in a S i n g l e a r t i f i c i a l l y c o n s t r u c t e d b a c k g r o u n d . 

A n i m p o r t a n t reason why an in v i v o m e a s u r e m a y p r o v i d e an 

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

p o l y g e n i c t ra i t was p o i n t e d out by L a n d e (1976). T h e on ly c o n s t r a i n t on a 

p o l y g e n i c t r a i t under s t a b i l i z i n g s e l e c t i o n is tha t t h e a g g r e g a t e e f f e c t o f a l l 

c o n s t i t u e n t l o c i resu l ts in a p h e n o t y p e near the optimum. S u b j e c t to th is 

Single constraint, the mean effects o f constituent loci are f r e e t o change in 

an i n f i n i t e n u m b e r of ways v i a the i n t e r a c t i o n of d r i f t , m u t a t i o n , and 

s e l e c t i o n . 

In th is f i r s t a t t e m p t a t a f o r m a l t h e o r y f o r the b r e a d t h of 

b i o c h e m i c a l a d a p t a t i o n we have m a d e a n u m b e r of a s s u m p t i o n s r e g a r d i n g 

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

n u m b e r o f poss ib le a l l e l i c t y p e s , a c o s t to s p e c i a l i z a t i o n , and z e r o c o v a r i a n c e 

b e t w e e n the m e a n and v a r i a n c e of e n v i r o n m e n t a l s t a t e s w i t h i n m i c r o h a b i t a t s . 

S u c h a s s u m p t i o n s , s o m e of w h i c h h a v e b e e n r a t i o n a l i s e d a b o v e , have b e e n 

n e c e s s a r y in o r d e r for us t o m a k e p r o g r e s s in the d e v e l o p m e n t of a t h e o r y 

t h a t is m e c h a n i s t i c and c o u c h e d in t e r m s t h a t a re m e a s u r a b l e in n a t u r a l 
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p o p u l a t i o n s . R e g a r d l e s s o f t h e s e a s s u m p t i o n s , h o w e v e r , i t is c l e a r that at 

l eas t s e v e n t y p e s o f v a r i a n c e in the g e n e t i c and e n v i r o n m e n t a l b a c k g r o u n d 

h a v e an i n f l u e n c e on the o p t i m a l e n v i r o n m e n t a l b r e a d t h o f a n a l l e l e . T h e s e 

a re s u m m a r i s e d w i t h the i r i m p l i c a t i o n s f o r the e v o l u t i o n of the b r e a d t h of 

b i o c h e m i c a l a d a p t a t i o n in T a b l e 1. 

P e r h a p s the m o s t s t r i k i n g resu l t of our a n a l y s i s is t h e c o n c l u s i o n 

t h a t not a l l t y p e s o f V a r i a t i o n in t h e b a c k g r o u n d of an a l l e l e e n c o u r a g e the 

e v o l u t i o n of b r o a d a d a p t a t i o n ( " func t iona l f l e x i b i l i t y " or " g e n e r a l i s m " ) f o r the 

g e n e p r o d u c t . If t h e v a r i a n c e f o r t h e e n v i r o n m e n t a l o p t i m u m ( V ^ ) is h i g h , 

e i t h e r b e c a u s e o f h igh V £ 1 or Q1^G1 , t h e n s o m e i n d i v i d u a l s c o n t a i n i n g the 

a l l e l e a r e l i k e l y to be at the i r o p t i m a l e n v i r o n m e n t a l State in m o s t 

g e n e r a t i o n s , and t h e c o s t of e v o l v i n g g e n e r a l i s m c a n be a v o i d e d . M o r e o v e r , as 

d i s c u s s e d a b o v e , d e p e n d i n g on the t e m p o r a l s t a b i l i t y of the e n v i r o n m e n t , 

s p a t i a l v a r i a n c e , c a u s e d by s t r u c t u r a l c o m p l e x i t y o f the e n v i r o n m e n t a n d / o r 

Table 1. Components of variance in the background of an a l l e l e and the influence that 

they have on the evolution of breadth of biochemical adaptation. 

Factor Increased breadth of biochemical 

adaptation, /g^, is favoured if 

the factor 

Pl V Gl ' 
conditional genetic variance for 

environmental optimum 

E l ' 
environmental variance for the 

environmental optimum 

J 2 G2' 
conditional genetic variance for 

environmental breadth 

increases 

f E2* 
environmental variance for 

environmental breadth 

increases 

'4>sf 
spatial component of the variance 

in environmental State as perceived 

by individuals 

depends on V and V. 
<t>tw (j> tb 

v<f)ttf within-generation component of 

temporal variance in environmental 

State as perceived by individuals 

increases 

'<j)ttf 
between-generation component of 

temporal variance in environmental 

State as perceived by individuals 

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

b r e a d t h . 

