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F e r t i l i z a t i o n o f S t a g n a t e d S i t k a S p r u c e P l a n t a t i o n s 
on N o r t h e r n V a n c o u v e r I s l a n d 

ABSTRACT 

E x t e n s i v e a r e a s o f S i t k a s p r u c e p l a n t a t i o n s 

e s t a b l i s h e d d u r i n g t h e l a s t 15 y e a r s on t h e C H - p h a s e o f t h e 

s a l a l - m o s s e c o s y s t e m a s s o c i a t i o n on n o r t h e r n V a n c o u v e r I s l a n d 

a r e p r e s e n t l y e x h i b i t i n g symptoms o f s e v e r e c h l o r o s i s and 

g r o w t h c h e c k . I n v e s t i g a t i o n s i n t o t h e p o o r p e r f o r m a n c e o f 

t h e s e p l a n t a t i o n s a r e d e s c r i b e d i n t h i s t h e s i s . C o m p a r i s o n s 

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

C H - p h a s e and t h e a d j a c e n t h i g h l y p r o d u c t i v e H A - p h a s e were 

m a d e . In a d d i t i o n , f e r t i l i z a t i o n s c r e e n i n g t r i a l s were 

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

and d e t e r m i n e t h e p o t e n t i a l r e s p o n s i v e n e s s o f S i t k a s p r u c e t o 

f e r t i l i z a t i o n . 

S o i l s a m p l e s were c o l l e c t e d o v e r an age s e q u e n c e o f 

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

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

s i n c e h a r v e s t i n g on N m i n e r a l i z a t i o n r a t e s . 

S i g n i f i c a n t l y g r e a t e r a m o u n t s o f t o t a l and 

a v a i l a b l e P and t o t a l , KC1 e x t r a c t a b l e , and m i n e r a l i z a b l e N 

( p = . 0 1 ) were f o u n d i n t h e m i n e r a l s o i l and humus o f t h e 

H A - p h a s e . The m i n e r a l s o i l o f t h e H A - p h a s e a l s o had 



i i i 

s i g n i f i c a n t l y h i g h e r (p=.05) c o n c e n t r a t i o n s o f e x c h a n g e a b l e 

K. I n a d d i t i o n , t h i s p h a s e had a s i g n i f i c a n t l y l o w e r (p=.01) 

C/N r a t i o . A l t h o u g h s i g n i f i c a n t d i f f e r e n c e s were n o t e d i n 

t h e m i n e r a l n u t r i e n t c o m p o s i t i o n o f t h e two p h a s e s , i n a l l 

c a s e s ( w i t h t h e p o s s i b l e e x c e p t i o n o f m i n e r a l i z a b l e N ) , t h e 

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

l a r g e enough t o a c c o u n t f o r t h e d r a m a t i c d i f f e r e n c e s i n 

p r o d u c t i v i t y . 

H a r v e s t i n g p l u s s l a s h b u r n i n g a p p e a r s t o have had 

l i t t l e e f f e c t on t h e r a t e s o f N m i n e r a l i z a t i o n i n t h e humus 

o r m i n e r a l s o i l o f t h e HA-phase. However, i n t h e CH-phase 

h a r v e s t i n g p l u s s l a s h b u r n i n g h a s had a s i g n i f i c a n t i n f l u e n c e 

on t h e m i n e r a l i z a t i o n r a t e s o f t h e humus b u t n o t o f t h e 

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

(p=.05) i n c r e a s e i n t h e m i n e r a l i z a t i o n r a t e s , h o w e v e r , w i t h i n 

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

c o n t r o l . 

F e r t i l i z a t i o n s c r e e n i n g t r i a l s were e s t a b l i s h e d i n 

f i v e S i t k a s p r u c e p l a n t a t i o n s r a n g i n g i n age f r o m 8 t o 14 

y e a r s . A l l p l a n t a t i o n s were g r o w i n g on t h e CH-phase and were 

e x h i b i t i n g symptoms o f c h l o r o s i s and g r o w t h c h e c k . Changes 

i n t h e f i r s t - y e a r n e e d l e d r y - w e i g h t , n e e d l e n u t r i e n t 

c o m p o s i t i o n , and l e a d e r g r o w t h were m o n i t o r e d . T r e a t m e n t s 

f o r t h e s e t r i a l s c o n s i s t e d o f a N, P, K f a c t o r i a l e x p e r i m e n t , 

and one s e p a r a t e t r e a t m e n t o f a c o m p l e t e n u t r i e n t m i x t u r e . 

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

p l a n t a t i o n s . 

N o r N p l u s K f e r t i l i z a t i o n r e s u l t e d i n a 10% 
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i n c r e a s e i n n e e d l e d r y - w e i g h t and a 25 t o 30% i n c r e a s e i n 

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

P f e r t i l i z a t i o n had a s t r o n g s y n e r g i s t i c e f f e c t and when 

added i n c o m b i n a t i o n w i t h N o r N p l u s K r e s u l t e d i n a n e e d l e 

d r y - w e i g h t i n c r e a s e o f 40 t o 4 1 % and a l e a d e r g r o w t h i n c r e a s e 

o f 78 t o 8 3 % . A l i m i t e d s a m p l e o f n a t u r a l l y o c c u r r i n g 

h e m l o c k i n some o f t h e p l o t s e x h i b i t e d s i m i l a r t r e n d s , 

a l t h o u g h l e a d e r g r o w t h i n c r e a s e s were somewhat g r e a t e r . 

F e r t i l i z a t i o n w i t h P and K, a l o n e o r t o g e t h e r , had 

no e f f e c t on l e a d e r g r o w t h o r n e e d l e w e i g h t d e s p i t e t h e 

s e v e r e d e f i c i e n c i e s o f t h e s e two e l e m e n t s . However, P had a 

p o s i t i v e i n f l u e n c e on t h e u p t a k e o f N, K, Ca and Mg, w h e r e a s 

K p o s i t i v e l y a f f e c t e d Ca and d e p r e s s e d Mg. 

A f t e r N f e r t i l i z a t i o n , f o l i a r N c o n c e n t r a t i o n s 

i n c r e a s e d d r a m a t i c a l l y , r a n g i n g f r o m a mean o f 3.2% f o r t h e 

l o w e s t ( 2 0 0 kg N/ha) a p p l i c a t i o n r a t e t o 4.1% f o r t h e h i g h e s t 

( 4 0 0 kg N/ha) a p p l i c a t i o n r a t e . The h i g h f o l i a r N 

c o n c e n t r a t i o n s had a s i g n i f i c a n t n e g a t i v e i n f l u e n c e on f o l i a r 

K c o n c e n t r a t i o n s . ' T h i s d e c l i n e i n K c o n c e n t r a t i o n s c o u l d 

o n l y p a r t i a l l y be a t t r i b u t e d t o a g r o w t h d i l u t i o n e f f e c t and 

o c c u r r e d w h e t h e r o r n o t K was a d d e d . A s i m i l a r e f f e c t on P, 

Ca o r Mg was n o t n o t e d . The h i g h N c o n c e n t r a t i o n s a l s o 

a p p e a r e d t o have had a n e g a t i v e i n f l u e n c e on b o t h n e e d l e 

w e i g h t and l e a d e r g r o w t h a s t h e r e was a t e n d e n c y f o r t h e 

r e s p o n s e o f b o t h t o d e c l i n e a s N c o n c e n t r a t i o n s i n c r e a s e d . 

T h e r e were s i g n i f i c a n t d i f f e r e n c e s i n b o t h l e a d e r 

g r o w t h and n e e d l e w e i g h t r e s p o n s e s b e tween some o f t h e 

p l a n t a t i o n s , b u t t r e a t m e n t s r e c e i v i n g b o t h N and P 
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f e r t i l i z e r s c o n s i s t e n t l y gave t h e g r e a t e s t r e s p o n s e s . The 

i n d i v i d u a l t r e a t m e n t , h o w e v e r , w h i c h gave t h e g r e a t e s t and 

most c o n s i s t e n t o v e r a l l r e s p o n s e was t h a t c o n t a i n i n g a l l 

m a c r o - and m i c r o - n u t r i e n t s . 

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

p e r f o r m a n c e o f S i t k a s p r u c e p l a n t a t i o n s e s t a b l i s h e d on t h e 

CH-phase o f t h e s a l a l - m o s s e c o s y s t e m i s p a r t i a l l y due t o a 

s e v e r e N and P d e f i c i e n c y . T h e s e d e f i c i e n c i e s a r e a s s o c i a t e d 

w i t h t h e c o m p l e t e i n v a s i o n o f t h e s e c u t o v e r s by s a l a l . I t 

^ h a s a l s o been shown t h a t t h e S i t k a s p r u c e i n t h e s e 

p l a n t a t i o n s w o u l d be h i g h l y r e s p o n s i v e t o N and P 

f e r t i l i z a t i o n . A l t h o u g h K d o es n o t a p p e a r t o l i m i t g r o w t h 

and no a p p a r e n t b e n e f i t s were g a i n e d f r o m K f e r t i l i z a t i o n , a 

s e v e r e N i n d u c e d K d e f i c i e n c y i s l i k e l y . 
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INTRODUCTION 

Con s i d e r a b l e a t t e n t i o n has r e c e n t l y been focused on 

the poor performance of S i t k a spruce ( P i c e a s i t c h e n s i s 

(Bong.) Carr.) p l a n t a t i o n s on the cedar-hemlock phase of the 

salal-moss ecosystem a s s o c i a t i o n d e s c r i b e d by Lewis'(1982). 

Although these p l a n t a t i o n s had i n i t i a l l y performed w e l l i n 

both height growth and s u r v i v a l , they are now e x p e r i e n c i n g a 

severe d e c l i n e . P r e s e n t l y , the annual height increment of 

the S i t k a spruce i n many of these p l a n t a t i o n s only averages 

about 10 cm and the t r e e s are now extremely c h l o r o t i c . 

Over 1900 ha of S i t k a spruce p l a n t a t i o n s have been 

e s t a b l i s h e d on the salal-moss, and the s i m i l a r but wetter, 

cedar-skunk cabbage ecosystem a s s o c i a t i o n i n Block 4 of Tree 

Farm Lic e n c e 25 (T.F.L. 25) ( F i g u r e 3 ) . The p o t e n t i a l f o r 

s i m i l a r p l a n t a t i o n f a i l u r e s throughout c o a s t a l B r i t i s h 

Columbia may be c o n s i d e r a b l y g r e a t e r , s i n c e these ecosystem 

a s s o c i a t i o n s , or very s i m i l a r ones, p r e s e n t l y supporting 

old-growth cedar-hemlock stands are common. To date, l i t t l e 

- a t t e n t i o n has been paid to the n u t r i t i o n a l aspects of these 

s i t e s and t h e i r c a p a b i l i t y to support second growth 

p l a n t a t i o n s a f t e r h a r v e s t i n g . 

''Terry Lewis, 1982. Ecosystems of the Port M c N e i l l 
block (Block 4) of Tree Farm Lic e n c e 25. Unpublished 
I n t e r n a l r e p o r t , Western F o r e s t Products L t d . . 
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T h e p o o r p e r f o r m a n c e o f t h e p l a n t a t i o n s e s t a b l i s h e d 

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

c o m p a r e d t o t h e g o o d g r o w t h p e r f o r m a n c e s o f t h e s p r u c e 

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

h e m l o c k - a m a b i l i s f i r p h a s e , a l s o o f t h e s a l a l - m o s s e c o s y s t e m 

a s s o c i a t i o n ( S e e p a g e s 2 8 t o 4 4 f o r a c o m p l e t e d e s c r i p t i o n 

a n d d i s c u s s i o n o f b o t h p h a s e s ) . A l t h o u g h t h e s e t w o p h a s e s 

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

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

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

c e d a r - h e m l o c k p h a s e . 

L e w i s ( 1 9 8 2 ) s u g g e s t e d t h a t t h e d i f f e r e n c e s i n 

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

d i f f e r e n c e s i n t h e i r d e v e l o p m e n t h i s t o r i e s . L e w i s 

h y p o t h e s i z e d t h a t t h e l a c k o f d r a m a t i c d i s t u r b a n c e s t o t h e 

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

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

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

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

n u t r i e n t t u r n o v e r a n d t h u s , p r o d u c t i v i t y o f t h i s s i t e . He 

s u g g e s t e d t h a t t h e k e y t o i m p r o v e d ' p r o d u c t i v i t y l a y i n t h e 

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

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

W h i l e t h i s a p p r o a c h may b e f e a s i b l e f o r f u t u r e 

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

s i n c e , d e s p i t e t h e i r g r o w t h c h e c k , e v e n t h e y o u n g e s t 

p l a n t a t i o n s a r e a p p r o a c h i n g t w o m e t r e s i n h e i g h t . I n 

a d d i t i o n , a s L e w i s n o t e d , t h e r e i s s o m e q u e s t i o n a s t o 
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w h e t h e r a s i n g l e d i s t u r b a n c e w o u l d b e s u f f i c i e n t t o e n s u r e 

c o n t i n u e d p r o d u c t i v i t y t h r o u g h o u t t h e e n t i r e r o t a t i o n . I n 

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

s i t e s , g r o w t h b e n e f i t s f r o m s c a r i f i c a t i o n a r e s h o r t - l i v e d 

( R o s s a n d M a l c o l m , 1 9 8 2 ; T i a r k s , 1 9 8 3 ) . T h u s i f p r o d u c t i v i t y 

i s t o b e m a i n t a i n e d , a d d i t i o n a l t r e a t m e n t s s u c h a s 

f e r t i l i z a t i o n may b e r e q u i r e d . T h e r e f o r e , i t i s i m p o r t a n t t o 

k n o w w h a t b e n e f i t s may b e d e r i v e d f r o m f e r t i l i z a t i o n a n d 

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

k n o w l e d g e w i l l p r o v i d e g u i d e l i n e s f o r t h e m a n a g e m e n t o f 

f u t u r e p l a n t a t i o n s a n d may a l s o p r o v i d e a s o l u t i o n t o t h e 

p r e s e n t p r o b l e m o f s t a g n a t i o n . 

T h i s s t u d y w i l l a d d r e s s s o m e o f t h e q u e s t i o n s 

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

o n t h e c e d a r - h e m l o c k p h a s e o f t h e s a l a l - m o s s e c o s y s t e m 

a s s o c i a t i o n . S p e c i f i c a l l y , t h e o b j e c t i v e s w i l l b e t o : 

1 . D e t e r m i n e w h i c h n u t r i e n t ( s ) a r e p r e s e n t l y 
d e f i c i e n t a n d l i m i t i n g g r o w t h o n t h e c e d a r -
h e m l o c k p h a s e . 

2 . I d e n t i f y t h e p o t e n t i a l r e s p o n s i v e n e s s o f t h e 
S i t k a s p r u c e t o f e r t i l i z a t i o n . 

3 . C o m p a r e t h e d i f f e r e n c e s o f t h e t w o p h a s e s o f 
t h e s a l a l - m o s s e c o s y s t e m a s s o c i a t i o n a n d t o 
p r o v i d e p l a u s i b l e e x p l a n a t i o n s f o r t h e 
d r a m a t i c d i f f e r e n c e s i n p r o d u c t i v i t y . 
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LITERATURE REVIEW 

F o l i a r A n a l y s i s 

A c o n s i d e r a b l e body of l i t e r a t u r e p r e s e n t l y e x i s t s 

on the u s e s , m e r i t s and problems a s s o c i a t e d w i t h f o l i a r 

a n a l y s i s . S i n c e much of t h i s work has a l r e a d y been 

summarized i n a number o f e x c e l l e n t r e v i e w s , n o t a b l y S m i t h , 

1962; L e a f , 1973; M o r r i s o n , 1974; van den D r i e s s c h e , 1974; 

and Turner e t a l . , 1978, i t i s f e l t t h a t a d e t a i l e d 

r e i t e r a t i o n of t h i s work i s not n e c e s s a r y . However, s i n c e 

much of t h i s t h e s i s i s based on the i n t e r p r e t a t i o n of f o l i a r 

a n a l y s i s , a b r i e f r e v i e w , p a r t i c u l a r l y of the more r e c e n t 

l i t e r a t u r e i s g i v e n . 

The use of f o l i a r a n a l y s i s l i e s i n the b e l i e f t h a t 

the p l a n t i t s e l f i s the best i n t e g r a t o r of a l l f a c t o r s 

a f f e c t i n g i t s m i n e r a l n u t r i e n t s t a t u s ( B a l l a r d , R., 1979; 

Maynard, 1982). Changes i n the p l a n t environment, e x t e r n a l 

or i n t e r n a l , a r e u s u a l l y r e a d i l y r e f l e c t e d i n the 

c o n c e n t r a t i o n of some or a l l of the f i f t e e n e s s e n t i a l 

e l e m e n t s found i n the f o l i a g e . 

R i c h a r d s and Bevege (1972) i d e n t i f i e d two uses of 

f o l i a r a n a l y s i s : ( i ) — a d i a g n o s t i c t o o l f o r i d e n t i f y i n g 

n u t r i e n t d i s o r d e r s , and ( i i ) — a p r e d i c t i v e t o o l f o r 

d e t e r m i n i n g p o s s i b l e growth responses t o f e r t i l i z a t i o n . I t 

has been used e x t e n s i v e l y i n a g r i c u l t u r e f o r both purposes, 
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h o w e v e r i n f o r e s t r y , w h i l e f o l i a r a n a l y s i s i s a c c e p t e d a n d 

u s e d r o u t i n e l y a s a d i a g n o s t i c t o o l , i t i s g e n e r a l l y 

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

f e r t i l i z e r r e s p o n s e s ( v a n d e n D r i e s s c h e , 1 9 7 4 ; B a l l a r d , R . , 

1 9 7 9 ) . H o w e v e r , f o l i a r a n a l y s i s h a s u s u a l l y b e e n f o u n d t o b e 

b e t t e r c o r r e l a t e d w i t h f e r t i l i z e r r e s p o n s e s t h a n s o i l 

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

( B a l l a r d , R . , 1 9 7 9 ) . 

M a n y o f t h e f a c t o r s c o n t r i b u t i n g t o t h e i m p r e c i s i o n 

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

a p p l i c a t i o n s a r e w e l l k n o w n , b u t t h e c o n t r o l o f t h e s e a r e 

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

f a c t o r s a r e : 

( i ) C r i t i c a l n u t r i e n t l e v e l s : F o r m a n y n u t r i e n t s 

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

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

E v e n w h e r e s i g n i f i c a n t r e l a t i o n s h i p s h a v e b e e n d e v e l o p e d , 

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

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

i d e n t i f y p o t e n t i a l l y r e s p o n s i v e s i t e s t e n d s t o b e g o o d o n l y 

i n t h e v e r y d e f i c i e n t r a n g e ( B a l l a r d , R . , 1 9 7 9 ) . 

( i i ) W i t h i n — t r e e v a r i a b i l i t y : A c o n s i d e r a b l e 

. - a m o u n t o f i n h e r e n t v a r i a b i l i t y e x i s t s w i t h i n t h e t r e e . W h i l e 

m u c h o f t h i s v a r i a b i l i t y may b e . o v e r c o m e t h r o u g h 

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

d e b a t e o v e r w h i c h m e t h o d s s h o u l d b e a d o p t e d . F o r e x a m p l e , 

f o r m a n y o f t h e c o n i f e r o u s s p e c i e s i n t h e T e m p e r a t e a n d 

B o r e a l f o r e s t r e g i o n s , i t i s g e n e r a l l y a c c e p t e d t h a t f o l i a g e 
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s a m p l i n g f o r f o l i a r a n a l y s i s be done i n t h e f a l l and be 

r e s t r i c t e d t o t h e c u r r e n t y e a r ' s f o l i a g e f r o m t h e u p p e r 

p o r t i o n o f t h e c r o w n ( B a l l a r d , T . f 1 9 7 9 ) . W a r i n g and 

Y o u n g b e r g ( 1 9 7 2 ) h o w e v e r , a r g u e d t h a t s a m p l i n g d u r i n g t h e 

p e r i o d o f most a c t i v e g r o w t h w o u l d p r o v i d e a more s e n s i t i v e 

i n d i c a t o r o f p o s s i b l e n u t r i e n t d e f i c i e n c i e s . T h i s same 

s e n t i m e n t h a s r e c e n t l y b e e n e c h o e d by Mor row and T immer 

( 1 9 8 1 ) and P o w e r s ( 1 9 8 3 ) , a l l o f whom a l s o s u g g e s t e d t h a t 

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

i m p r o v e f o l i a r d i a g n o s i s . B a l l a r d , R. ( 1 9 7 9 ) n o t e d t h a t many 

r e s e a r c h e r s do n o t f u l l y a p p r e c i a t e an e l e m e n t s ' p h y s i o l o g i c a l 

f u n c t i o n and b e h a v i o u r . T h u s , many o f t h e s a m p l i n g and 

a n a l y t i c a l t e c h n i q u e s d e v e l o p e d i n f o l i a r a n a l y s i s may n o t 

p r o v i d e a good i n d e x o f t h e n u t r i e n t s t a t u s o f t h e t r e e . 

( i i i ) F e r t i l i z e r — i n d u c e d i n t e r a c t i o n s : P a s t 

r e s e a r c h e r s h a v e o f t e n f a i l e d t o r e c o g n i z e some o f t h e 

f e r t i l i z e r — i n d u c e d i n t e r a c t i o n s w h i c h r e g u l a t e p o t e n t i a l 

r e s p o n s e s . E x a m p l e s o f t h e s e w o u l d be t h e s t o c k i n g x 

f e r t i l i z e r r e s p o n s e i n t e r a c t i o n w h i c h h a s been shown t o 

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

f e r t i l i z a t i o n ( B a l l a r d , R . , 1 9 7 9 ) , o r t h e s p e c i e s x n i t r o g e n 

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

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

( T s u g a h e t e r o p h y l l a ( R a f . ) S a r g . ) s t a n d s t o n i t r o g e n o u s 

f e r t i l i z e r s ( W e b s t e r e t a l . , 1 9 7 6 ; G i l l and L a v e n d e r , 1 9 8 3 a ) . 

( i v ) F o r e s t s t a n d v a r a b i l i t y : C o n v e n t i o n a l m e t h o d s 

o f m e a s u r i n g g r o w t h r e s p o n s e s f r o m f e r t i l i z e r t r i a l s u s u a l l y 

c o n s i s t o f c o m p a r i n g d i f f e r e n c e s i n g r o w t h o f t h e c o n t r o l 
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p l o t s t o t h a t o f f e r t i l i z e d p l o t s ( S a l o n i u s and M a h e n d r a p p a , 

1 9 8 3 ) . Numerous e m p i r i c a l t r i a l s h a v e shown t h a t r e s e a r c h 

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

i n f o r e s t e c o s y s t e m s c a n o f t e n mask p o t e n t i a l f e r t i l i z e r 

r e s p o n s e s (Shumway and A t k i n s o n , 1 9 7 7 ; O l s o n e t a l . , 1 9 7 9 ) . 

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

h a s l e d r e s e a r c h e r s t o e x a m i n e a l t e r n a t i v e m e t h o d s . S a l o n i u s 

and M a h e n d r a p p a ( 1 9 8 3 ) s u g g e s t e d t h a t s i n c e t h e p a s t g r o w t h 

p e r f o r m a n c e o f a t r e e was a good i n d i c a t o r o f p o s s i b l e f u t u r e 

g r o w t h , e a c h t r e e c o u l d be u s e d a s i t s own c o n t r o l . T h e y 

e x p r e s s e d g r o w t h r e s p o n s e by e s t a b l i s h i n g a r a t i o o f t h e 

1 0 - y e a r p o s t - f e r t i l i z a t i o n r a d i a l g r o w t h t o t h e 1 0 - y e a r 

p r e - f e r t i l i z a t i o n r a d i a l g r o w t h f o r e a c h t r e a t m e n t . Shumway 

and A t k i n s o n ( 1 9 7 7 ) s u g g e s t e d u s i n g an i n d i v i d u a l t r e e 

a p p r o a c h where t r e e p a i r s , one f e r t i l i z e d and one n o t 

f e r t i l i z e d , o f s i m i l a r a t t r i b u t e s a r e c o m p a r e d . 

( v ) G r o w t h p a r a m e t e r s e l e c t i o n : F e r t i l i z e r 

r e s p o n s e s and d e g r e e o f c o r r e l a t i o n w i t h f o l i a r n u t r i e n t 

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

m e a s u r e d . M a d g w i c k ( 1 9 6 4 ) n o t e d t h a t f o l i a r P c o n c e n t r a t i o n s 

c o r r e l a t e d w e l l w i t h t o t a l h e i g h t b u t n o t w i t h l e a d e r l e n g t h 

i n r e d p i n e ( P i n u s r e s i n o s a A i t . ) . More r e c e n t l y , C o m e r f o r d 

; e t a l . ( 1 9 8 0 ) showed t h a t d i f f e r e n t m e a s u r e s o f g r o w t h 

( r a d i a l , b a s a l a r e a , h e i g h t , v o l u m e , b i o m a s s , and s p e c i f i c 

v o l u m e ) g a v e d i f f e r e n t r e s u l t s f o r t h e l o n g e v i t y and 

m a g n i t u d e o f r e s p o n s e o f r e d p i n e t o K f e r t i l i z a t i o n . I t i s 

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

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

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

and f e r t i l i z e r r e s p o n s e s . 

The b a s i s f o r t h e u s e o f f o l i a r a n a l y s i s l i e s i n 

t h e r e l a t i o n s h i p b e t w e e n f o l i a r n u t r i e n t l e v e l s and g r o w t h . 

T h i s r e l a t i o n s h i p , i l l u s t r a t e d i n F i g u r e 1 , i s o f t e n 

d e s c r i b e d a s one o f " d i m i n i s h i n g r e t u r n s " ( M a c y , 1 9 3 6 ; 

R i c h a r d s and B e v e g e , 1 9 7 2 ) . V a r i o u s m o d i f i c a t i o n s t o t h i s 

c u r v e h a v e b e e n made t o b e t t e r d e s c r i b e t h e r e l a t i o n s h i p 

( R i c h a r d s and B e v e g e , 1 9 7 2 ) . The o r i g i n a l M i t s c h e r l i c h 

e q u a t i o n i s f r e q u e n t l y a l t e r e d t o i n c l u d e a " d e p r e s s i o n 

f a c t o r " t o a c c o u n t f o r t o x i c i t y a t s u p r a - o p t i m u m n u t r i e n t 

l e v e l s (D t o E , F i g u r e 1 ) . L e y t o n ( 1 9 5 8 ) s u g g e s t e d t h a t a 

s i m p l e p a r a b o l a c o u l d be u s e d a s a good a p p r o x i m a t i o n o f t h e 

M i t s c h e r l i c h e q u a t i o n . S t e e n b j e r g ( 1 9 5 2 ) s u g g e s t e d a 

s i g m o i d a l r e l a t i o n s h i p may e x i s t a t t h e l o w e r end o f t h e 

c u r v e w h i c h w o u l d a c c o u n t f o r an i n i t i a l d i l u t i o n e f f e c t due 

t o l a r g e g r o w t h r e s p o n s e s . A much more r a d i c a l d e p a r t u r e 

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

I n g e s t a d ( 1 9 7 7 , 1 9 7 9 ) . He s u g g e s t s t h a t t h e " d i m i n i s h i n g 

r e t u r n " t y p e c u r v e s a r e an a r t i f a c t o f t h e e x p e r i m e n t a l 

d e s i g n and t h a t t h e g r o w t h c u r v e f o r n i t r o g e n was b e s t 

d e s c r i b e d by an i n c r e a s i n g e x p o n e n t i a l f u n c t i o n r a t h e r t h a n a 

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

I n t e r p r e t a t i o n s o f f o l i a r a n a l y s i s h o w e v e r , a r e 

u s u a l l y b a s e d on t h e r e l a t i o n s h i p d e s c r i b e d by t h e 

c o n v e n t i o n a l c u r v e s . T h e s e c u r v e s a r e t y p i c a l l y d i v i d e d i n t o 

r e g i o n s o f d e f i c i e n c y , c r i t i c a l , l u x u r y and t o x i c i t y . Macy 
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FIGURE 1. T h e o r e t i c a l r e l a t i o n s h i p b e t ween g r o w t h and f o l i a r 
n u t r i e n t c o n c e n t r a t i o n . 

( 1 9 3 6 ) f e l t t h a t t h e key t o i n t e r p r e t i n g s u c h a r e l a t i o n s h i p 

l a y i n t h e f a c t t h a t t h e r e was a c r i t i c a l l e v e l ( P o i n t C, 

F i g u r e 1) f o r e a c h n u t r i e n t , b e l o w w h i c h t h e r e was " p o v e r t y 

- a d j u s t m e n t " (B t o C, F i g u r e 1) and a b o v e , " l u x u r y 

c o n s u m p t i o n " (C t o D, F i g u r e 1 ) . 

Macy's zo n e o f p o v e r t y a d j u s t m e n t c o r r e s p o n d s t o 

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

A c c o r d i n g t o t h e n e a r l i n e a r r e l a t i o n s h i p o f t h e c u r v e w i t h i n 

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

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

i s r e a c h e d . T r e e s w i t h f o l i a r n u t r i e n t c o n c e n t r a t i o n s i n 

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

f e r t i l i z a t i o n ( P r i t c h e t t , 1 9 7 9 ) . 

L u x u r y c o n s u m p t i o n on t h e o t h e r hand i s n o t s u p p o s e 

t o r e s u l t i n any i n c r e a s e i n y i e l d ( M a c y , 1 9 3 6 ) . T h i s b e l i e f 

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

and g r e e n h o u s e and p o t t r i a l s on s e e d l i n g s . I n f o r e s t 

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

r e t r a n s l o c a t i o n o f n u t r i e n t s , may be one m e c h a n i s m by w h i c h 

p r o l o n g e d g r o w t h r e s p o n s e s c a n be o b t a i n e d f r o m f e r t i l i z a t i o n 

( M i l l e r , 1 9 8 1 ) . 

The c r i t i c a l p e r c e n t a g e i d e n t i f i e d by Macy ( 1 9 3 6 ) 

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

c o n c e p t . T h i s c o n c e p t i s b a s e d on t h e p r e m i s e t h a t t h e 

c o n c e n t r a t i o n o f a p a r t i c u l a r n u t r i e n t i s an u n i q u e m e a s u r e 

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

( L e y t o n , 1 9 5 8 ) . W h i l e Macy b e l i e v e d t h a t t h e c r i t i c a l 

p e r c e n t a g e o f e a c h n u t r i e n t c o u l d be i d e n t i f i e d by a d e f i n i t e 

p o i n t , i t i s now g e n e r a l l y a c c e p t e d t h a t t h e r e i s no s i n g l e 

o p t i m u m o r c r i t i c a l c o n c e n t r a t i o n , b u t r a t h e r , a c e r t a i n 

i d e n t i f i a b l e r a n g e ( F a r r e t a l . , 1 9 7 7 ) . 

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

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

and g r o w t h i s r e l a t i v e l y c o n s i s t e n t f o r any one s p e c i e s . 

R e c e n t r e s e a r c h i n d i c a t e s h o w e v e r , t h a t t h i s a s s u m p t i o n may 

n o t be e n t i r e l y v a l i d . " O p t i m u m " n u t r i e n t l e v e l s i n t h e 



f o l i a g e o f a s p e c i e s h a v e b e e n shown t o c h a n g e w i t h 

p r o v e n a n c e ( v a n den D r i e s s c h e , 1 9 7 3 ) , age ( M i l l e r e t a l . , 

1 9 8 1 ) , h e i g h t ( D i g h t o n and H a r r i s o n , 1983) and e v e n s i t e 

( B o n n e a u , 1 9 7 3 ) . 

F o l i a r n u t r i e n t c o m p o s i t i o n s a r e t y p i c a l l y r e p o r t e d 

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

ppm o f o v e n d r y - w e i g h t ) ( L e a f , 1 9 7 3 ; v a n den D r i e s s c h e , 

1 9 7 4 ) . When e x p r e s s e d i n s u c h t e r m s , f e r t i l i z e r t r e a t m e n t 

e f f e c t s , s u c h a s d i l u t i o n and a n t a g o n i s m , o f t e n become 

o b s c u r e d (T immer and S t o n e , 1 9 7 8 ) . The u s e o f c o n t e n t ( i . e . 

mg p e r f a s c i c l e , p e r 100 n e e d l e s o r p e r sq cm o f l e a f a r e a ) 

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

a s an a l t e r n a t i v e ( L e a f , 1 9 7 3 ) . H o w e v e r , B r o c k l e y ( 1 9 8 1 ) 

s u g g e s t e d t h a t f r o m a n u t r i t i o n a l v i e w p o i n t , a b s o l u t e u p t a k e 

i s l e s s i m p o r t a n t t h a n c o n c e n t r a t i o n . I d e a l l y , a method 

w h i c h e x p r e s s e s n u t r i e n t c o m p o s i t i o n i n b o t h c o n c e n t r a t i o n 

and c o n t e n t w o u l d be s u p e r i o r t o u s i n g s i m p l y one o r t h e 

o t h e r . 

A g r a p h i c a l t e c h n i q u e , o r i g i n a l l y d e v e l o p e d by 

K r a u s s ( 1 9 6 7 ) , w h i c h e f f e c t i v e l y i n c o r p o r a t e s n e e d l e n u t r i e n t 

c o n c e n t r a t i o n , c o n t e n t and n e e d l e w e i g h t h a s b e e n u s e d by a 

number o f r e s e a r c h e r s ( H e i n s d o r f , 1 9 6 7 ; C z a p o w s k y j e t a l . , 

1 9 8 0 ; T immer and S t o n e , 1 9 7 8 ; Weetman and F o u r n i e r , 1 9 8 3 ) . 

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

b e t w e e n t r e a t m e n t e f f e c t s (T immer and S t o n e , 1 9 7 8 ) . T h i s 

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

i n t e r p r e t f o l i a r a n a l y s i s and i n d i c a t e where p o t e n t i a l f u t u r e 

g r o w t h r e s p o n s e s may be e x p e c t e d . 
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In t h i s method t h e a b s o l u t e o r r e l a t i v e c h a n g e s i n 

n e e d l e n u t r i e n t c o n c e n t r a t i o n s , n e e d l e c o n t e n t , and n e e d l e 

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

g r a p h i c a l l y c o m p a r e d t o a c o n t r o l (Weetman and F o u r n i e r , 

1 9 8 3 ) ( F i g u r e 2 ) . The i n t e r p r e t a t i o n s a s t o w h e t h e r a 

n u t r i e n t i s d e f i c i e n t and w h e t h e r a r e s p o n s e t o f e r t i l i z a t i o n 

c a n be e x p e c t e d a r e b a s e d on t h e d i r e c t i o n and m a g n i t u d e o f 

t h e s h i f t s f r o m t h e c o n t r o l ( F i g u r e 2 ) . 

Use o f t h i s t e c h n i q u e i s b a s e d on two a s s u m p t i o n s : 

( i ) — d r y - w e i g h t o f n e e d l e s i s c l o s e l y c o r r e l a t e d w i t h 

f e r t i l i z e r g r o w t h r e s p o n s e s , and ( i i ) — n e e d l e number i s 

f i x e d i n t h e f i r s t s e a s o n f o l l o w i n g f e r t i l i z a t i o n (T immer and 

S t o n e , 1 9 7 8 ) . 

F o r most c o n i f e r s , t h i s l a t t e r a s s u m p t i o n i s met 

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

p r e v i o u s y e a r . T h i s h a s b e e n shown t o be t r u e f o r S i t k a 

s p r u c e ( C a n n e l and W i l l e t t , 1 9 7 5 ) , b u t s p e c i e s s u c h a s 

h e m l o c k and c e d a r do n o t h a v e t h i s c h a r a c t e r i s t i c and 

t h e r e f o r e t h e t e c h n i q u e may n o t be a s a p p l i c a b l e t o t h e m . 

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

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

a f t e r f e r t i l i z a t i o n and s u b s e q u e n t g r o w t h r e s p o n s e s ( L e y t o n , 

1 9 5 6 ; Keay e t a l . , 1 9 6 8 ; Weetman and A l g a r , 1 9 7 4 ; T immer and 

S t o n e , 1 9 7 8 ; M o r r o w , 1 9 7 9 ) . Numerous o t h e r s t u d i e s , w h i l e 

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

w e i g h t , h a v e n o t e d a c o n n e c t i o n b e t w e e n c h a n g e s i n n e e d l e 

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

f e r t i l i z a t i o n ( M a k i , 1 9 6 0 ; F e r d a , 1 9 7 5 ; H a i n e s e t a l . , 1 9 7 5 ; 



UNIT NEEDLE WEIGHT - 1 3 -
(mg/NEEDLE) — > -

ELEMENT CONTENT (ug/NEEDLE) 

DIRECTION 
OF SHIFT 

RESPONSE IN CHANGE IN . 
DIRECTION 
OF SHIFT 

NEEDLE 
WEIGHT 

NUTRIENT NUTRIENT 
STATUS 

POSSIBLE 
DIAGNOSIS 

DIRECTION 
OF SHIFT 

NEEDLE 
WEIGHT CONC. CON TIC NT 

NUTRIENT 
STATUS 

POSSIBLE 
DIAGNOSIS 

A + + DILUTION NON-LIMITING 
B + 0 + UNCHANGED NON-LIMITING 
C + + + DEFICIENCY LIMITING 
D 0 + + LUXURY NON-TOXIC 

CONSUMPTION 
E - + + + EXCESS TOXIC 
F EXCESS ANTAGONISTIC 

Possible Diagnosis: 
1. A shift towards Â  implies nutrient supply 

diluted by additional growth, suggesting 
nutrient may not be limiting. 

2. A shift towards Js implies nutrient transport 
into foliage just sufficient to keep pace 
with shoot or leaf expansion, indicating 
nutrient may not be limiting. 

3. A shift towards C implies the nutrient was 
limiting. 

4 . A shift towards JJ implies luxury consumption 
by the foliage. 

5. A shift towards JC implies a toxic effect of 
the nutrient unless associated with other 
growth constraints. 

6. A shift towards F implies a deficiency 
induced by the treatment, true antagonism. 

FIGURE 2. S c h e m a t i c r e l a t i o n s h i p s between n e e d l e n u t r i e n t 
c o n c e n t r a t i o n , c o n t e n t and n e e d l e d r y - w e i g h t 
f o l l o w i n g f e r t i l i z a t i o n ( M o r r o w , 1 9 7 9 ) . 
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M c l n t o s h , 1982). S t i l l o t h e r f e r t i l i z a t i o n s t u d i e s have used 

a l t e r n a t i v e n e e d l e parameters such a s , needle a r e a , l e n g t h , 

and t o t a l biomass t o c h a r a c t e r i z e t r e a t m e n t r e s p o n s e s ( B r i x , 

1971; Tamm, 1974; M i l l e r and M i l l e r , 1976; Turner and O l s o n , 

1976). I n d i v i d u a l n e e d l e weight has been shown t o be h i g h l y 

c o r r e l a t e d w i t h n e e d l e l e n g t h (Timmer and Stone, 1978) and 

s u r f a c e a r e a (Gordon and Gatherum, 1967; M e l l o r and Tregunna, 

1972; van den D r i e s s c h e , 1974) and, s i n c e n e e d l e weight i s 

e a s i e r t o d e t e r m i n e , i t tends t o be used more o f t e n (Morrow, 

1979). 

Timmer and Stone (1978) argued t h a t s i n c e shoot 

growth i s d e t e r m i n a t e , d i f f e r e n c e s i n t o t a l w e i g h t of f i r s t 

year f o l i a g e / t r e e must c l o s e l y r e f l e c t d i f f e r e n c e s i n weight 

of i n d i v i d u a l n e e d l e s i n the f i r s t season a f t e r 

f e r t i l i z a t i o n . They f u r t h e r suggested t h a t t h i s s h o u l d then 

be r e l a t e d t o f u t u r e growth performance s i n c e i t has been 

shown t h a t the dominant mechanism u n d e r l y i n g growth r e s p o n s e s 

i s i n c r e a s e d p h o t o s y n t h e t i c a r e a (Tamm, 1974; Fagerstrom and 

Lohm, 1977). A s i m i l a r assumption was f i r s t a l l u d e d t o by 

L e y t o n ( 1 9 5 6 ) . He noted t h a t when a treatment had an e f f e c t 

on t r e e growth, the response was f i r s t r e f l e c t e d i n an 

i n c r e a s e i n n e e d l e w e i g h t . Keay et a l . (1968) suggested t h a t 

changes i n needle weight f o l l o w i n g f e r t i l i z a t i o n may p r o v i d e 

a r a p i d method of i d e n t i f y i n g p o t e n t i a l l y r e s p o n s i v e s t a n d s . 