A l t h o u g h s o m e of our c o n c l u s i o n s m a y be q u a n t i t a t i v e l y s e n s i t i v e 

to c h a n g e s in the a s s u m p t i o n s u n d e r l y i n g our m o d e l , our resu l ts c l e a r l y 

i n d i c a t e that the c o m p l e x i t y of the r e l a t i o n s h i p b e t w e e n e n v i r o n m e n t a l 

h e t e r o g e n e i t y and the e v o l u t i o n of g e n e t i c a d a p t a t i o n s s h o u l d not be t a k e n 

l i g h t l y . A l t h o u g h A y a l a and V a l e n t i n e were not e x p l i c i t in f o r m u l a t i n g the i r 

h y p o t h e s i s tha t t e m p o r a l i n s t a b i l i t y of the e n v i r o n m e n t resu l ts in s e l e c t i o n f o r 

b r o a d l y a d a p t e d a l l e l e s , t h e y a p p e a r to a d o p t V ^ t w as t h e i r m e a s u r e of 

t e m p o r a l h e t e r o g e n e i t y . O u r resu l ts i n d i c a t e tha t the r e l a t i o n b e t w e e n 

% tw a n C * ^2 * n d i f f e r e n t s p e c i e s a n d / o r p o p u l a t i o n s w i l l be h igh ly d e p e n d e n t 

on t h e d e g r e e to w h i c h s p a t i a l h e t e r o g e n e i t y and b e t w e e n - g e n e r a t i o n V a r i a t i o n 

in <f>t a r e c o r r e l a t e d w i t h V ( | ) t w . 

T h e m o s t a p p r o p r i a t e t e s t of our t h e o r y f o r a s p e c i f i c l o c u s 

would i n v o l v e the m e a s u r e m e n t of l i f e - t i m e f i t n e s s of m a n y i n d i v i d u a l s k n o w n 

to c o n t a i n t h e a l l e l e of i n t e r e s t , but o t h e r w i s e r a n d o m l y t a k e n f r o m a n a t u r a l 

p o p u l a t i o n . By p e r f o r m i n g s u c h m e a s u r e s at v a r i o u s po in ts a l o n g the 

e n v i r o n m e n t a l g r a d i e n t and s u b s e q u e n t l y c u r v e - f i t t i n g , e s t i m a t e s of g ^ and 

/ V c a n be o b t a i n e d f o r the a l l e l e . T h u s , in the c o n t e x t of e v o l u t i o n a r y 

t h e o r y , t h e m e a s u r e m e n t of t h e b r e a d t h of b i o c h e m i c a l a d a p t a t i o n n e e d not 

i n v o l v e a n y b i o c h e m i c a l ana lys is o t h e r than the e l e c t r o p h o r e s i s n e e d e d to 

i d e n t i f y t h e g e n o t y p e s of i n d i v i d u a l s . It d o e s , h o w e v e r , r e q u i r e the a n a l y s i s of 

m a n y m o r e i n d i v i d u a l s than an in v i t r o b i o c h e m i c a l i n v e s t i g a t i o n . 

A l t h o u g h the f u r t h e r p a r t i t i o n i n g of the r e a l i s e d e n v i r o n m e n t a l 

b r e a d t h , V , in to i ts c o m p o n e n t s (g2> p l V G l , P 2 V G 2 , V E 1 > a n d ^ 2 ^ w o u l d be of 

i n t e r e s t , t̂ w o u l d a lso r e q u i r e e x t e n s i v e q u a n t i t a t i v e g e n e t i c ana lys is and fo r 

m a n y purposes m a y be u n n e c e s s a r y . S i m p l e e s t i m a t e s o f / V 1 a r e r e l e v a n t t o 

our t h e o r y . F o r w h i l e we h a v e f o c u s e d on t h e o p t i m i z a t i o n of g 2 in th is 

p a p e r , t h e e v o l u t i o n of g 2 is a c t u a l l y d e t e r m i n e d by the m o r e f u n d a m e n t a l 

c o n s t r a i n t tha t / V 1 be o p t i m i z e d . S i n c e we h a v e s c a l e d our p a r a m e t e r s in th is 

p a p e r s u c h tha t V ^ = 1, t h e o p t i m a l va lues f o r V 1 a r e o b t a i n a b l e f r o m F i g . 

3 ( for the c a s e V ^ 2 = 0) by s i m p l y a d d i n g 1 to g 2 « 

W e a r e v e r y g r a t e f u l to S . P o r t n o y f o r the Suggestion o f t h e use 
of the b e t a d i s t r i b u t i o n of the s e c o n d k ind and to 3. G r e s e y , A . 
L e e , and S . S c h i l l e r f o r a n a l y t i c a l a s s i s t a n c e . S u p p o r t e d by 
N a t i o n a l S c i e n c e F o u n d a t i o n g r a n t s B S R 83-06072 and S U B 
U M I C H X 9 8 7 6 4 and a f e l l o w s h i p f r o m t h e M a x P l a n c k S o c i e t y to 
M L . 
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