The use of n e e d l e weight as a p r e d i c t o r of growth 

r e s p o n s e s i s not w i t h o u t problems however. Mahendrappa and 

S a l o n i u s (1982) found l i t t l e change i n b l a c k spruce ( P i c e a  

mariana ( M i l l . ) BSP) n e e d l e weight a f t e r urea f e r t i l i z a t i o n 
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d e s p i t e a s i g n i f i c a n t g r o w t h r e s p o n s e . E v e r a r d ( 1 9 7 3 ) , w h i l e 

a c k n o w l e d g i n g t h a t n e e d l e w e i g h t i s a good i n d i c a t i o n o f t h e 

h e a l t h and v i g o u r o f a t r e e , s u g g e s t e d t h a t i t may n o t be a s 

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

P a r t o f t h e p r o b l e m a s s o c i a t e d w i t h c o r r e l a t i n g 

g r o w t h r e s p o n s e s w i t h n e e d l e w e i g h t i n c r e a s e s l i e s i n t h e 

f a c t t h a t n e e d l e w e i g h t , l i k e n u t r i e n t c o n c e n t r a t i o n s , i s 

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

f a c t o r s ( T u r n e r and O l s o n , 1 9 7 6 ) . G a r r e t t and Zahmer ( 1 9 7 3 ) 

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

s i g n i f i c a n t l y i n f l u e n c e t h e n u m b e r , s i z e , and p r e s u m a b l y 

w e i g h t , o f n e e d l e s i n t h e f o l l o w i n g g r o w i n g s e a s o n by 

i n f l u e n c i n g t h e number o f n e e d l e p r i m o r d i a i n i t i a t e d . 

S i m i l a r l y , P o l l a r d and L o g a n ( 1 9 7 7 ) f o u n d t h a t p h o t o p e r i o d 

and t e m p e r a t u r e had a s i g n i f i c a n t i n f l u e n c e on t h e n e e d l e 

p r i m o r d i a i n i t i a t e d i n P i c e a s p e c i e s . C o n n e l l and W i l l e t t 

( 1 9 7 5 ) n o t e d t h a t s h o o t e x t e n s i o n i n d e t e r m i n a t e s p e c i e s s u c h 

a s S i t k a s p r u c e was l a r g e l y c o n t r o l l e d by t h e number o f 

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

t h e e l o n g a t i o n o f i n t e r n o d e s b e t w e e n p r i m o r d i a . T r e e s w i t h 

f e w e r n e e d l e s may t h e r e f o r e grow l e s s t h a n t r e e s w i t h more 

n e e d l e s d e s p i t e a g r e a t e r n e e d l e w e i g h t . M o r e o v e r , a t r e e 

w i t h f e w e r n e e d l e s i n t h e y e a r o f f e r t i l i z a t i o n may h a v e a 

r e l a t i v e l y l a r g e r i n c r e a s e i n n e e d l e w e i g h t t h a n a t r e e w i t h 

more n e e d l e s s i n c e g r o w t h w o u l d be c o n c e n t r a t e d on f e w e r 

n e e d l e s . T h u s i t i s a p p a r e n t t h a t some c a r e must be 

e x e r c i s e d i n i n t e r p r e t i n g c h a n g e s i n n e e d l e w e i g h t . T h i s 

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

a n d / o r s i t e c h a r a c t e r i s t i c s . 

D e s p i t e some o f t h e p r o b l e m s a s s o c i a t e d w i t h u s i n g 

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

u s e d i n t h i s s t u d y h a s some a d v a n t a g e s o v e r t h e c r i t i c a l 

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

o f t h e d i f f e r e n t t r e a t m e n t e f f e c t s . M o r e o v e r , n e e d l e w e i g h t 

a p p e a r s t o be a s e n s i t i v e i n d i c a t o r o f t h e g e n e r a l h e a l t h o f 

a t r e e ( E v e r a r d , 1 9 7 3 ) and t h e r e f o r e s h o u l d be r e l a t e d t o 

g r o w t h . T r e e s g r o w i n g on n u t r i e n t d e f i c i e n t s i t e s t y p i c a l l y 

show a g r a d u a l s h o r t e n i n g o f n e e d l e s and a d e c r e a s e i n n e e d l e 

w e i g h t . T h e s e same t r e e s o n c e f e r t i l i z e d u s u a l l y show an 

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

i n h e i g h t g r o w t h ( F e r d a , 1 9 7 5 ) . I t s h o u l d t h e r e f o r e be 

p o s s i b l e , b a s e d on c h a n g e s i n n e e d l e w e i g h t and n u t r i e n t 

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

S i t k a s p r u c e N u t r i t i o n and F e r t i l i z e r R e s p o n s e 

A l t h o u g h S i t k a s p r u c e i s r e c o g n i z e d a s an i m p o r t a n t 

t i m b e r and p u l p s p e c i e s i n t h e P a c i f i c N o r t h w e s t , l i t t l e 

a t t e n t i o n h a s b e e n g i v e n t o i t s n u t r i t i o n a l r e q u i r e m e n t s 

( F a r r e t a l . , 1 9 7 7 ) . T h i s i s p r o b a b l y due t o t h e f a c t t h a t 

S i t k a s p r u c e was o f r e l a t i v e l y m i n o r i m p o r t a n c e f o r 

r e f o r e s t a t i o n ( R o c h e and F o w l e r , 1 9 7 5 ) , p a r t i c u l a r l y when 

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

( P s e u d o t s u g a m e n z i e s i i ( M i r b . ) F r a n c o ) . T h i s h a s n o t b e e n 

t h e c a s e i n E u r o p e , e s p e c i a l l y i n B r i t a i n where S i t k a s p r u c e 

was o r i g i n a l l y i n t r o d u c e d a s an e x o t i c s p e c i e s i n 1831 ( R o c h e 
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and F o w l e r , 1 9 7 5 ) . I t s p o t e n t i a l f o r r a p i d g r o w t h and h i g h 

v o l u m e p r o d u c t i o n was r e c o g n i z e d q u i c k l y and s m a l l s c a l e 

p l a n t a t i o n s o f S i t k a s p r u c e were e s t a b l i s h e d a s e a r l y a s 

1 8 6 6 , w i t h l a r g e r c o m m e r c i a l p l a n t a t i o n s b e i n g e s t a b l i s h e d by 

1913 ( D a v i e s , 1 9 8 2 ) . S i n c e t h e n S i t k a s p r u c e p l a n t a t i o n s 

h a v e b e e n e s t a b l i s h e d on a l a r g e s c a l e i n B r i t a i n ( R o c h e and 

F o w l e r , 1975) and i t i s now t h e p r e d o m i n a n t s p e c i e s p l a n t e d 

( D a v i e s , 1 9 8 2 ) . In 1 9 7 0 , t h e n a t i o n a l r e q u i r e m e n t f o r S i t k a 

s p r u c e s e e d i n B r i t a i n t o t a l l e d o v e r 1300 kg ( B u s z e w i c z , 

1 9 7 0 ) , w h e r e a s i n B r i t i s h C o l u m b i a , i n 1 9 6 9 , t h e t o t a l s e e d 

r e q u i r e m e n t was o n l y 39 kg ( B . C . F o r . S e r v . , 1 9 6 9 ) . Much o f 

o u r k n o w l e d g e o f t h i s s p e c i e s ' n u t r i t i o n a l r e q u i r e m e n t s h a s 

t h e r e f o r e o r i g i n a t e d f r o m r e s e a r c h i n B r i t i s h f o r e s t s . 

N u t r i t i o n a l l y , S i t k a s p r u c e i s c o n s i d e r e d t o be a 

r e l a t i v e l y d e m a n d i n g s p e c i e s ( K r a j i n a e t a l . , 1 9 8 2 ) , h o w e v e r , 

i t s g e o g r a p h i c d i s t r i b u t i o n i s t h o u g h t t o be r e s t r i c t e d more 

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

( R o c h e and F o w l e r , 1 9 7 5 ) . In i t s n a t u r a l h a b i t a t , t h e 

s p e c i e s i s r e s t r i c t e d t o low e l e v a t i o n s o f t h e P a c i f i c 

c o a s t a l f o g b e l t . T h i s a r e a i s c h a r a c t e r i z e d by h a v i n g a 

p e r h u m i d c l i m a t e o f m o d e r a t e t e m p e r a t u r e and h i g h 

p r e c i p i t a t i o n . 

S i t k a s p r u c e h a s b e e n shown t o be a s t o l e r a n t t o 

h i g h w a t e r t a b l e s a s w e s t e r n r e d c e d a r ( M i n o r e , 1 9 7 0 ; K r a j i n a 

e t a l . , 1 9 8 2 ) . H o w e v e r , on s i t e s s u b j e c t e d t o f l o o d i n g , r o o t 

d e v e l o p m e n t i s r e s t r i c t e d t o t h e u p p e r h o r i z o n s ( C o r d e s , 

1 9 7 2 ) . A l t h o u g h c a p a b l e o f p r o d u c i n g b o t h d e e p and s h a l l o w 

r o o t s y s t e m s ( B l y t h and M a c l e o d , 1 9 8 1 ; C o r d e s , 1 9 7 2 ) , b e s t 
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g r o w t h o c c u r s on d e e p , a c i d i c t o m i l d l y a c i d i c s o i l s w h i c h 

a l l o w f r e e r o o t i n g t o a d e p t h o f a t l e a s t 1 m ( R o c h e and 

F o w l e r , 1 9 7 5 ) . L a c k o f a d e q u a t e r o o t i n g v o l u m e i s c o n s i d e r e d 

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

s i t e s i n b o t h t h e P a c i f i c N o r t h w e s t and B r i t a i n ( D a y , 1 9 5 7 ; 

R o s s and M a l c o l m , 1 9 8 2 ) . 

A l t h o u g h S i t k a s p r u c e s e e d l i n g s c a n t o l e r a t e h i g h 

l e v e l s o f ammonium c o m p o u n d s , b e s t g r o w t h i s b e l i e v e d t o 

o c c u r when n i t r a t e s p r e d o m i n a t e ( K r a j i n a e t a l . , 1 9 8 2 ) . 

T a y l o r ( 1 9 3 5 ) a l s o n o t e d t h a t S i t k a s p r u c e r e g e n e r a t i o n i n 

A l a s k a was most a b u n d a n t and v i g o r o u s on s o i l s w i t h h i g h 

n i t r i f y i n g c a p a b i l i t i e s . T h e s e f i n d i n g s h o w e v e r , a r e i n 

c o n t r a s t w i t h t h o s e o f v a n den D r i e s s c h e ( 1 9 7 1 ) who f o u n d 

t h a t ammonium t e n d e d t o p r o d u c e b e t t e r g r o w t h t h a n n i t r a t e . 

S i m i l a r l y , e x t e n s i v e n u r s e r y r e s e a r c h i n B r i t a i n h a s f o u n d 

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

c a l c i u m n i t r a t e ( B e n z i a n , 1 9 6 5 ) . H o w e v e r , L e y t o n ( 1 9 5 2 ) 

f o u n d l i t t l e d i f f e r e n c e i n g r o w t h b e t w e e n ammonium- and 

n i t r a t e - f e d s e e d l i n g s . T h e r e i s s t i l l no c o n c e n s u s on t h e 

s p e c i e s ' p r e f e r e n c e o f N f o r m ( v a n den D r i e s s c h e and 

D a n g e r f i e l d , 1 9 7 5 ; Adams and A t w i l l , 1 9 8 2 ) . The a b i l i t y o f a 

t r e e t o u t i l i z e any one f o r m o f N d e p e n d s on f a c t o r s s u c h a s 

p H , l i g h t , m o i s t u r e , a g e , c a r b o h y d r a t e s u p p l y , and n i t r a t e 

r e d u c t a s e a c t i v i t y ( M i c h a e l e t a l . , 1 9 7 0 ; B e e v e r s and 

H a g e m a n , 1 9 6 9 ; B i g g and D a n i e l , 1 9 7 8 ) . A l t h o u g h i t h a s b e e n 

shown t h a t p l a n t s v a r y i n t h e i r c a p a b i l i t i e s t o grow on 

ammonium and n i t r a t e ( B e e v e r s and H a g e m a n , 1 9 8 3 ) , i t seems 

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

n u m e r o u s f e r t i l i z e r t r i a l s h a v e shown t h a t s i g n i f i c a n t l y 

g r e a t e r r e s p o n s e s c a n o f t e n be o b t a i n e d when b o t h f o r m s o f N 

a r e a d d e d s i m u l t a n e o u s l y ( B i n n s , 1 9 7 5 ; B e e v e r s and H a g e m a n , 

1 9 8 3 ) . 

T h e r e h a v e b e e n n u m e r o u s a t t e m p t s t o q u a n t i f y 

f o l i a r n u t r i e n t l e v e l s a s s o c i a t e d w i t h good and p o o r g r o w t h 

o f S i t k a s p r u c e ( T a b l e 1 ) . In g e n e r a l , i t c a n be s a i d t h a t 

p o o r g r o w t h o f S i t k a s p r u c e o c c u r s when f o l i a r n u t r i e n t 

l e v e l s a r e l e s s t h a n 1 . 2 % , 0 . 1 4 % , and 0 . 5 % f o r N, P and K 

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

g r e a t e r t h a n 1 .5% N, 0 . 1 8 % P , and 0 . 8 % K. V a l u e s i n b e t w e e n 

t h e s e l i m i t s a r e d e s c r i b e d a s b e i n g m a r g i n a l , and a l t h o u g h 

g r o w t h r e s p o n s e s t o f e r t i l i z a t i o n c a n be e x p e c t e d i n t h i s 

r a n g e , t h e r e s p o n s e s a r e o f t e n s m a l l ( E v e r a r d , 1 9 7 3 ) . 

N u t r i e n t d e f i c i e n c i e s s e v e r e e n o u g h t o 

s i g n i f i c a n t l y i n f l u e n c e g r o w t h o f S i t k a s p r u c e p l a n t a t i o n s i n 

B r i t a i n h a v e commonly b e e n r e c o r d e d f o r N, P , K, and 

o c c a s i o n a l l y Cu ( B i n n s e t a l . , 1 9 8 0 ) . C o u n t l e s s n u m b e r s o f 

f e r t i l i z e r t r i a l s h a v e shown t h e s p e c i e s t o be h i g h l y 

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

e x i s t ( D i c k s o n , 1 9 7 3 ; C h a r l i s l e and B r o w n , 1 9 7 3 ; D i c k s o n and 

S a v i l l , 1 9 7 4 ; M c i n t o s h , 1 9 7 8 , 1 9 8 1 , 1 9 8 3 ) . S i m i l a r l y , i n t h e 

P a c i f i c N o r t h w e s t , S i t k a s p r u c e p l a n t a t i o n s and s e c o n d g r o w t h 

s t a n d s h a v e b e e n shown t o be h i g h l y r e s p o n s i v e t o n i t r o g e n o u s 

f e r t i l i z e r s , o f t e n more so t h a n o t h e r s p e c i e s s u c h a s h e m l o c k 

o r D o u g l a s - f i r ( A u s t i n and S t r a n d , 1 9 6 0 ; W e b s t e r e t a l . , 

1 9 7 6 ; F a r r e t a l . , 1 9 7 7 ) . 



TABLE 1. Fbliar nutrient concentrations assolciated with good and poor growth of Sitka spruce, 
western hemlock and western red cedar. 

SPECIES 
PERCENT OVEN-DRY WEIGHT 

Ca Mg 

Sitka spruce 
Good growth - mean' 1.47 0.24 1.15 0.24 0.12 

- range (1. 07-1.76) (0.18-0.33) (0. 68-1.58) (0. 15-0. 40) (0. 09-0.16) 
2 

- mean 1.38 0.22 0.80 0.31 0.09 
- range (1. 05-1.66) (0.13-0.32) (0. 55-1.35) (0. 13-0. 56) (0. 06-0.15) 
Optimum-3 >1.50 >0.18 >0.70 - >0.07 

Poor growth - mean' 0.95 0.16 0.69 0.28 0.10 
- range (0. 72-1.27) (0.08-0.19) (0. ,30-0.89) (0. ,21-0. 37) '(0. 08-0.12) 

2 
- mean-1- 0.88 0.15 0.65 0.31 0.07 
- range (0. ,69-1.12) (0.10-0.21) (0, .42-0.92) (0. ,14-0. ,50) (0, ,03-0.10) 
Deficient''' <1.20 <0.14 <0.50 - <0.07 

Western hemlock 
Good growth - mean-̂  1.28 0.28 0.68 0.20 0.13 

- range (1 .00-1.48) (0.18-0.34) (0 .26-0.94) (0 .09-0, .34) (0 .09-0.17) 
Optimum-3 >1.50 >0.30 >0.80 - -

Poor growth 2 
- mean'- 0.83 0.18 0.62 0.17 0.09 
- range (0 .60-1.02) (0.09-0.40) (0 .40-0.82) (0 .08-0 .28) (0 .07-0.14) 
Deficient" 3 <1.20 <0.25 <0.60 - -

Western red cedar 
Deficient'^ 1.50 0.13 0 .40-0.80 0 .10-0 .20 0 .06-0.12 

Sources: 1. Binns and Atterson, 1967, 
2. Farr et a l . , 1977. 
3 . Binns et a l . , 1980. 
4. Ballard, 1982. I 

O 
I 
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W e b s t e r e t a l . ( 1 9 7 6 ) n o t e d t h a t h e m l o c k - s p r u c e 

s t a n d s i n O r e g o n f e r t i l i z e d w i t h 168 and 336 kg N/ha had 

a v e r a g e d i a m e t e r r e s p o n s e s 4 t o 6 y e a r s a f t e r f e r t i l i z a t i o n 

o f 27% and 4 9 % , r e s p e c t i v e l y f o r s p r u c e , b u t o n l y 3% and 18%, 

r e s p e c t i v e l y f o r h e m l o c k . F a r r e t a l . ( 1 9 7 7 ) f o u n d t h a t t h e 

a d d i t i o n o f 448 k g / h a o f u r e a t o S i t k a s p r u c e p l a n t a t i o n s i n 

A l a s k a r e s u l t e d i n an a v e r a g e 20 t o 25% i n c r e a s e i n h e i g h t 

g r o w t h o v e r a 3 t o 4 y e a r p e r i o d . 

F e r t i l i z e r t r i a l s f r o m B r i t a i n h a v e shown t h a t 

S i t k a s p r u c e i s p a r t i c u l a r l y r e s p o n s i v e t o p h o s p h o r u s 

f e r t i l i z a t i o n . W h i l e t h e most r e s p o n s i v e s i t e s h a v e b e e n 

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

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

P f e r t i l i z a t i o n h a v e b e e n known t o o c c u r on a r a n g e o f 

d i f f e r e n t s i t e s ( M c i n t o s h , 1 9 8 1 ) . I t i s now r e c o g n i z e d t h a t 

s a t i s f a c t o r y g r o w t h o f S i t k a s p r u c e on o r g a n i c s o i l s i s 

v i r t u a l l y i m p o s s i b l e u n l e s s a t o p d r e s s i n g o f P o r P p l u s K 

i s a p p l i e d a t t h e t i m e o f p l a n t i n g ( M c i n t o s h , 1 9 8 3 ) . 

I n t h e P a c i f i c N o r t h w e s t , l i t t l e a t t e n t i o n h a s b e e n 

g i v e n t o P f e r t i l i z a t i o n a s i t i s g e n e r a l l y b e l i e v e d t h a t 

n i t r o g e n i s t h e most l i m i t i n g e l e m e n t i n s o i l s o f t h i s r e g i o n 

( A t k i n s o n , 1 9 7 5 ) . H o w e v e r , a number o f g r e e n h o u s e and p o t 

. t r i a l s u s i n g s o i l s f r o m a v a r i e t y o f c o a s t a l s i t e s h a v e shown 

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

D o u g l a s - f i r s e e d l i n g s t o P and N p l u s P f e r t i l i z a t i o n 

( M e u r i s s e , 1 9 7 6 ; H e i l m a n and E k u a n , 1 9 8 0 ; A n d e r s o n e t a l . , 

1 9 8 2 ) . G e s s e l e t a l . ( 1 9 7 9 ) a l s o n o t e d t h a t i n many 

f e r t i l i z e r t r i a l s w i t h i n t h e P a c i f i c N o r t h w e s t where o t h e r 



- 2 2 -

n u t r i e n t s b e s i d e s N have been t e s t e d , N p l u s P o f t e n gave 

b e t t e r r e s p o n s e s t h a n s i m p l y N a l o n e . 

I n g e n e r a l , b e n e f i t s f r o m P o r P p l u s K 

f e r t i l i z a t i o n on o r g a n i c s o i l s i n B r i t a i n have been f o u n d t o 

l a s t 7 t o 10 y e a r s ( M c i n t o s h , 1 9 8 1 ) . C o n s i d e r a b l y l o n g e r 

b e n e f i t s f r o m P f e r t i l i z a t i o n , o f t e n e x c e e d i n g 20 y e a r s , have 

o c c u r r e d on some s i t e s i n New Z e a l a n d ( B a l l a r d , R., 1978) and 

on a v a r i e t y o f s i t e s i n t h e s o u t h e a s t e r n S t a t e s ( P r i t c h e t t 

and C o m e r f o r d , 1 9 8 2 ) . 

The need f o r K f e r t i l i z a t i o n has been shown t o v a r y 

by s i t e , b u t i t i s g e n e r a l l y b e l i e v e d t h a t w i d e s p r e a d K 

d e f i c i e n c i e s w i l l o c c u r on most deep o r g a n i c s o i l s and t h a t 

many p l a n t a t i o n s e s t a b l i s h e d on t h e s e s i t e s w i l l r e q u i r e K 

f e r t i l i z a t i o n a t some t i m e i n t h e i r d e v e l o p m e n t ( A t t e r s o n and 

B i n n s , 1 9 7 5 ) . M c i n t o s h ( 1 9 8 1 ) n o t e d t h a t t h e p r o b a b i l i t y o f 

a K d e f i c i e n c y o c c u r r i n g i n c r e a s e d w i t h i n c r e a s i n g p e a t 

d e p t h . He s u g g e s t e d t h a t t h e r e seemed t o be a t h r e s h o l d 

v a l u e o f a b o u t 30 cm, a b o v e w h i c h a K d e f i c i e n c y i s u n l i k e l y , 

and b e l o w w h i c h a K d e f i c i e n c y i s h i g h l y l i k e l y . 

R e s p o n s e s t o K a p p e a r l e s s c o n s i s t e n t and d r a m a t i c 

t h a n r e s p o n s e s t o P. However, a number o f f e r t i l i z e r t r i a l s 

h ave shown t h a t i t i s p o s s i b l e t o g a i n s i g n i f i c a n t a d d i t i o n a l 

- b e n e f i t s by a d d i n g b o t h P and K a t t h e t i m e o f p l a n t i n g 

r a t h e r t h a n s i m p l y a d d i n g P a l o n e ( M c i n t o s h , 1 9 8 1 ) . The 

i n c l u s i o n o f N a t t h i s t i m e h a s n o t been e f f e c t i v e ( D i c k s o n 

and S a v i l l , 1 9 7 4 ) . A c t u a l g r o w t h r e s p o n s e s t o P p l u s K 

f e r t i l i z a t i o n i n B r i t a i n h ave been v e r y d r a m a t i c . D i c k s o n 
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and S a v i l l ( 1 9 7 4 ) f o u n d t h a t s e v e n y e a r s a f t e r P p l u s K 

f e r t i l i z a t i o n , i n c r e a s e s i n t o t a l h e i g h t g r o w t h o f S i t k a 

s p r u c e r a n g e d f r o m 128% t o 265% f o r P a p p l i c a t i o n s r a n g i n g 

f r o m 36 t o 216 kg P/ha. L e a d e r g r o w t h a t t h e end o f t h i s 

t i m e was s t i l l 100 t o 250% g r e a t e r t h a n t h e c o n t r o l s . B a s e d 

on a s u r v e y o f t h e B r i t i s h l i t e r a t u r e , t h e s e v a l u e s a p p e a r t o 

be t h e norm r a t h e r t h a n t h e e x c e p t i o n . 

I n many o f t h e s p r u c e p l a n t a t i o n s e s t a b l i s h e d i n 

B r i t a i n , s i g n s o f N d e f i c i e n c y o f t e n b e g i n t o a p p e a r 6 t o 8 

y e a r s a f t e r p l a n t i n g ( D i c k s o n and S a v i l l , 1 9 7 4 ) . T h e s e 

p l a n t a t i o n s have been shown t o be h i g h l y r e s p o n s i v e t o N 

f e r t i l i z a t i o n . As m e n t i o n e d p r e v i o u s l y , S i t k a s p r u c e h a s 

a l s o been shown t o be h i g h l y r e s p o n s i v e t o n i t r o g e n o u s 

f e r t i l i z e r s i n t h e P a c i f i c N o r t h w e s t . U n l i k e t h e c a s e f o r P, 

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

o n l y 3 t o 4 y e a r s ( M c i n t o s h , 1981; F a r r e t a l . , 1 9 7 7 ) . 

However, t h e r e a r e numerous e x a m p l e s where c o n s i d e r a b l y 

l o n g e r r e s p o n s e s t o N f e r t i l i z a t i o n have been o b t a i n e d 

( A t k i n s o n , 1 9 7 5 ) . M i l l e r ( 1 9 8 1 ) showed t h a t t h e l o n g e v i t y o f 

r e s p o n s e t o N f e r t i l i z a t i o n was r e l a t e d t o l u x u r y 

c o n s u m p t i o n ; i . e . t h e g r e a t e r t h e N u p t a k e o v e r and above t h e 

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

The s h o r t - t e r m n a t u r e o f N f e r t i l i z e r r e s p o n s e s has 

l e d i n v e s t i g a t o r s t o l o o k f o r a l t e r n a t i v e methods o f 

i m p r o v i n g t h e N n u t r i t i o n o f S i t k a s p r u c e . I n B r i t a i n t h i s 

h as p r i m a r i l y been a c h i e v e d t h r o u g h weed c o n t r o l a n d / o r 

c u l t i v a t i o n . B o t h methods have been shown t o be e f f e c t i v e i n 
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i m p r o v i n g t h e N n u t r i t i o n o f S i t k a s p r u c e p l a n t a t i o n s 

( D i c k s o n a n d S a v i l l , 1 9 7 4 ; R o s s a n d M a l c o l m , 1 9 8 2 ) . D i c k s o n 

a n d S a v i l l ( 1 9 7 4 ) n o t e d h o w e v e r , t h a t r e g a r d l e s s o f t y p e a n d 

t i m e o f t r e a t m e n t , o n t h e p o o r e s t s i t e s , g r o w t h o f S i t k a 

s p r u c e w i l l b e c o m e l i m i t e d b y a N d e f i c i e n c y . R o s s a n d 

M a l c o l m ( 1 9 8 2 ) n o t e d t h a t t h e b e n e f i t s o f i n t e n s i v e s i t e 

p r e p a r a t i o n may o n l y l a s t f o r 1 0 t o 1 5 y e a r s . M o r e o v e r , w e e d 

c o n t r o l o r c u l t i v a t i o n a p p e a r t o m a i n l y b e n e f i t t h e N 

n u t r i t i o n o f t h e t r e e a n d n o t s o m u c h t h e P a n d K n u t r i t i o n . 

T h u s , f e r t i l i z a t i o n w i t h P p l u s K i s s t i l l r e q u i r e d i f 

s a t i s f a c t o r y g r o w t h i s t o b e a c h i e v e d . 

A l t h o u g h S i t k a s p r u c e h a s b e e n p l a n t e d i n B r i t a i n 

i n p u r e s t a n d s f o l l o w i n g f e r t i l i z a t i o n o n C a l l u n a m o o r l a n d 

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

g r o w t h r a t e s a n d P n u t r i t i o n o f S i t k a s p r u c e w h e n a s s o c i a t e d 

w i t h l o d g e p o l e p i n e . T h e r e a s o n s f o r t h i s i m p r o v e d P 

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

m y c o r r h i z a l i n f e c t i o n o f t h e s p r u c e . S i m i l a r l y , C a l l u n a 

r o o t s a r e s u s p e c t e d o f u p s e t t i n g S i t k a s p r u c e P n u t r i t i o n v i a 

s o m e u n k n o w n m y c o r r h i z a l p r o c e s s . C a l l u n a e r a d i c a t i o n 

r e s u l t s i n i m p r o v e d P n u t r i t i o n . A p a r a l l e l b e t w e e n t h i s 

e f f e c t o f C a l l u n a a n d t h e r e d u c e d g r o w t h o f S i t k a s p r u c e o n 

s i t e s d o m i n a t e d b y s a l a l ( G a u t h e r i a s h a l l o n P u r s h . ) i n B . C . 

i s s u s p e c t e d ( W e e t m a n , F a c u l t y o f F o r e s t r y , U n i v e r s i t y o f 

B r i t i s h C o l u m b i a , p e r s o n a l c o m m u n i c a t i o n s ) . 
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S T U D Y A R E A AND S I T E D E S C R I P T I O N 

L o c a t i o n 

F i v e S i t k a s p r u c e p l a n t a t i o n s , l o c a t e d n e a r P o r t 

M c N e i l l o n n o r t h e r n V a n c o u v e r I s l a n d ( F i g u r e 3 ) , a n d r a n g i n g 

i n a g e f r o m 8 t o 1 4 y e a r s , w e r e s e l e c t e d f o r t h e f e r t i l i z e r 

t r i a l s . A l l p l a n t a t i o n s a r e l o c a t e d i n B l o c k 4 o f T r e e F a r m 

L i c e n c e 2 5 w h i c h i s p r e s e n t l y u n d e r t h e m a n a g e m e n t o f W e s t e r n 

F o r e s t P r o d u c t s L t d . A l l p l a n t a t i o n s a r e e s t a b l i s h e d o n t h e 

C e d a r - H e m l o c k p h a s e o f t h e s a l a l - m o s s e c o s y s t e m a s s o c i a t i o n 

a n d a r e e x h i b i t i n g s e v e r e c h l o r o s i s a n d g r o w t h c h e c k . 

C l i m a t e 

T h e r e g i o n h a s a C f b c l i m a t e ( a f t e r K o p p e n ' s 

c l a s s i f i c a t i o n : L e w i s , 1 9 8 2 ) . T h u s i t i s c h a r a c t e r i z e d b y 

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

s p r i n g a n d a u t u m n . T a b l e 2 g i v e s t h e 3 0 - y e a r n o r m a l v a l u e s 

o f t e m p e r a t u r e a n d p r e c i p i t a t i o n a s s u m m a r i z e d b y L e w i s 

( 1 9 8 2 ) , a s w e l l a s t h e c l i m a t i c m e a n s f o r t h e 1 9 8 3 g r o w i n g 

s e a s o n . A l l d a t a w e r e o b t a i n e d f r o m t h e P o r t H a r d y A i r p o r t 

w e a t h e r s t a t i o n , l o c a t e d a b o u t 1 5 km n o r t h w e s t o f t h e 

p l a n t a t i o n s ( F i g u r e 3 ) . 

T h e m e a n d a i l y m a x i m u m t e m p e r a t u r e d u r i n g t h e 

w a r m e s t m o n t h s o f t h e y e a r ( J u l y a n d A u g u s t ) o n l y a v e r a g e s 

s l i g h t l y a b o v e 1 7 ° C a n d t h e m e a n d a i l y m i n i m u m t e m p e r a t u r e 



FIGURE 3. L o c a t i o n of study area. 



TA3LE 2. Temperature and precipitation values for Port Hardy. 

MONTHS MEAN DAILY MEAN DAILY MEAN DAILY MEAN MEAN MEAN 
TEMP. (oC) MAX. TEMP. (oC) MIN. TEMP. (oC) RAINFALL (mm) SNOWFALL (mm) PRECIPITATION (mm) 
30 YEAR 1983 30 YEAR 1983 30 YEAR 1983 30 YEAR 1983 30 YEAR 1983 30 YEAR 1983 
NORM NORM NORM NORM NORM NORM 

January 2.4 5.6 4.7 7.9 0.0 3.2 181 273 284 Trace 209 273 

February 3.4 6.0 6.6 8.9 1.1 3.0 144 216 132 - 157 216 

March 4.4 6.5 7.7 10.7 1.1 2.3 123 153 91 - 133 153 

April 6.5 7.8 10.3 12.4 2.7 3.2 108 68 13 Trace 109 68 

May 9.5 11.2 13.7 15.6 5.4 6.7 63 35 Trace - 63 35 

June 11.0 12.4 15.8 15.3 8.3 9.4 59 163 0 - 59 163 

July 13.6 14.0 17.3 17.5 9.9 10.4 54 151 0 - 54 151 

August 13.3 14.0 17.3 18.1 10.2 10.4 68 56 0 - 68 56 

Septembe 11.9 11.3 15.4 15.1 8.4 7.5 132 119 0 - 132 119 

October 8.7 8.0 11.3. 11.4 5.6 4.6 253 170 0 Trace 253 170 

November 5.3 6.3 7.8 8.7 2.8 3.9 231 288 33 33 234 291 

December 4.5 1.1 5.7 4.0 1.2 -1.9 242 120 152 6 258 123 

ANNUAL 8.0 8.7 11.2 12.1 4.7 5.2 1649 1812 706 6 1730 1818 

•Note - Normal, mean values of temperature and precipitation for Port Hardy are projected from 25 - 29 years of 
record during the period 1941 - 1970 (Lewis, 1982)'. 

1983 - Data frora Environment Canada's Weather Record for Port Hardy. 
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d u r i n g the c o l d e s t month ( J a n u a r y ) o n l y drops t o 0°C. The 

mean a n n u a l p r e c i p i t a t i o n i s about 1700 mm and o c c u r s m o s t l y 

as r a i n . A l t h o u g h May th r o u g h August tends t o be the d r i e s t 

p e r i o d of the y e a r , mean monthly p r e c i p i t a t i o n r a r e l y drops 

below 50 mm and thus s o i l m o i s t u r e d e f i c i t s a r e r a r e . 

However, due t o heavy r a i n f a l l , many s i t e s may s u f f e r from 

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

the y e a r . For 1983, p r e c i p i t a t i o n i n A p r i l and May was 

c o n s i d e r a b l y l ower than the 30 — year a v e r a g e . T h i s was 

i m p o r t a n t s i n c e the f e r t i l i z e r was a p p l i e d i n the l a s t 2 t o 3 

weeks of A p r i l , and thus the chance of l e a c h i n g , p a r t i c u l a r l y 

of the n i t r a t e i o n , would p r o b a b l y be l e s s than i n a "normal 

y e a r " . 

S i t e and Ecosystem D e s c r i p t i o n 

B l o c k 4 of T.F.L. 25 encompasses p a r t s of two major 

p h y s i o g r a p h i c s u b d i v i s i o n s — t h e Vancouver I s l a n d ranges and 

the N a w h i t t i Lowlands, w i t h the l a t t e r b e i n g f u r t h e r 

s u b d i v i d e d t o account f o r a l o w - l y i n g a r e a known as the 

Suquash B a s i n ( H o l l a n d , 1976). A l l f i v e p l a n t a t i o n s i n t h i s 

study a r e l o c a t e d w i t h i n t h i s b a s i n . I t i s c h a r a c t e r i z e d by 

h a v i n g a g e n t l y u n d u l a t i n g topography which seldom exceeds 

:300 m i n e l e v a t i o n . The s u r f a c e m a t e r i a l of the Suquash 

B a s i n m a i n l y c o n s i s t s of ve r y deep, u n c o n s o l i d a t e d , m o r a i n a l 

g l a c i a l and g l a c i a l f l u v i a l outwash m a t e r i a l . 

Lewis (1982) r e c e n t l y completed the e c o s y s t e m a t i c 

c l a s s i f i c a t i o n of B l o c k 4 of T.F.L. 25. H i s c l a s s i f i c a t i o n 

approach c l o s e l y f o l l o w s the b i o g e o c l i m a t i c ecosystem 
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c l a s s i f i c a t i o n p r e s e n t l y u s e d by t h e B r i t i s h C o l u m b i a 

M i n i s t r y o f F o r e s t s . W i t h i n B l o c k 4 , t h e most p r o m i n e n t 

s u b z o n e i s t h e W e t t e r N o r t h e r n M a r i t i m e C o a s t a l W e s t e r n 

H e m l o c k S u b z o n e (CWHe) o c c u p y i n g a p p r o x i m a t e l y 98 p e r c e n t o f 

t h e p r o d u c t i v e l a n d b a s e ( 3 0 , 5 2 9 h a ) . T h i s s u b z o n e i s 

f u r t h e r s u b d i v i d e d i n t o two v a r i a n t s , a l o w e r e l e v a t i o n 

s u b m o n t a n e v a r i a n t and a h i g h e r e l e v a t i o n montane v a r i a n t . 

The s u b m o n t a n e v a r i a n t e n c o m p a s s e s a b o u t 91 p e r c e n t o f t h e 

l a n d a r e a i n t h e CWHe s u b z o n e . L e w i s i d e n t i f i e d e l e v e n 

e c o s y s t e m a s s o c i a t i o n s i n t h i s v a r i a n t o f w h i c h t h e z o n a l o r 

" c l i m a t i c " e c o s y s t e m i s t h e T h u j a p l i c a t a - T s u g a  

h e t e r o p h y l l a - A b i e s a m a b i l i s - G a u t h e r i a s h a l l o n -

R h y t i d i a d e l p h u s l o r e u s ( r e f e r r e d t o h e r e i n a f t e r a s t h e S I o r 

s a l a l - m o s s e c o s y s t e m a s s o c i a t i o n ) . The S I e c o s y s t e m 

a s s o c i a t i o n i s t h e d o m i n a n t e c o s y s t e m a s s o c i a t i o n w i t h i n 

B l o c k 4 and o c c u p i e s some 60 p e r c e n t o f t h e p r o d u c t i v e l a n d 

b a s e i n t h e CWHe s u b z o n e ( L e w i s , 1 9 8 2 ) . I t i s a l s o t h o u g h t 

t o o c c u p y a s i g n i f i c a n t p o r t i o n o f t h e r e m a i n i n g a r e a o f t h e 

p r o d u c t i v e l a n d b a s e o f n o r t h e r n V a n c o u v e r I s l a n d and may 

e v e n e x t e n d a s f a r s o u t h a l o n g t h e w e s t c o a s t o f V a n c o u v e r 

I s l a n d a s T o f i n o ( D u m o n t , W e s t e r n F o r e s t P r o d u c t s L t d . , 

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

A c c o r d i n g t o L e w i s ( 1 9 8 2 ) , t h e s a l a l - m o s s e c o s y s t e m 

a s s o c i a t i o n i s c o m p r i s e d o f two d i s t i n c t p h a s e s — t h e h e m l o c k -

a m a b i l i s f i r ( H A - ) p h a s e and t h e c e d a r - h e m l o c k ( C H - ) p h a s e . 

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

s t a n d h i s t o r i e s . 
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T h e C H - p h a s e i s t h e c l i m a t i c c l i m a x c o m m u n i t y o f 

t h e s a l a l - m o s s e c o s y s t e m a s s o c i a t i o n . T h e m a t u r e s t a n d s o n 

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

c o n t a i n i n g l a r g e d e c a d e n t o l d - g r o w t h w e s t e r n r e d c e d a r ( T h u j a  

p l i c a t a D o n n ) a n d h e m l o c k w i t h a m i n o r c o m p o n e n t o f a m a b i l i s 

f i r ( A b i e s a m a b i l i s ( D o u g l . ) F o r b e s ) ( F i g u r e A ) . 

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

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

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

B l e c h n u m s p i c a n t ( L . ) R o t h . T h e d o m i n a n t m o s s e s f o u n d i n t h i s 

p h a s e a r e H y l o c o m i u m s p l e n d e n s ( H e d w . ) B . S . G . a n d 

R h y t i d i a d e l p h u s l o r e u s ( H e d w . ) W a r n s t . T h e s e s t a n d s h a v e 

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

d i s t u r b a n c e . D e s p i t e t h e i r a p p e a r a n c e , t h e y a r e c o n s i d e r e d 

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

t o w e s t e r n r e d c e d a r , t y p i c a l l y e x c e e d 7 0 0 c u m / h a . 

T h e H A - p h a s e i s c h a r a c t e r i z e d b y d e n s e , e v e n - a g e d 

s t a n d s o f h e m l o c k a n d a m a b i l i s ( F i g u r e 4 ) . T h e f o r e s t f l o o r 

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

S t o k e s i e l l a o r e g a n a ( S u l l . ) R o b i n s , a n d H y l o c o m i u m s p l e n d e n s . 

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

m o r e v a r i e d t h a n i n t h e C H - p h a s e , a n d i n c l u d e s s u c h s p e c i e s 

a s B l e c h n u m s p i c a n t , P o l y s t i c h u m m u n i t u m ( K a u l f . ) P r e s l . a n d 

T i a r e l l a t r i f o l i a t a L . T h e s h r u b l a y e r , u n l i k e t h a t i n t h e 

C H - p h a s e , t e n d s t o b e s p a r s e w i t h o n l y a s p o r a d i c c o v e r o f 

s a l a l a n d V a c c i n i u m s p e c i e s . 

A c c o r d i n g t o L e w i s t h e s e s t a n d s a r e s e r a i , a n d i f 

a l l o w e d t o d e v e l o p w i t h o u t d i s t u r b a n c e , w i l l e v e n t u a l l y 
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? F I G U R E 4 . 
M a t u r e s t a n d s o f t h e 
H A - a n d C H - p h a s e s . 

a ) 
I I A - p h a s e - - t h i s s t a n d i s 
a p p r o x i m a t e l y 7 0 y e a r s o l d 
a n d o r i g i n a t e d f r o m a 1 9 0 6 
b l o w d o w n . 

9 • 
• 

b ) 
C H - p h a s e - - t h i s s t a n d i s 
u n e v e n a g e d ( 1 4 0 - 3 0 0 + y e a r s ) 
a n d h a s d e v e l o p e d w i t h 
l i t t l e o r n o d i s t u r b a n c e . 
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r e v e r t t o t h e C H - p h a s e . A p p a r e n t l y , t h e H A - p h a s e d e v e l o p s a s 

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

w h i c h r e s u l t e d f r o m a s e v e r e s t o r m i n 1 9 0 6 . S i m i l a r d e n s e 

s t a n d s o f S i t k a s p r u c e a n d h e m l o c k a n d o f h e m l o c k a n d 

a m a b i l i s h a v e d e v e l o p e d d u e t o e x t e n s i v e w i n d t h r o w i n t h e 

E s t e v a n a n d W e s t V a n c o u v e r I s l a n d W e t t e r M a r i t i m e 

B i o g e o c l i m a t i c s u b z o n e s ( K l i n k a e t a l . , 1 9 7 9 ) . S i n c e r e m a i n s 

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

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

t h e H A - p h a s e , i t i s u n l i k e l y t h a t t h e s e s t a n d s d e v e l o p e d f r o m 

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

s u b j e c t e d t o a s e r i e s o f p e r i o d i c d i s t u r b a n c e s . T h i s w a s 

h i g h l i g h t e d r e c e n t l y i n 1 9 8 2 , w h e n m o r e t h a n 4 0 0 h a o f t h e s e 

s t a n d s h a d t o b e s a l v a g e d d u e t o s e v e r e b l o w d o w n ( C o a s t a l 

S i l v i c u l t u r a l C o m m i t t e e 2 ( C S C ) W o r k s h o p , 1 9 8 3 ) . 

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

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

d i s t u r b a n c e , e x t r e m e l y d e n s e a n d v i g o r o u s h e m l o c k a n d 

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

D e n s i t y e s t i m a t e s o f 1 0 , 0 0 0 t o 2 0 , 0 0 0 s t e m s / h a o r m o r e a p p e a r 

t y p i c a l f o r t h i s p h a s e . T h e s e s i t e s h a v e p r o v e n t o b e 

e x t r e m e l y p r o d u c t i v e . U n m a n a g e d m a t u r e 7 0 - y e a r - o l d s t a n d s 

h a v e e s t i m a t e d y i e l d s o f 1 2 t o 1 5 c u m / h a / y r ( C S C W o r k s h o p , 

1 9 8 3 ) . H o w e v e r , c o m p a r i s o n o f h e i g h t g r o w t h i n y o u n g 1 0 t o 

1 5 y e a r o l d p l a n t a t i o n s w i t h t h o s e o f B r i t i s h y i e l d c u r v e s 

' C o a s t a l S i l v i c u l t u r a l C o m m i t t e e . 1 9 8 3 . U n p u b l i s h e d 
p r o c e e d i n g s o f t h e n o r t h e r n V a n c o u v e r I s l a n d 1 9 8 3 C S C 
W o r k s h o p o n t h e C o a s t a l W e s t e r n H e m l o c k Z o n e . 
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( s e e B r a d l y , 1 9 7 1 ) s u g g e s t t h a t p o t e n t i a l y i e l d s o f n e w l y 

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

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

c o n t r o l , w e r e p r a c t i s e d . 

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

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

p l a n t i n g , p r i m a r i l y w i t h S i t k a s p r u c e . I t h a s r e c e n t l y b e c o m e 

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

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

t h e t w o p h a s e s . P l a n t a t i o n s e s t a b l i s h e d o n t h e C H - p h a s e , 

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

g r o w t h f o r a p e r i o d o f 3 t o 5 y e a r s a f t e r p l a n t i n g , a r e n o w 

e x p e r i e n c i n g a s e v e r e d e c l i n e i n g r o w t h ( F i g u r e s 5 t o 7 ) . T h e 

m e a n a n n u a l h e i g h t g r o w t h i n 1 9 8 2 a n d 1 9 8 3 f o r t h e f i v e 

p l a n t a t i o n s i n t h i s s t u d y w a s o n l y 1 0 . 5 a n d 9 . 6 c m , 

r e s p e c t i v e l y . T h e d e c l i n e t h e s e p l a n t a t i o n s a r e e x p e r i e n c i n g 

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

p e r f o r m a n c e o f t h e r e g e n e r a t i o n o n t h e H A - p h a s e a n d t h e f a c t 

t h a t t h e s e t w o p h a s e s o f t e n o c c u r a d j a c e n t t o e a c h o t h e r 

( F i g u r e 5 ) . 

U n l i k e t h e p l a n t a t i o n s e s t a b l i s h e d o n t h e C H - p h a s e , 

t h e p l a n t a t i o n s e s t a b l i s h e d o n t h e H A - p h a s e h a v e c o n t i n u e d t o 

p e r f o r m w e l l ( F i g u r e s 5 t o 7 ) . A s m e n t i o n e d e a r l i e r , 

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

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

H e m l o c k g r o w t h i n t h e s e s t a n d s w a s e q u i v a l e n t o r b e t t e r t o 

t h a t o f s p r u c e . F o r e x a m p l e , t h e 1 9 8 2 a n d 1 9 8 3 m e a n a n n u a l 

h e i g h t i n c r e m e n t f o r 1 0 c o - d o m i n a n t s p r u c e a n d h e m l o c k 
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F I G U R E 5 . 
D e v e l o p m e n t o f p l a n t a t i o n s 
o n t h e H A - a n d C H - p h a s e s 
a f t e r l o g g i n g . R i c k 
F o u r n i e r i s s e e n h e r e 
s t a n d i n g i n t w o p l a n t a t i o n s 
w h i c h w e r e b o t h e s t a b l i s h e d 
i n 1 9 7 3 . T h e s e p h o t o s w e r e 
t a k e n a p p r o x i m a t e l y 4 0 m 
a p a r t . 

) H A - p h a s e , 
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FIGURE 6. I l l u s t r a t i o n s o f g r o w t h p a t t e r n s f o r S i t k a s p r u c e 
g r o w i n g on t h e C H - p h a s e s . Note t h e n a t u r a l l y 
o c c u r r i n g c e d a r i n c e n t e r o f p h o t o a ) , c u r r e n t 
h e i g h t g r o w t h i s a b o u t 25 cm compared t o 8 cm f o r 
t h e s p r u c e . 
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J 1 I ! ! I I I I 

rjr- 2~ 5 g g tO 1 2 1 4 16 
YEARS FROM PLANTING 

FIGURE 7. Mean c u m u l a t i v e h e i g h t g r o w t h o f S i t k a s p r u c e on 
t h e CH- and H A - p h a s e s . Means a r e b a s e d on 14 and 
10 s a m p l e t r e e s f o r t h e CH- and H A - p h a s e s , 
r e s p e c t i v e l y . 
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s e l e c t e d f r o m a 1 6 - y e a r - o l d p l a n t a t i o n was 6 3 . 2 and 7 2 . 2 cm 

f o r s p r u c e and 5 6 . 9 and 8 7 . 3 cm f o r h e m l o c k , r e s p e c t i v e l y . 

S i m i l a r h e m l o c k i n g r e s s d o e s n o t o c c u r t o t h e same 

e x t e n t on t h e C H - p h a s e and e s t i m a t e s o f d e n s i t i e s u s u a l l y 

a v e r a g e l e s s t h a n 400 s t e m s / h a . W h i l e t h e h e i g h t g r o w t h o f 

t h e s e h e m l o c k a p p e a r s t o be b e t t e r t h a n t h a t o f t h e s p r u c e 

( 1 6 . 9 and 1 7 . 1 cm i n 1982 and 1983 r e s p e c t i v e l y ) i t i s s t i l l 

p o o r and w e l l b e l o w t h a t o f t h e H A - p h a s e . C o n s i d e r a b l y more 

c e d a r i n g r e s s o c c u r s i n t h i s p h a s e t h a n i n t h e H A - p h a s e , and 

w h i l e no g r o w t h e s t i m a t e s h a v e been o b t a i n e d f o r t h i s 

s p e c i e s , i t i s t h e p r e f e r r e d s p e c i e s f o r t h e s i t e and i s 

c a p a b l e o f p r o d u c i n g a c c e p t a b l e g r o w t h ( D u m o n t , p e r s o n a l 

c o m m u n i c a t i o n ) . 

L e w i s ( 1 9 8 2 ) h y p o t h e s i z e d t h a t t h e m a i n r e a s o n 

u n d e r l y i n g t h e d i f f e r e n c e s i n p r o d u c t i v i t y b e t w e e n t h e two 

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

and i t s e f f e c t on n u t r i e n t t u r n o v e r . He s u g g e s t s t h a t t h e 

p e r i o d i c w i n d t h r o w d i s t u r b a n c e s o f t h e H A - p h a s e h a s had a 

" c u l t i v a t i n g e f f e c t " on t h e s o i l s , c r e a t i n g a much more 

f a v o u r a b l e p h y s i c a l and c h e m i c a l e n v i r o n m e n t f o r r o o t 

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

p r o f i l e f o r b o t h p h a s e s a r e g i v e n i n T a b l e s 3 t o 5 and F i g u r e 

8 . A l t h o u g h t h e s o i l s i n b o t h p h a s e s c a n be p r e d o m i n a n t l y 

c l a s s i f i e d a s a D u r i c F e r r o - H u m i c P o d z o l ( C a n . D e p t . A g r . , 

1 9 7 8 ) , t h e i r p h y s i c a l p r o p e r t i e s a r e q u i t e d i s s i m i l a r . 

The H A - p h a s e i s c h a r a c t e r i z e d by h a v i n g deep 

(1+ m ) , w e l l d r a i n e d s o i l s o f l o o s e c o n s i s t e n c y . O r g a n i c 

a c c u m u l a t i o n s t e n d t o be l e s s i n t h i s p h a s e , a l t h o u g h i t 
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F I G U R E 8 . 
T y p i c a l s o i l p r o f i l e s of 
the HA- and CH-phases. 
P r o f i l e s shown were dug on 
the same day and occupy the 
same r e l a t i v e t o p o g r a p h i c 
l o c a t i o n . 

a ) 
H A - p h a s e — n o t e t h e l a c k o f 
v e g e t a t i o n on t h e f o r e s t 
f l o o r . A l s o n o t e t h e l a c k 
o f water a c c u m u l a t i o n 
d e s p i t e t h e f a c t t h a t t h e 
p i t i s 1+ m deep. 

to 
C H - p h a s e - - n o t e t h e d e n s e 
s a l a l g r o w t h i n t h i s p h a s e . 
W a t e r a c c u m u l a t i o n b e g a n a t 
a d e p t h o f 6 0 cm f r o m t h e 
t o p o f t h e f o r e s t f l o o r . 
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TABLE 3. S o i l p r o f i l e d e s c r i p t i o n of the CH-phase . 

HORIZON DEPTH DESCRIPTION 
(cm) 

LF 27 - 26 M i x t u r e of c o n i f e r o u s and s a l a l l i t t e r 
and mosses; loose c o n s i s t e n c y ; no r o o t s ; 
abrupt wavy boundary t o , 

H 2 6 - 0 Reddish b lack (5R 2.5/1 m), dark r e d d i s h 
brown (5YR 3/2 d ) ; mass ive ; abundant 
r o o t s a l l s i z e s ; abrupt wavy boundary 
t o , 

Ae 0 - 4 Grey (5YR 6/1 m) to brown (7.5YR 4/2 m); 
medium subangular b l o c k y , f r i a b l e ; few 
f i n e and medium r o o t s ; c l e a r , broken 
boundary t o , 

Bhf 4 - 1 9 Red (2YR 4/6 m), dark brown to brown 
(7.5YR 4/4 to -5 /4 d ) ; sandy loam; weak 
medium subangular b l o c k y ; f i r m when 
m o i s t ; n o n - s t i c k y and s l i g h t l y p l a s t i c , 
wet; p l e n t i f u l f i n e r o o t s , few medium 
and coarse r o o t s ; abrupt wavy boundary 
t o , 

Bf 19 - 34 Y e l l o w i s h red (5YR 5/6 m), y e l l o w i s h 
brown (10YR 5/8 d ) ; sandy loam; medium 
subangular b l o c k y ; f i r m when moi s t ; non-
s t i c k y and n o n - p l a s t i c , wet; few f i n e 
r o o t s ; abrupt wavy boundary t o , 

B fg j 34 - 48 Y e l l o w i s h brown (10YR 5/8 m), y e l l o w i s h 
brown (10YR 5/8 d ) ; g r a v e l l y sandy loam; 
weak, medium and coarse subangular 
b l o c k y , extremely f i r m when m o i s t , non-
s t i c k y and n o n - p l a s t i c ; no r o o t s ; common 
f a i n t m o t t l e s , seepage water p r e s e n t ; 
abrupt wavy boundary t o , 

BCc 48+ S t r o n g l y cemented to i n d u r a t e d g r a v e l l y 
sandy loam. 
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T A B L E 4 . S o i l p r o f i l e d e s c r i p t i o n o f t h e H A - p h a s e . 

H O R I Z O N D E P T H D E S C R I P T I O N 
( c m ) 

L F 1 5 - 12 V a r i e g a t e d m i x t u r e o f c o n i f e r o u s l i t t e r a n d 
m o s s e s ; l o o s e c o n s i s t e n c y ; n o t r o o t s a b r u p t 
w a v y b o u n d a r y t o , 

H 1 2 - 0 B l a c k ( 2 . 5 Y R 2 . 5 / 0 m ) , d a r k r e d d i s h b r o w n 
( 5 Y R 3 / 2 d ) ; h i g h l y d e c o m p o s e d o r g a n i c m a t t e r ; 
g r a n u l a r , s l i g h t l y g r e a s y i n l o w e r h o r i z o n ; 
a b u n d a n t r o o t s o f a l l s i z e s ; a b r u p t , w a v y 
b o u n d a r y t o , 

A e 0 - 3 G r e y ( 5 Y R 6 / 1 m) t o b r o w n ( 7 . 5 Y R 4 / 2 m ) ; 
m e d i u m s u b a n g u l a r b l o c k y ; f r i a b l e ; f e w f i n e 
r o o t s ; c l e a r , b r o k e n b o u n d a r y t o , 

B h f u 3 - 1 8 R e d d i s h b r o w n ( 2 . 5 Y R 4 / 4 m ) , s t r o n g b r o w n 
( 7 . 5 Y R 5 / 8 d ) ; s a n d y l o a m ; w e a k m e d i u m 
s u b a n g u l a r b l o c k y ; f r i a b l e w h e n m o i s t ; n o n -
s t i c k y a n d s l i g h t l y p l a s t i c , w e t ; a b u n d a n t 
f i n e a n d f e w m e d i u m r o o t s ; a b r u p t w a v y 
b o u n d a r y t o , 

S t r o n g b r o w n ( 7 . 5 Y R 5 / 6 m ) , y e l l o w i s h b r o w n 
( 1 0 Y R 5 / 8 - 5 / 6 d ) ; g r a v e l l y s a n d y l o a m ; w e a k 
m e d i u m s u b a n g u l a r b l o c k y ; f r i a b l e w h e n m o i s t ; 
n o n - s t i c k y a n d n o n - p l a s t i c , w e t ; f e w f i n e 
r o o t s ; c l e a r w a v y b o u n d a r y t o , 

Y e l l o w i s h b r o w n ( 1 0 Y R 5 / 8 m ) , b r o w n i s h y e l l o w 
( 1 0 Y R 6 / 8 d ) ; g r a v e l l y s a n d y l o a m , w e a k , 
m e d i u m a n d c o a r s e s u b a n g u l a r b l o c k y , f i r m w h e n 
m o i s t ; n o n - s t i c k y a n d n o n - p l a s t i c , w e t ; v e r y 
f e w r o o t s ; f e w f a i n t m o t t l e s ; a b r u p t w a v y 
b o u n d a r y t o , 

B f 1 1 8 - 3 3 
B f 2 3 3 - 4 8 
B f 3 4 8 - 6 3 

B f g j l 6 3 - 7 8 
B f g j 2 7 8 - 8 8 

BC 8 8 + O l i v e g r e y ( 5 Y 5 / 2 d ) , e x t r e m e l y f i r m w h e n 
m o i s t ; n o r o o t s . 
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TABLE 5. Physical and chemical description of s o i l profiles from the CH- and HA- phases. 

PHASE HORIZON DEPTH 
(cm) 

PH 
H20 CaC12 

N 
.1. 

C/N 
AVAILABLE MINERALIZABLE 

P N 
ppm 

EXCHANGEABLE BASES 
C.E.C. Ca K Mg 

meq/100 g 
BASE 

Na SATURATION Sand S i l t Clai % % : 

CH 

HA 

L 27-26 4.0 3.5 39.8 0. 92 0.11 A3 18 .6 
FH 26-0 3.4 3.0 52.7 0. 89 0.07 59 10 .1 Ae 0-4 - - _ _ — 
Bhf 4-19 4.4 3.8 10.6 0. 28 0.05 38 1 .0 
Bf 19-34 5.0 4.6 A.5 0. 17 0.05 27 1 .0 
Bfgj 34-48 5.0 4.6 2.9 0. 10 0.05 29 1 .2 BCc 48+ - _ _ 

L 
FH 
Ae 
Bhf u 
Bf 1 
Bf 2 
Bf 3 
Bfgjl 
Bfgj2 
BC 

15-12 
12-0 
0-3 
3-18 
18-33 
33-48 
48-63 
63-78 
78-88 
88+ 

3.5 
3.5 

3.1 
3.0 

51.5 
52.6 

9.3 
2.2 
1.3 
0.8 
1.2 
1.7 

0.97 
1.38 

0.28 
0.09 
0.06 
0.03 
0.03 
0.02 

0.09 
0.08 
0.04 
0.03 
0.03 
0.02 
0.03 
0.02 

57 
38 

33 
25 
21 
27 
41 
86 

18.8 
15.3 
2.0 
1.8 

1.8 
1.7 

135 
119 
18 
10 
2 

209 
161 

31 
18 
5 
2 

111.2 9. 93 1.59 5.80 0.22 15.8 -
151.3 13. 97 1.62 6.38 0.46 14.8 - - -
51.4 0. 21 0.07 0.A1 0.10 1.5 57 36 7 
30.4 0. 21 0.03 0.04 0.04 3.7 49 41 10 
27.4 0. 05 0.01 0.02 0.01 0.3 70 27 3 

120.5 10. 65 1.10 4.AO 0.39 13.7 
170.0 22. 55 1.68 5.55 0.21 17.6 - - • -
47.2 0. 51 0.09 0.56 0.09 2.6 49 41 10 
28.7 0. AO 0.0A 0.50 0.08 3.7 62 29 9 
19.7 0. 31 0.03 0.40 0.08 4.1 57 38 5 
18.A 0. 27 0.02 0.15 0.06 2.7 66 30 4 
19.8 0. 24 0.03 0.12 0.06 2.3 61 35 4 
21.6 0. 21 0.02 0.08 0.04 1.6 69 29 2 
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a p p e a r s t o v a r y w i t h l o g g i n g . L e w i s ( 1 9 8 2 ) f o u n d t h a t 

o r g a n i c a c c u m u l a t i o n s i n t h e H A - p h a s e a v e r a g e d b e t w e e n 5 t o 

1 0 c m . S i m i l a r a c c u m u l a t i o n s w e r e f o u n d i n t h i s s t u d y i n t h e 

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

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

a c c u m u l a t i o n s o f t e n e x c e e d i n g 2 0 c m . T h e C H - p h a s e i s 

c h a r a c t e r i z e d b y h a v i n g a t h i c k e r ( 1 5 t o 3 0 c m ) , s o m e w h a t 

c o m p a c t e d o r g a n i c l a y e r . T h e B f h o r i z o n i s o f f i r m 

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

t i l l l a y e r w h i c h o c c u r s a t a d e p t h o f 4 0 t o 5 0 c m . T h e 

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

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

m o d e r a t e l y w e l l d r a i n e d ( F i g u r e 8 ) . 

A d i s t i n g u i s h i n g f e a t u r e o f t h e C H - a n d H A - p h a s e , 

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

a b s e n c e o f s a l a l . T h e C H - p h a s e i s c h a r a c t e r i z e d b y h a v i n g a n 

e x t r e m e l y d e n s e s a l a l c o v e r , w h e r e a s i n t h e H A - p h a s e i t i s 

v i r t u a l l y a b s e n t . T h e r e h a s b e e n s o m e s u g g e s t i o n t h a t s a l a l 

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

C H - p h a s e . S t r o n g s i m i l a r i t i e s h a v e b e e n n o t e d b e t w e e n t h e 

p e r f o r m a n c e o f t h e s e p l a n t a t i o n s a n d o f t h e S i t k a s p r u c e 

p l a n t a t i o n s i n B r i t a i n s u f f e r i n g f r o m " h e a t h e r " ( C a l l u n a 

v u l g a r i s ) ( L . ) H u l l , c h e c k ( W e e t m a n , p e r s o n a l c o m m u n i c a t i o n ) . 

S o m e p o s s i b l e r e a s o n s f o r a " s a l a l " e f f e c t m i g h t b e 

a t t r i b u t e d t o : 

( 1 ) E x c e s s i v e c o m p e t i t i o n f o r a l i m i t e d s u p p l y o f 
a v a i l a b l e n u t r i e n t s . On t h e s e s i t e s s a l a l 
f o r m s a v e r y d e n s e r o o t m a t w h i c h e x p l o i t s t h e 
e n t i r e o r g a n i c l a y e r a n d t h e u p p e r p o r t i o n s o f 
t h e m i n e r a l s o i l a n d i s t h u s i n d i r e c t 
c o m p e t i t i o n w i t h t h e s p r u c e . 
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( 2 ) P r e s e n c e o f h i g h c o n c e n t r a t i o n s o f o r g a n i c 
c o m p o u n d s s u c h a s p o l y p h e n o l s a n d s i m p l e f a t t y 
a c i d s i n t h e s a l a l l i t t e r . T h e s e s u b s t a n c e s 
a r e r e s i s t a n t t o m i c r o b i a l a t t a c k ( M i n d e r m a n , 
1 9 6 6 ) a n d p o s s e s s f u n g a l - a n d p h y t o t o x i c 
p r o p e r t i e s c a p a b l e o f s u p p r e s s i n g t h e 
d e c o m p o s i n g m i c r o - o r g a n i s m s ( B e r g e t a l . , 1 9 8 0 ) 
a n d i n h i b i t i n g r o o t g r o w t h ( J a l a l a n d R e a d , 
1 9 8 3 a , b ) . W h i l e i t i s n o t k n o w n i f s a l a l h a s 
h i g h c o n c e n t r a t i o n s o f t h e s e c o m p o u n d s , t h e y 
a r e a p p a r e n t l y r e a d i l y p r o d u c e d i n m a n y 
e v e r g r e e n s c l e r o p h y l l o u s h e a t h - f o r m i n g s p e c i e s 
o f t h e E r i c a c e a e f a m i l y ( S p e c h t , 1 9 7 9 ) . 
M o r e o v e r , l e a f p o l y p h e n o l p r o d u c t i o n t e n d s t o 
i n c r e a s e i n p l a n t s e x p o s e d t o n u t r i e n t s t r e s s 
( D a v i e s e t a l . , 1 9 6 4 ; G o s z , 1 9 8 1 ) . R e c e n t l y , 
J a l a l a n d R e a d ( 1 9 8 3 a , b ) h a v e e x t r a c t e d a n d 
i d e n t i f i e d a n u m b e r o f t h e s e c o m p o u n d s f r o m 
C a l l u n a h e a t h s o i l s i n c o n c e n t r a t i o n s 
s i g n i f i c a n t l y h i g h e r t h a n l e v e l s w h i c h h a v e 
b e e n p r e v i o u s l y s h o w n t o t o t a l l y i n h i b i t r o o t 
g r o w t h i n a g r i c u l t u r a l c r o p s a n d s e v e r e l y 
i n h i b i t f u n g a l m y c e l i a l g r o w t h i n f o r e s t s o i l s . 

( 3 ) A p o s s i b i l i t y o f a n a l l e l o p h a t h i c i n f l u e n c e 
b e i n g e x e r t e d b y t h e s a l a l . A l l e l o p a t h y i s a 
c o m m o n l y k n o w n p h e n o m e n o m a m o n g s t m a n y p l a n t 
s p e c i e s ( f o r e x a m p l e s e e R i c e , 1 9 7 9 ) . I n 
p a r t i c u l a r h o w e v e r , a l l e l o p a t h i c p r o p e r t i e s 
h a v e b e e n c o m m o n l y a s s o c i a t e d w i t h E r i c a c e a e 
s p e c i e s i n d i f f e r e n t p a r t s o f t h e w o r l d 
( H a n d l e y , 1 9 6 3 ; P e t e r s o n , 1 9 6 5 ; J a l a l a n d R e a d , 
1 9 8 3 a , b ) . I n t h e c a s e o f C a l l u n a h e a t h s , i t 
h a s b e e n s u g g e s t e d t h a t m e t a b o l i t e s p r o d u c e d b y 
t h e m y c o r r h i z a l f u n g i o f C a l l u n a r o o t s may b e 
t o x i c t o t h e m y c o r r h i z a l f u n g i o f t r e e s p e c i e s 
( H a n d l e y , 1 9 6 3 ; R o b i n s o n , 1 9 7 2 ) . J a l a l a n d 
R e a d ( 1 9 8 3 a , b ) s u g g e s t e d t h a t t h e m y c o r r h i z a e 
o f C a l l u n a may b e b e t t e r a b l e t o u t i l i z e l i p i d s 
a s a c a r b o n s o u r c e a n d w o u l d t h u s b e a b l e t o 
t o l e r a t e t h e h i g h c o n c e n t r a t i o n s o f f a t t y a c i d 
r e s i d u e s p r o d u c e d . A s m e n t i o n e d a b o v e , t h e s e 
r e s i d u e s a r e h i g h l y t o x i c t o m a n y o t h e r f u n g a l 
s p e c i e s . M o s t E r i c a c e o u s s p e c i e s h a v e b e e n 
s h o w n t o f o r m a d i s t i n c t m y c o r r h i z a l 
a s s o c i a t i o n k n o w n a s " e r i c o i d " m y c o r r h i z a e 
r a t h e r t h a n t h e e c t o - o r v e s i c u l a r - a r b u s c u l a r 
( V A - ) m y c o r r h i z a e t y p i c a l l y f o u n d o n o t h e r 
v a s c u l a r p l a n t s ( P e a r s o n a n d R e a d , 1 9 7 3 ; 
L a r g e n t e t a l . , 1 9 7 9 ; M o l i n a a n d T r a p p e , 1 9 8 2 ) . 
P e a r s o n a n d R e a d ( 1 9 7 3 ) h a v e s h o w n t h a t t h e 
e n d o p h y t e s w h i c h r e a d i l y f o r m m y c o r r h i z a l 
a s s o c i a t i o n w i t h C a l l u n a a l s o r e a d i l y i n f e c t 
o t h e r E r i c a c e a e s p e c i e s . S a l a l h a s a l s o b e e n 
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s h o w n t o f o r m t h e t y p i c a l " e r i c o i d " t y p e 
m y c o r r h i z a l a s s o c i a t i o n ( L a r g e n t e t a l . , 1 9 7 9 ) . 
M c N a b b ( 1 9 6 1 ) n o t e d t h a t t h e e r i c o i d 
m y c o r r h i z a e o n G a u l t h e r i a s p e c i e s i n New 
Z e a l a n d w e r e a n a t o m i c a l l y s i m i l a r t o t h a t f o u n d 
o n C a l l u n a v u l g a r i s i n B r i t a i n . 

( 4 ) T h e t y p e , q u a l i t y a n d q u a n t i t y o f l i t t e r i n p u t . 
I n a d d i t i o n t o t h e p o s s i b l e i n p u t o f t o x i c 
o r g a n i c c o m p o u n d s , t h e h i g h r o o t i n g d e n s i t i e s 
o f s a l a l may r e s u l t i n a s u b s t a n t i a l a m o u n t o f 
w o o d y r o o t l i t t e r l e a d i n g t o t h e d e v e l o p m e n t o f 
a t h i c k " r o o t " m o r h u m u s w i t h a h i g h C / N r a t i o . 

R e c e n t l y , Y o u n g b e r g ( 1 9 7 8 ) s h o w e d t h a t n i t r o g e n 

m o b i l i z a t i o n a n d s u b s e q u e n t u p t a k e b y D o u g l a s - f i r s e e d l i n g s 

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

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

h i g h e r N c o n c e n t r a t i o n . T h e s e f i n d i n g s l e d Y o u n g b e r g t o 

s u g g e s t t h a t s o m e t h i n g o t h e r t h a n t o t a l N w a s p l a y i n g a n 

i m p o r t a n t r o l e i n i n f l u e n c i n g g r o w t h a n d N u p t a k e . 

A l t h o u g h n o t i n v e s t i g a t e d i n t h i s t h e s i s , t h e 

p o s s i b i l i t y o f s o m e s o r t o f " s a l a l e f f e c t " c a n n o t b e 

d i s c o u n t e d . T h i s s h o u l d b e k e p t i n m i n d t h r o u g h o u t t h i s 

t h e s i s . 



-45-

C O M P A R I S O N S OF S O I L N U T R I E N T S T A T U S AND N I T R O G E N 
M I N E R A L I Z A T I O N P O T E N T I A L OF T H E C H - AND H A - P H A S E S 

I N T R O D U C T I O N 

T h e g e n e r a l a p p e a r a n c e o f t h e p l a n t a t i o n s i n t h e 

C H - p h a s e , i . e . , s e v e r e c h l o r o s i s a n d g r o w t h c h e c k , s t r o n g l y 

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

p a r t i c u l a r , a n i t r o g e n d e f i c i e n c y . P r e l i m i n a r y f o l i a r a n d 

s o i l a n a l y s i s ( L e w i s , 1 9 8 2 ) s u p p o r t s t h i s s u g g e s t i o n . A s 

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

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

C H - p h a s e a s c o m p a r e d t o t h e H A - p h a s e . I f s u c h i s t h e c a s e , 

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

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

p h a s e s . T h e r e f o r e , s o i l s a m p l e s w e r e c o l l e c t e d f r o m b o t h 

p h a s e s a n d a n a l y z e d i n o r d e r t o i d e n t i f y p o s s i b l e 

d i f f e r e n c e s . 

I t i s n o t t h e i n t e n t o f t h i s s t u d y t o q u a n t i f y t h e 

a b s o l u t e a m o u n t s o f n u t r i e n t s o n t h e s e s i t e s , b u t r a t h e r , t o 

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

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

( s e e M e t h o d s ) , i t s h o u l d b e l a r g e e n o u g h t o a d e q u a t e l y 

d i s t i n g u i s h d i f f e r e n c e s b e t w e e n t h e t w o p h a s e s . 
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M A T E R I A L S AND M E T H O D S 

F i e l d P r o c e d u r e 

M a n y o f t h e S i t k a s p r u c e p l a n t a t i o n s e s t a b l i s h e d o n 

t h e C H - p h a s e e x p e r i e n c e d a n i n i t i a l p e r i o d o f g o o d g r o w t h 

b e f o r e t h e o n s e t o f t h e d e c l i n e . T h e A s s a r t e f f e c t h a s b e e n 

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

( W e e t m a n , p e r s o n a l c o m m u n i c a t i o n s ) . T h e r e f o r e , i n o r d e r t o 

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

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

i n i t i a l l y l o g g e d a n d t h e n b u r n e d 3 , 5 , 9 , 1 4 a n d 2 4 y e a r s 

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

p h a s e . T h e 9 a n d 1 4 y e a r o l d c u t o v e r s w e r e s u b s e q u e n t l y u s e d 

f o r t h e f e t i l i z e r t r i a l s . 

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

w e r e t a k e n a l o n g f i v e , 1 0 0 m t r a n s e c t s u s i n g a s o i l c o r e 

s a m p l e r . A l o n g e a c h t r a n s e c t , f i v e s a m p l e s o f t h e t o p 1 5 cm 

o f t h e F H l a y e r a n d t h r e e s a m p l e s o f t h e t o p 1 5 cm o f m i n e r a l 

s o i l w e r e c o l l e c t e d a t 2 0 m i n t e r v a l s a n d p l a c e d i n 

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

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

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

m a t e r i a l w e r e a v o i d e d i n a l l p h a s e s o f s a m p l i n g . T h e c o r e s 

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

( f i v e F H a n d f i v e m i n e r a l s o i l ) s a m p l e s p e r p l a n t a t i o n . A t 
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t h e t i m e o f s a m p l i n g , t o t a l d e p t h o f o r g a n i c a c c u m u l a t i o n t o 

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

L a b o r a t o r y A n a l y s i s 

A l l s a m p l e s , o r g a n i c and m i n e r a l , were i n i t i a l l y 

a i r d r i e d f o r one week, and t h e n s i f t t h r o u g h a 2-mm s i e v e . 

A s u b s a m p l e o f 50 g f r o m e a c h s a m p l e was t h e n t a k e n and 

c o m p o s i t e d by t r a n s e c t o r p l o t and s o i l f r a c t i o n . A f u r t h e r 

s u b s a m p l e was t a k e n and f i n e l y g r o u n d f o r t h e d e t e r m i n a t i o n 

o f t o t a l N, P and C. 

M i n e r a l i z a b l e - N was d e t e r m i n e d on d u p l i c a t e s a m p l e s 

u s i n g t h e a n a e r o b i c i n c u b a t i o n method o f W a r i n g and B r e n n e r 

( 1 9 6 4 ) . Two grams o f f o r e s t f l o o r and f i v e grams o f m i n e r a l 

s o i l were i n c u b a t e d i n 23 ml o f w a t e r f o r two weeks a t 30°C. 

M i n e r a l i z a b l e - N was t h e n e x t r a c t e d by s h a k i n g t h e s o l u t i o n 

f o r one h o u r i n 1 N KC1. The e x t r a c t was a n a l y z e d 

c o l o r i m e t r i c a l l y w i t h a T e c h n i c o n a u t o a n a l y z e r f o r ammonium. 

N i t r a t e c o n c e n t r a t i o n s were n o t d e t e r m i n e d . Due t o t h e 

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

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

p e r i o d o f one t o two weeks p r i o r t o t h e commencement o f a i r 

d r y i n g . T h u s , t h e d a t a i n t h i s s t u d y w i l l m a i n l y be 

e x p r e s s e d a s g r o s s N m i n e r a l i z a t i o n ( J o n e s and P a r s o n s , 1970; 

P o w e r s , 1980) r a t h e r t h a n n e t m i n e r a l i z a t i o n . However, f o r 

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

was a l s o d e t e r m i n e d . T h u s , p r i o r t o i n c u b a t i o n , a v a i l a b l e N 

was e x t r a c t e d f r o m d u p l i c a t e s a m p l e s u s i n g t h e same methods 

as a b o v e . Net m i n e r a l i z a b l e - N was t h e n d e t e r m i n e d by 
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s u b t r a c t i n g t h e a m o u n t r e l e a s e d d u r i n g t h e i n c u b a t i o n f r o m 

t h e a m o u n t o f a v a i l a b l e N i n i t i a l l y p r e s e n t i n t h e s o i l . 

T o t a l N a n d P w e r e d e t e r m i n e d b y a s e m i m i c r o K j e l d a h l 

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

a u t o a n a l y z e r . T o t a l C w a s a n a l y z e d u s i n g a L e c o I n d u c t i o n 

F u r n a c e . A v a i l a b l e P w a s d e t e r m i n e d u s i n g t h e B r a y P 

e x t r a c t i o n p r o c e d u r e ( d i l u t e a c i d - f l u o r i d e e x t r a c t i o n ) ( O l s e n 

a n d S o m m e r s , 1 9 8 2 ) . E x c h a n g e a b l e c a t i o n s ( K , C a , Mg a n d N a ) 

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

NH4OAC ( C h a m p m a n , 1 9 6 5 ) . D i s p l a c e d c a t i o n s w e r e a n a l y z e d b y 

a t o m i c a b s o r p t i o n . C E C w a s d e t e r m i n e d b y s t e a m d i s t i l l a t i o n 

o f NH3 ( C h a p m a n , 1 9 6 5 ) . V a l u e s f o r pH w e r e d e t e r m i n e d i n 

b o t h a 1 : 2 s o i l : 0 . 0 1 M C a C l 2 a n d 1 : 2 s o i l : w a t e r 

s u s p e n s i o n f o r m i n e r a l s o i l a n d a n 1 : 5 0 . 0 1 M C a C l 2 . a n d 1 : 5 

w a t e r s u s p e n s i o n f o r o r g a n i c m a t e r i a l . P a r t i c l e s i z e w a s 

d e t e r m i n e d b y t h e B o u y o u c o s h y d r o m e t e r m e t h o d ( D a y , 1 9 6 5 ) . 

S t a t i s t i c a l A n a l y s i s 

M i n e r a l i z a b l e - N w a s s u b j e c t e d t o a 6 x 2 ( y e a r s 

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

S t u d e n t - N e w m a n K e u l s ' m u l t i p l e r a n g e t e s t . C o m p a r i s o n s o f 

t h e o t h e r s o i l p a r a m e t e r s w e r e b a s e d o n s i m p l e S t u d e n t - t 

t e s t s . F o r t h e s e t e s t s , t h e d a t a f r o m a l l c u t o v e r s w e r e 

c o m b i n e d b y p h a s e . A l l s t a t i s t i c a l a n a l y s e s w e r e p e r f o r m e d 

w i t h t h e a i d o f U . B . C . ' s c o m p u t e r u s i n g e i t h e r t h e p r o g r a m 

G E N L I N , f o r t h e f a c t o r i a l a n a l y s i s , o r M I D A S f o r t h e 

S t u d e n t - t t e s t s . 
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R E S U L T S AND D I S C U S S I O N 

T a b l e 6 s u m m a r i z e s t h e e s t i m a t e s o f t h e s o i l 

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

T h e r e w a s n o s i g n i f i c a n c e d i f f e r e n c e i n pH w h e n m e a s u r e d i n a 

C a C l 2 s o l u t i o n . H o w e v e r , w h e n m e a s u r e d i n a w a t e r s o l u t i o n , 

t h e pH o f t h e m i n e r a l s o i l i n t h e H A - p h a s e w a s s i g n i f i c a n t l y 

g r e a t e r ( p = . 0 5 ) ( T a b l e 6 ) . T h e a c t u a l d i f f e r e n c e s h o w e v e r , 

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

a v a i l a b i l i t y o f n u t r i e n t s b e t w e e n t h e t w o p h a s e s . 

W i t h t h e e x c e p t i o n o f C a , t h e r e i s r e l a t i v e l y 

l i t t l e d i f f e r e n c e i n t h e e x c h a n g e a b l e b a s e s b e t w e e n t h e t w o 

p h a s e s . S i g n i f i c a n t l y g r e a t e r ( p = . 0 1 ) a m o u n t s o f C a f o u n d i n 

t h e h u m u s o f t h e C H - p h a s e may b e a r e f l e c t i o n o f t h e h i g h e r 

c e d a r c o n t e n t o f t h i s p h a s e . H o w e v e r , o t h e r s t u d i e s i n t h i s 

a r e a h a v e f o u n d c o m p a r a b l e c o n c e n t r a t i o n s i n t h e H A - p h a s e 

( T a b l e 7 ) . B o t h K a n d Mg c o n c e n t r a t i o n s w e r e s i g n i f i c a n t l y 

g r e a t e r ( p = . 0 5 ) i n t h e m i n e r a l s o i l o f t h e H A - p h a s e , a l t h o u g h 

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

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

t h r o u g h o u t t h e P a c i f i c N o r t h w e s t ( s e e H e i l m a n , 1 9 7 9 ) , t h e 

v a l u e s f o r C a a n d Mg a p p e a r t o b e n o r m a l , b u t K v a l u e s a p p e a r 

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

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

e x p e r i e n c e d i n t h i s s t u d y a r e d e f i c i e n t , p a r t i c u l a r l y i n t h e 
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CH-phase. Mean K c o n c e n t r a t i o n s of the humus are comparable 

t o , or o n l y s l i g h t l y h i g h e r than c o n c e n t r a t i o n s found i n 

o l i g o t r o p h i c peats known to be K d e f i c i e n t (Gore and A l l e n , 

1956; W i l l i a m s et a l . , 1978). In a d d i t i o n , mean f o l i a r K 

c o n c e n t r a t i o n of spruce t r e e s from both phases are low and i n 

the c r i t i c a l range ( T a b l e 1 ) . In f a c t , v i s u a l symptoms 

c h a r a c t e r i s t i c of K d e f i c i e n c y were observed on the 

o c c a s i o n a l spruce i n the p l a n t a t i o n s s e l e c t e d f o r 

f e r t i l i z a t i o n (see F i g u r e 20 and c o r r e s p o n d i n g d i s c u s s i o n s ) . 

S i m i l a r symptoms were not noted on spruce i n the HA-phase. 

T h i s may be due to a g r e a t e r p o r t i o n of the r o o t s r e a c h i n g 

and e x p l o i t i n g the m i n e r a l s o i l i n t h i s phase. 

Both a v a i l a b l e and t o t a l P were s i g n i f i c a n t l y 

g r e a t e r (p=.01) i n the o r g a n i c and m i n e r a l s o i l s of the 

HA-phase as compared to the CH-phase. A b s o l u t e d i f f e r e n c e s 

between the phases were a g a i n s m a l l , and i n both cases, the 

s o i l s appear to be e x t r e m e l y P d e f i c i e n t . K l i n k a et a l . , 

(1979) not e d , however, t h a t c a r e must be e x e r c i s e d when 

i n t e r p r e t i n g a v a i l a b l e P data s i n c e d i f f e r e n t e x t r a c t i o n 

methods y i e l d d i f f e r e n t r e s u l t s and the best method f o r 

c o a s t a l B.C. i s s t i l l unknown. Compared to o t h e r s o i l s 

t h r oughout the P a c i f i c Northwest (see Heilman, 1979) the 

e s t i m a t e s o b t a i n e d i n t h i s study are w e l l below average, but 

agree w i t h e s t i m a t e s from o t h e r s i t e s of western Vancouver 

I s l a n d ( T a b l e 7 ) . S i m i l a r l y , t o t a l P c o n c e n t r a t i o n s are 

w i t h i n the ranges found on m e s o t r o p h i c and o l i g o t r o p h i c 

p e a t s , known to be P d e f i c i e n t (Toleman, 1973). In a d d i t i o n , 

mean f o l i a r P c o n c e n t r a t i o n s of spruce and hemlock sample 



T A B L E 6 . C o m p a r i s o n o f n u t r i e n t c o n t e n t s i n t h e C H - and H A - p h a s e s a v e r a g e d o v e r a l l c u t o v e r s . 
V a l u e s i n p a r e n t h e s i s a r e + S D . 

CH - P H A S E 
HUMUS 

HA-PHASE C H -
MINERAL 

PHASE 
S O I L 

HA--PHASE 

pH H20 
CaC12 

3 . 4 
2 . 8 

( 0 . 1 0 9 ) 
( 0 . 1 5 7 ) 

3 . 4 ( 0 . 1 1 6 ) 
2 . 8 ( 0 . 1 3 4 ) 

4 . 2 
3 . 9 

( 0 . 2 2 4 ) 
( 0 . 2 3 1 ) 

4 . 4 
4 . 0 

( 0 . 2 1 0 ) 
( 0 . 1 9 6 ) 

* 

T o t a l N ( X ) f 0 . 9 0 ( 0 . 0 8 5 ) 1 .17 ( 0 . 1 3 6 ) ** 0 . 1 8 ( 0 . 0 4 9 ) 0 . 2 6 ( 0 . 0 8 6 ) ** 

C / N f 59 ( 5 . 9 4 0 ) * * 45 ( 6 . 9 6 0 ) 45 ( 5 . 4 8 0 ) * * 32 ( 4 . 9 9 0 ) 

KCL E x t r a c t a b l e N (ppm)* 83 ( 1 8 . 9 8 0 ) 129 ( 2 5 . 9 2 1 ) ** 4 . 8 ( 3 . 2 5 3 ) 8 . 7 ( 5 . 3 1 3 ) ** 

M i n e r a l i z a b l e - N ( p p t n / 133 ( 2 8 . 8 2 0 ) 191 ( 2 9 . 2 0 5 ) ** 18 ( 4 . 4 7 6 ) 36 ( 1 1 . 8 1 7 ) ** 

T o t a l P (%/ 0 . 0 6 ( 0 . 0 0 7 ) 0 . 0 8 ( 0 . 0 1 1 ) 0 . 0 3 ( 0 . 0 0 8 ) 0 . 0 4 ( 0 . 0 1 3 ) ** 

A v a i l a b l e P (ppm) 7 . 9 ( 3 . 9 6 6 ) 1 3 . 8 ( 3 . 9 6 4 ) ** 0 . 8 ( 0 . 5 1 7 ) 2 . 0 ( 1 . 1 2 6 ) ** 

E x c h a n g a b l e B a s e s 
Ca ( m e q / l O O g ) 
K ( m e q / l O O g ) 
Mg ( m e q / l O O g ) 
Na ( m e q / l O O g ) 

1 4 . 3 0 
0 . 8 0 
6 . 1 0 
0 . 5 0 

( 4 . 6 2 0 ) 
( 0 . 1 5 6 ) 
( 1 . 1 2 9 ) 
( 0 . 0 6 1 ) 

* * 1 0 . 8 0 ( 3 . 3 5 9 ) 
0 . 7 6 ( 0 . 1 8 6 ) 
5 . 7 0 ( 1 . 0 2 0 ) 
0 . 5 1 ( 0 . 0 7 2 ) 

0 . 2 7 
0 . 0 6 
0 . 2 5 
0 . 0 5 

( 0 . 2 9 7 ) 
( 0 . 0 2 3 ) 
( 0 . 0 9 7 ) 
( 0 . 0 1 7 ) 

0 . 4 1 
0 . 0 8 
0 . 3 6 
0 . 0 6 

( 0 . 2 5 1 ) 
( 0 . 0 2 8 ) 
( 0 . 1 6 4 ) 
( 0 . 0 2 0 ) 

* 
* 

* D e n o t e s s i g n i f i c a n c e a t p - . 0 5 . 
* * D e n o t e s s i g n i f i c a n c e a t p - . 0 1 . 
t B a s e d on 30 c o m p o s i t e d s a m p l e s , a l l r e m a i n i n g a n a l y s i s were b a s e d on 20 c o m p o s i t e d s a m p l e s . 



T A B L E 7. E s t i m a t e s o f s o i l n u t r i e n t c o n t e n t s f o u n d i n o t h e r s t u d i e s on t h e C H - p h a s e and t h e H A - p h a s e and i n o t h e r s o i l s o f 
V a n c o u v e r I s l a n d , V a l u e s i n p a r e n t h e s i s a r e r a n g e s . 

LOCATION NUMBER PHASE OR HORIZON TOTAL A V A I L A B L E EXCHANGEABLE P H 
OF FOREST TYPE N P C / N P Ca K Mg (H20) 

SOILS (cm) % (ppm) meq/100 g • 

J e u n e L a n d i n g ' - HA L - H 1 .16 - 6 6 . 6 * 26 0 . 4 2 . 5 4 . 6 

- HA 5-15 0 . 2 9 - 3 . 0 * 2 0 . 1 0 . 6 4 . 2 

Woss Camp' _ hemlock L - H 1.21 _ 4 6 . 5 * 18 1.2 4 . 5 5 . 3 

- h e m l o c k 5-15 0 . 2 8 - 8 . 1 * 1 0 . 1 0 . 3 4 . 8 

T . F . L . S 2 5 2 6 HA H 1 .13 0 . ,10 39 14 0 . 7 4 . 6 _ 
0 . 7 4 0 . ,09 59 - ( 8 - 2 1 ) ( 0 . 5 - 1 . 1 ) ( 4 . 9 - 4 . 5 ) _ 

4 CH H ( 0 . S 9 - 1 . 6 9 ) ( 0 . 08-- 0 . 1 5 ) ( 4 7 - 7 2 ) - 11 0 . 7 1 5 . 6 _ 

- ( 5 - 1 4 ) ( 0 . 6 5 - 0 . 7 8 ) ( 3 . 7 - 7 . 8 ) -
P o r t H a r d y 2 HA H 1 .30 36 1 0 . 4 _ _ _ 3 . 2 

HA 0-15 0 . 1 4 30 1 .6 0 . 0 1 0 . 0 7 0 . 1 6 5 . 4 

P o r t Hardy"* hemlock FH 1 .00 0 . 0 6 49 _ 16 1.3 1 2 . 2 3 . 6 
( 0 . 8 0 - 0 . 1 3 ) ( 0 . ,04. - 0 . 0 9 ) ( 3 7 - 6 2 ) - ( 5 - 2 5 ) ( 0 . 8 - 2 . 0 ) ( 8 . 5 - 2 2 . 0 H 3 . 3 - 3 . 8 ) 

- hemlock 6-11 0 . 3 2 42 - 0 . 2 2 0 . 1 4 0 . 3 7 4 . 1 

N . V a n . I s . 4 2 CH LFH 1 .03 0 . 0 6 44 _ 25 1.58 9 . 1 6 3 . 2 
2 CH Bf 0 . 1 8 47 0 . 1 0 . 0 1 0 . 1 8 0 . 1 4 4 . 9 

T o f i n o 5 2 P l a n t a t i o n L - H 0 . 8 9 _ 38 4 2 . 1 1 3 . 3 1.2 8 . 3 
2 P l a n t a t i o n 0-14 0 . 1 4 - 28 1 . 3 0 . 3 7 0 . 3 1 0 . 1 1 -

W. V a n . I s . 6 4 - 7 hemlock L - H 1 .09 40 2 . 4 1 5 . 8 0 . 5 5 . 6 _ 
( 0 . 8 0 - 1 . 5 7 ) - ( 2 4 - 6 3 ) ( 0 . 7 - 3 . 5 ) ( 4 . 9 - 2 6 . 0 ) ( 0 . 2 - 1 . 2 ) ( 1 . 0 - 1 4 . 1 ) _ 

4 - 7 hemlock B h - B h f 0 . 2 6 - 32 1 . 3 2 0 . 1 0 . 5 _ 
( 0 . 0 8 - 0 . 7 0 ) — ( 2 6 - 4 1 ) ( 0 . 6 - 2 . 0 ) ( 0 . 2 - 3 . 3 ) - ( 0 . 1 - 1 . 1 ) -

Based on a S o d i u m B i c a r b o n a t e e x t r a c t i o n . R e m a i n i n g a r e b a s e d on B r a y ' s D i l u t e a c i d - F l u o r i d e e x t r a c t i o n . 

S o u r c e s : 1 . B a k e r , 1 9 7 0 . 2 . L e w i s , 1 9 8 2 . 3 . Q u e s n e l , 1 9 8 1 . 4 . M . O . F . , 1 9 8 3 ? 5 . B C F P , 1 9 8 1 . 
6 . H e i l m a n , 1 9 7 9 . 

U n p u b l i s h e d d a t a s u p p l i e d by F r e d N u s z d o r f e r o f t h e t h e B r i t i s h C o l u m b i a M i n i s t r y o f F o r e s t s . 
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t r e e s t a k e n f r o m b o t h p h a s e s w e r e l o w a n d w e l l b e l o w k n o w n 

c r i t i c a l v a l u e s ( s e e d i s c u s s i o n o f f o l i a r P ) . 

T o t a l a n d K C 1 e x t r a c t a b l e N i n b o t h t h e o r g a n i c a n d 

m i n e r a l s o i l s w e r e a l s o s i g n i f i c a n t l y g r e a t e r ( p = . 0 1 ) i n t h e 

H A - p h a s e . M e a n K C 1 e x t r a c t a b l e N i n t h e h u m u s o f t h e 

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

a n d E d m o n d s ( 1 9 8 4 ) f o r h i g h s i t e D o u g l a s - f i r o r b y S i d l e a n d 

S h a w ( 1 9 8 3 ) f o r a n u m b e r o f s p r u c e - h e m l o c k m i c r o - s i t e s i n 

A l a s k a . E x t r a c t a b l e N e s t i m a t e s f r o m t h e m i n e r a l s o i l s a n d 

t h e h u m u s o f t h e C H - p h a s e w e r e c o m p a r a b l e t o t h o s e r e p o r t e d 

b y t h e a b o v e a u t h o r s . 

C o m p a r e d t o o t h e r s i t e s t h r o u g h o u t t h e P a c i f i c 

N o r t h w e s t ( s e e H e i l m a n , 1 9 7 9 ) , t o t a l N i n t h e H A - p h a s e 

a p p e a r s t o b e a b o v e a v e r a g e , b u t l o w e r t h a n a n u m b e r o f s i t e s 

k n o w n t o b e h i g h l y p r o d u c t i v e ( s e e K l i n k a e t a l . , 1 9 7 9 ) . 

T o t a l N i n t h e C H - p h a s e o n t h e o t h e r h a n d i s m u c h l o w e r , b u t 

s t i l l a p p e a r s t o b e a v e r a g e o r o n l y s l i g h t l y b e l o w a v e r a g e . 

T o t a l N i n b o t h p h a s e s i s c o n s i d e r a b l y l o w e r t h a n t h e 

e s t i m a t e s o f t o t a l N i n o l i g o t r o p h i c p e a t s i n B r i t a i n w h e r e N 

d e f i c i e n c i e s a r e c o m m o n ( T o l e m a n , 1 9 7 3 ; W i l l i a m s e t a l . , 

1 9 7 8 ) . 

T h e h i g h e r t o t a l N o f t h e H A - p h a s e h a s r e s u l t e d i n 

a s i g n i f i c a n t l y l o w e r C / N r a t i o c o m p a r e d t o t h e C H - p h a s e . 

T h e s e f a c t o r s h a v e l e d L e w i s ( 1 9 8 2 ) t o s u g g e s t t h a t 

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

H A - p h a s e . T o t a l N h o w e v e r , i s n o t n e c e s s a r i l y c o r r e l a t e d 

w i t h t r e e p r o d u c t i v i t y ( K l i n k a e t a l . , 1 9 7 9 ) . S i m i l a r l y , 

B e r g a n d E k b o h m ( 1 9 8 3 ) h a v e s h o w n t h a t N r e l e a s e v a r i e s w i t h 



- 5 4 -

s i t e a n d c o n c l u d e d t h a t t h e r e i s n o f i x e d C / N r a t i o w h i c h 

d i c t a t e s w h e t h e r N i s i m m o b i l i z e d o r r e l e a s e d . I n f a c t , 

t h e r e i s i n c r e a s i n g e v i d e n c e w h i c h s u g g e s t s t h a t o t h e r 

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

i m p o r t a n t i n r e g u l a t i n g N r e l e a s e t h a n C / N r a t i o s ( B e r g e t 

a l . , 1 9 8 2 ) . A t t e m p t s t o i m p r o v e e s t i m a t e s o f N a v a i l a b i l i t y 

h a s l e d r e s e a r c h e r s t o m o v e f r o m t h e s e s t a t i c m e a s u r e m e n t s t o 

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

s t u d i e s ( K e e h e y , 1 9 8 0 ) . S u c h m e t h o d s a r e b e l i e v e d t o p r o v i d e 

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

s o i l s t o s u p p l y N ( W i l l i a m s e t a l . , 1 9 7 9 ) . 

F i g u r e 9 i l l u s t r a t e s t h e p a t t e r n s o f g r o s s N 

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

p h a s e f o r b o t h t h e F H - l a y e r a n d t h e t o p 1 5 cm o f m i n e r a l 

s o i l . I n g e n e r a l , s i g n i f i c a n t l y m o r e N w a s m i n e r a l i z e d i n 

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

t h e C H - p h a s e ( F i g u r e 9 ) . P a t t e r n s o f m i n e r a l i z a t i o n o v e r 

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

p h a s e s . A l t h o u g h t h e f l u c t u a t i o n s b e t w e e n s u c c e s s i v e 

c u t o v e r s o f t h e H A - p h a s e a r e l a r g e , h a r v e s t i n g a p p e a r s t o 

h a v e h a d l i t t l e i n f l u e n c e o n N m i n e r a l i z a t i o n . 

M i n e r a l i z a t i o n o n t h e C H - p h a s e h o w e v e r , a p p e a r s t o f o l l o w a 

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

t h e 3 - y e a r - o l d c u t o v e r o f t h e C H - p h a s e i s u n l i k e l y d u e t o 

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

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

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

l o g g i n g , a l l t h e s e s i t e s w e r e a l s o b u r n t . T h e h i g h e r r a t e s 

o f m i n e r a l i z a t i o n o n t h e m o r e r e c e n t c l e a r c u t s may t h e r e f o r e 

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

r e s u l t i n g f r o m t h e b u r n r a t h e r t h a n t h e s o - c a l l e d " A s s a r t 

e f f e c t " . 

S i m i l a r p a t t e r n s w e r e n o t e v i d e n t i n t h e m i n e r a l 

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

l i t t l e e f f e c t o n N m i n e r a l i z a t i o n i n t h e s e h o r i z o n s . 

A n a e r o b i c N - m i n e r a l i z a t i o n i s w e l l c o r r e l a t e d w i t h 

s i t e i n d e x , t r e e g r o w t h a n d g r o w t h r e s p o n s e s t o N 

f e r t i l i z a t i o n f o r s o m e s o i l s ( P o w e r s , 1 9 8 0 ) . P o w e r s ( 1 9 8 4 ) 

s u g g e s t s t h a t i n C a l i f o r n i a o n l y t h o s e s o i l s w i t h l e s s t h a n 

5 0 ppm m i n e r a l i z a b l e N s h o u l d b e c o n s i d e r e d f o r 

f e r t i l i z a t i o n . S i m i l a r l y , S h u m w a y a n d A t k i n s o n ( 1 9 7 8 ) 

o u t l i n e d g e n e r a l g u i d e l i n e s f o r N f e r t i l i z a t i o n w h e n u s i n g 

n e t N m i n e r a l i z a t i o n ( s e e M a t e r i a l s a n d M e t h o d s f o r 

d e f i n i t i o n o f " n e t " ) f o r s o i l s i n t h e P a c i f i c N o r t h w e s t . 

T h e y s u g g e s t e d t h a t s o i l s w i t h < 2 5 ppm N w o u l d i n d i c a t e a 

h i g h r e s p o n s e p o t e n t i a l , s o i l s t e s t i n g 2 6 - 5 0 ppm N a 

m o d e r a t e r e s p o n s e p o t e n t i a l , a n d >51 ppm a l o w r e s p o n s e 

p o t e n t i a l . I n t h e p r e s e n t s t u d y , g r o s s N m i n e r a l i z a t i o n o f 

; t h e m i n e r a l s o i l w a s 3 5 . 7 + 1 1 . 8 1 7 ppm a n d 1 7 . 6 +_ 4 . 4 7 6 ppm 

f o r t h e H A - p h a s e a n d C H - p h a s e , r e s p e c t i v e l y , a n d n e t 

m i n e r a l i z a t i o n w a s 2 7 . 1 + 9 . 7 8 0 ppm a n d 1 2 . 8 + 5 . 9 9 1 ppm 

r e s p e c t i v e l y . T h u s , b a s e d o n t h e a b o v e c r i t e r i a , t h e C H -

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

w h e r e a s , t h e H A - p h a s e w o u l d b e c o n s i d e r e d t o h a v e , a t b e s t , 
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P - O I 

"5 g g s^—^6 
YEARS FROM HARVESTING 

P-05 P-OI 

24 
"^EARS FROM HARVESTING 

F IGURE 9. N m i n e r a l i z a t i o n r a t e s o f t h e 
m i n e r a l s o i l o f t h e H A - p h a s e (— 
( ) . L i n e s c o n n e c t i n g t h e same p o i n t s a r e 
s i g n i f i c a n t l y d i f f e r e n t . V e r t i c a l b a r s + 1 S D . 

FH l a y e r and t h e 
) and t h e C H - p h a s e 

n o t 
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T A B L E 8 . E s t i m a t e s o f m i n e r a 1 i z a b 1 e N f o r a v a r i e t y o f s i t e s 
t h r o u g h o u t t h e P a c i f i c N o r t h w e s t a n d i n B r i t a i n . 

L O C A T I O N NUMBER F O R E S T HORIZON M I N E R A L I Z A B L E N 
OF S I T E S T Y P E ( c m ) ( p p m ) 

O r e g o n , W a s h . ' 

V a n c o u v e r I s . 

C o w i c h a n L a k e * ' 

C o w i c h a n L a k e ' ' 

C o w i c h a n L a k e 3 

C o w i c h a n L a k e 

T o f i n c - 4 

T o f i n o 4 

T o f i n o « 

T o f i n o 4 

B r i t a i n 5 

B r i t a i n 5 

B r i t a i n 5 

16 D o u g l a s - f i r 0 - 15 4 6 . 6 

10 H i g h s i t e Ah 1 9 . 7 
D o u g l a s - f i r 

17 H i g h s i t e 0 - 3 0 5 8 . 4 * 
D o u g l a s - f i r 

17 H i g h s i t e 0 - 3 0 4 5 . 4 
D o u g l a s - f i r 

11 Low s i t e 0 - 3 0 2 4 . 3 * 
d o u g l a s - f i r 

11 Low s i t e 0 - 3 0 1 1 . 9 
D o u g l a s - f i r 

1 D o u g l a s - f i r L F H 2 0 . 0 
p l a n t a t i o n 

1 D o u g l a s - f i r 0 - 1 4 3 . 0 
p i a n t a t i o n 

1 w . h e m l o c k FH 1 3 . 8 
p l a n t a t i o n 

1 w . h e m l o c k 0 - 1 1 2 . 8 
p l a n t a t i o n 

3 E u t r o p h i c 0 - 1 5 133 
p e a t 

2 O l i g o t r o p h i c 0 - 1 5 117 
p e a t 

1 O l i g o t r o p h i c 0 - 1 5 67 
p e a t 

* V a l u e s r e p r e s e n t g r o s s N m i n e r a l i z a t i o n , a l l o t h e r s a r e n e t 
m i n e r a l i z a t i o n . 

S o u r c e s : 1 . Shumway a n d A t k i n s o n , 1 9 7 7 . 
2 . K l i n k a e t a l . , 1 9 7 9 . 
3 . R o y , 1 9 8 3 . 4 

4 . B C F P , 1 9 8 3 . 5 

5 . W i l l i a m s e t a l . , 1 9 7 9 . 

R . R o y . 1 9 8 3 . R e l a t i o n s h i p s b e t w e e n N a v a i l a b i l i t y , s i t e 
p r o d u c t i v i t y , a n d s e v e r a l i n d i c i e s o f s o i l N s t a t u s . U n p u b . 
F o r e s t r y 504 T e r m P a p e r . U B C , V a n c o u v e r , B . C . 

5 ' B r i t i s h C o l u m b i a F o r e s t P r o d u c t s C o . L t d . 1 9 8 3 . P e r s o n a l 
c o r r e s p o n d e n c e w i t h D . M c M u l l a n , S i 1 v i c u l t u r a l i s t . 
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o n l y a m o d e r a t e r e s p o n s e p o t e n t i a l . H o w e v e r , b o t h t h e s e 

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

i f S h u m w a y a n d A t k i n s o n ' s c r i t e r i o n c o u l d b e a p p l i e d t o t h e 

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

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

m i n e r a l s o i l i s n o t k n o w n . 

G i v e n t h e t h i c k o r g a n i c a c c u m u l a t i o n s f o u n d o n 

t h e s e s i t e s h o w e v e r ( 1 5 t o 3 0 cm i n t h e C H - p h a s e a n d 5 t o 1 5 

cm i n t h e H A - p h a s e ) , t h e h u m u s f r a c t i o n may b e m o r e i m p o r t a n t 

t h a n t h e m i n e r a l s o i l i n r e g u l a t i n g N a v a i l a b i l i t y . T h i s may 

b e p a r t i c u l a r l y t r u e f o r t h e C H - p h a s e s i n c e t h e m a j o r i t y o f 

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

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

o f N m i n e r a l i z a t i o n o f t h e h u m u s , w h i c h c l o s e l y f o l l o w t h e 

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

( F i g u r e s 7 a n d 9 ) . 

T h e r e a r e v e r y f e w s t u d i e s o n N m i n e r a l i z a t i o n 

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

f o r d i f f e r e n t s i t e s t h r o u g h o u t t h e P a c i f i c N o r t h w e s t a n d 

B r i t a i n a r e g i v e n i n T a b l e 8 . S i n c e N m i n e r a l i z a t i o n h a s 

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

u s e d ( P o w e r s , 1 9 8 0 ; S h u m w a y a n d A t k i n s o n , 1 9 7 8 ) , d i r e c t 

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

m i n e r a l i z a t i o n e s t i m a t e s i n t h e m i n e r a l s o i l f o r t h e H A - p h a s e 

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

w h e r e a s , t h o s e f o r t h e C H - p h a s e a r e m o r e c o m p a r a b l e t o N 

m i n e r a l i z a t i o n r a t e s o f l o w s i t e D o u g l a s - f i r ( T a b l e 8 ) . 
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SUMMARY AND C O N C L U S I O N S 

T h e g r e a t e r N m i n e r a l i z a t i o n r a t e s o f t h e H A - p h a s e 

l e n d s u p p o r t t o L e w i s ' s h y p o t h e s i s t h a t d e c o m p o s i t i o n a n d 

n u t r i e n t t u r n o v e r a r e m u c h s l o w e r i n t h e C H - p h a s e , a n d t h u s 

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

b e t w e e n t h e t w o p h a s e s . H o w e v e r , w h i l e s i g n i f i c a n t 

d i f f e r e n c e s i n m i n e r a l i z a b l e N , t o t a l N , a n d t o t a l a n d 

a v a i l a b l e P h a v e b e e n n o t e d b e t w e e n t h e p h a s e s , t h e a c t u a l 

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

s u c h d r a m a t i c d i f f e r e n c e s i n p r o d u c t i v i t i e s . T h i s i s 

p a r t i c u l a r l y t r u e f o r t o t a l a n d a v a i l a b l e P , a n d n e t N 

m i n e r a l i z a t i o n o f t h e h u m u s . I n f a c t , c o n s i d e r i n g t h e 

r e l a t i v e l y h i g h m i n e r a l i z a t i o n r a t e s f o u n d i n t h e h u m u s o f 

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

o f a v a i l a b l e N i n e i t h e r t o s u s t a i n g r o w t h . M o r e o v e r , t h i s 

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

C H - p h a s e . A l s o , w i t h r e s p e c t t o P , f o l i a g e c o n c e n t r a t i o n s o f 

v i g o u r o u s h e m l o c k a n d s p r u c e s e l e c t e d f r o m t h e H A - p h a s e a r e 

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

i n t h e C H - p h a s e , a n d o n b o t h s i t e s f o l i a r P c o n c e n t r a t i o n s 

a r e i n t h e d e f i c i e n c y r a n g e ( s e e d i s c u s s i o n o n f o l i a r P ) . 

C e d a r o n t h e o t h e r h a n d , h a s c o n s i d e r a b l y h i g h e r f o l i a g e P 

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

s u g g e s t t h e p o s s i b i l i t y t h a t s o m e f a c t o r ( s ) , o t h e r t h a n t h e 
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l a c k o f a v a i l a b l e n u t r i e n t s , may b e c o n t r i b u t i n g t o t h e 

d i f f e r e n c e s i n p r o d u c t i v i t y . 

W h i l e i t i s b e y o n d t h e s c o p e o f t h i s t h e s i s t o 

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

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

t o a p o s s i b l e s a l a l e f f e c t d i s c u s s e d e a r l i e r a n d / o r 

d i f f e r e n c e s i n t h e s o i l p h y s i c a l p r o p e r t i e s . L e w i s ( 1 9 8 2 ) 

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

p r o p e r t i e s b e t w e e n t h e t w o p h a s e s may p l a y a s i g n i f i c a n t r o l e 

i n c o n t r i b u t i n g t o t h e h i g h e r p r o d u c t i v i t y o f t h e H A - p h a s e . 

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

w o u l d f a v o u r r o o t d e v e l o p m e n t a n d p e n e t r a t i o n i n t o t h e 

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

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

C H - p h a s e , t h e n t h e c o m b i n e d c o n t r i b u t i o n o f n u t r i e n t s i n t h e 

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

p r o v i d e a d i s t i n c t a d v a n t a g e i n t e r m s o f t h i s s i t e ' s 

p o t e n t i a l c a p a b i l i t y t o s u p p l y n u t r i e n t s . 
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: E F F E C T S OF F E R T I L I Z A T I O N ON 1 9 8 3 L E A D E R G R O W T H , C U R R E N T Y E A R S 
N E E D L E W E I G H T , AND N E E D L E N U T R I E N T C O M P O S I T I O N 

I N T R O D U C T I O N 

E f f i c i e n t o p e r a t i o n a l f o r e s t f e r t i l i z a t i o n d e p e n d s 

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

p o t e n t i a l r e s p o n s i v e n e s s o f t h e s t a n d s t o b e f e r t i l i z e d . 

E v i d e n c e p r e s e n t e d t h u s f a r i n t h i s a n d o t h e r s t u d i e s s u g g e s t 

t h e p o s s i b i l i t y o f m u l t i p l e n u t r i e n t d e f i c i e n c i e s e x i s t i n g i n 

t h e s p r u c e p l a n t a t i o n s o f t h e C H - p h a s e . M u c h o f t h i s 

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

m u c h m o r e d e t a i l e d f o l i a r a n a l y s i s i s r e q u i r e d i n o r d e r t o 

a c c u r a t e l y i d e n t i f y d e f i c i e n t n u t r i e n t s , a n d f e r t i l i z e r 

t r i a l s m u s t b e e s t a b l i s h e d t o d e t e r m i n e p o t e n t i a l r e s p o n s e s . 

C o n v e n t i o n a l f e r t i l i z e r t r i a l s t y p i c a l l y r e q u i r e 3 

t o 5 y e a r s t o o b t a i n r e l i a b l e r e s p o n s e i n f o r m a t i o n . 

M o r e o v e r , t h e y o f t e n r e q u i r e a l a r g e h o m o g e n e o u s a r e a , w h i c h 

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

L i t e r a t u r e R e v i e w ) . W e e t m a n a n d F o u r n i e r ( 1 9 8 3 ) s u g g e s t t h a t 

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

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

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

q u a l i t a t i v e e s t i m a t e o f p o t e n t i a l g r o w t h r e s p o n s e s . T h i s 



method i s d e s c r i b e d i n d e t a i l i n t h e L i t e r a t u r e Review, 

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

o b j e c t i v e s o f t h i s t h e s i s . 
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MATERIALS AND METHODS 

F i e l d P r o c e d u r e s 

F i v e p l a n t a t i o n s , r a n g i n g i n age f r o m 8 t o 1A y e a r s 

were s e l e c t e d f o r s t u d y . T a b l e 9 g i v e s t h e s t a n d 

c h a r a c t e r i s t i c s f o r e a c h p l a n t a t i o n . F o r c o n v e n i e n c e , t h e y 

a r e r e f e r r e d t o a s s t a n d s 1 t o 5; F i g u r e 3 g i v e s t h e 

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

TABLE 9 . S t a n d c h a r a c t e r i s t i c s o f f i v e S i t k a s p r u c e 
p l a n t a t i o n s s e l e c t e d f o r f e r t i l i z a t i o n . 

STAND YEAR YEAR MEAN* ANNUAL HEIGHT INCREMENT** 
NUMBER LOGGED PLANTED HEIGHT 1983 1982 1981 

(m) (cm) (cm) (cm) 

1 1971 1972 
(2 . 

2.70 
31-3.28) 

9.8 
(5-16) 

12.0 
(6-23) 

9.7 
(5-23) 

2 - 1969 
(2 . 

2.AA 
13-2.71) 

9.5 
(3-18) 

7.9 
(2-19) 

10.2 
(A-2A) 

3 - 1969 
(2 . 

2.61 
26-2.97) 

9.2 
(2-12) 

10.1 
(3-16) 

11.7 
(A-22) 

A 1972-1973 1975 
(1 . 

1.96 
76-2.33) 

10.9 
(5-23) 

11.1 
(2-28) 

15.7 
(A-38) 

5 1971 1973 
( 1 . 

2.17 
90-2 .A6) 

9.2 
(2-20) 

10.6 
(2-20) 

11.9 
(3-2A) 

* I n c l u d e s s a m p l e t r e e s f r o m a l l t r e a t m e n t s — r a n g e o f 
t r e a t m e n t means i n p a r e n t h e s i s . 

** O n l y i n c l u d e s s a m p l e t r e e s f r o m c o n t r o l p l o t s — 
r a n g e s i n p a r e n t h e s i s . 
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T h e e x p e r i m e n t a l d e s i g n a n d m e t h o d s u s e d i n t h i s 

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

a f t e r W e e t m a n a n d F o u r n i e r ( 1 9 8 3 ) . A c o m p l e t e l y r a n d o m i z e d 

. 4 x 2 x 2 f a c t o r i a l d e s i g n ( ( N O , N l , N 2 , N 3 ) x ( P O + K O , P , 

K , P K ) ) w i t h s e v e n r e p l i c a t i o n s p e r t r e a t m e n t w a s e s t a b l i s h e d 

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

f e r t i l i z e r a p p l i e d w a s a s f o l l o w s : 

A m m o n i u m N i t r a t e ( N H 4 N 0 3 ) a t 0 - ( N 0 ) , 2 0 0 - ( N l ) , 
3 0 0 - ( N 2 ) , 4 0 0 - ( N 3 ) k g N / h a 

T r e b l e S u p e r p h o s p h a t e ( C a ( H 2 P 0 4 ) 2 H 2 0 ) a t 0 - ( P 0 ) 
a n d 5 0 - ( P ) k g P / h a 

M u r i a t e o f p o t a s h ( K 2 0 ) a t 0 - ( K O ) a n d 5 0 - ( K ) k g 
K / h a 

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

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

t r e a t m e n t i n c o m b i n a t i o n w i t h 3 0 0 k g N / h a . ( T a b l e 1 0 ) . T h e s e 

p l o t s w e r e r e p l i c a t e d s e v e n t i m e s g i v i n g a t o t a l o f 1 1 9 p l o t s 

p e r p l a n t a t i o n . 

P r e l i m i n a r y f e r t i l i z e r t r i a l s e s t a b l i s h e d b y 

W e s t e r n F o r e s t P r o d u c t s L t d . i n d i c a t e a p o s s i b l e s y n e r g i s t i c 

e f f e c t o f P w h e n a p p l i e d t o g e t h e r w i t h N . T h e r e f o r e , a n 

a d d i t i o n a l s m a l l s c r e e n i n g t r i a l w a s e s t a b l i s h e d w h e r e t h e 

a m o u n t s o f P w e r e i n c r e a s e d t o 1 0 0 a n d 1 5 0 k g P / h a . T h i s 

t r i a l w a s l o c a t e d i n s t a n d #2 a l o n g w i t h o n e o f t h e l a r g e r 

s c r e e n i n g t r i a l s . T h e d e s i g n w a s a c o m p l e t e l y r a n d o m i z e d 4 x 

2 ( ( P 0 , P I , P 2 , P 3 ) x ( N O , N ) ) f a c t o r i a l e x p e r i m e n t w i t h f i v e 

r e p l i c a t i o n s p e r t r e a t m e n t . T h e t r e a t m e n t c o m b i n a t i o n s f o r 

t h i s t r i a l w e r e : P 0 - 0 k g P / h a , P I - 5 0 k g P / h a , P 2 - 1 0 0 
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k g P / h a , P 3 - 1 5 0 k g P / h a , NO - 0 k g N / h a a n d N - 3 0 0 k g 

N / h a . T h e p l o t s f o r t r e a t m e n t s P I , P I N a n d PON w e r e t a k e n 

f r o m t h e m a i n f e r t i l i z e r t r i a l o f t h i s s t a n d a n d u s e d t o 

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

T A B L E 1 0 . R a t e s o f a p p l i c a t i o n 
n u t r i e n t m i x t u r e . 

i n k g / h a f o r m a c r o - a n d m i c r o -

N U T R I E N T AMOUNT 
A P P L I E D 

N U T R I E N T A M 0 U N T 
A P P L I E D 

N 3 0 0 F e 1 . 8 0 

P 3 8 B 0 . 3 0 

K 9 8 Z n 0 . 7 0 

C a 5 6 C u 0 . 3 0 

Mg 4 8 Mn 0 . 7 5 

S 3 1 Mo 0 . 2 0 

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

f e r t i l i z e r t o c i r c u l a r 0 . 0 0 8 h a ( 5 m r a d i u s ) p l o t s . I n e a c h 

p l o t , t w o t r e e s , a c e n t r e ( p l o t c e n t r e ) a n d a n o f f - c e n t r e 

t r e e , w e r e s e l e c t e d a s s a m p l e t r e e s . E a c h p l o t w a s 

i d e n t i f i e d b y f a s t e n i n g a n a l u m i n u m t a g w i t h t h e t r e a t m e n t 

c o d e f o r t h a t p l o t o n t h e c e n t r e t r e e . T h e f e r t i l i z e r w a s 

a p p l i e d i n t h e l a s t t w o t o t h r e e w e e k s o f A p r i l , 1 9 8 3 . I n 

t h e l a s t w e e k o f O c t o b e r a n d t h e f i r s t w e e k o f N o v e m b e r , 

1 9 8 3 , a l l p l o t s w e r e r e v i s i t e d a n d e a c h t r e e m e a s u r e d f o r 

f i r s t - y e a r g r o w t h r e s p o n s e s . G r o w t h p a r a m e t e r s m e a s u r e d 
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i n c l u d e t o t a l h e i g h t , 1 9 8 3 l e a d e r l e n g t h , 1 9 8 1 a n d 1 9 8 2 

h e i g h t g r o w t h s , a n d c u r r e n t y e a r n e e d l e w e i g h t . F o l i a g e 

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

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

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

b a g s ( p l a s t i c b a g s w e r e u s e d t o s t o r e s a m p l e s w h i c h w e r e 

a n a l y z e d f o r m i c r o - n u t r i e n t s ) a n d b u l k e d b y p l o t . 

I t i s r e a l i z e d t h a t o n e g r o w i n g s e a s o n ( t h e t i m e 

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

g r o w t h r e s p o n s e s t o b e c o m e a p p a r e n t . H o w e v e r , t h e s e s t a n d s 

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

t h i r d g r o w i n g s e a s o n . 

A l t h o u g h t h i s t h e s i s w a s m a i n l y d e s i g n e d t o s t u d y 

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

n a t u r a l l y o c c u r r i n g c e d a r a n d h e m l o c k . S i n c e t h e s e s i t e s a r e 

now c o n s i d e r e d t o b e b e t t e r s u i t e d t o t h e s e s p e c i e s t h a n 

s p r u c e , w h e n e v e r a s u i t a b l e s p e c i m e n b e t w e e n 1 . 5 m a n d 2 . 5 m 

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

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

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

b r a n c h e s . 

L a b o r a t o r y A n a l y s i s 

A l l s a m p l e s w e r e d r i e d f o r 2 4 h o u r s a t 7 0 ° C i n 

f o r c e d - d r a f t o v e n s . A f t e r d r y i n g , a l l n e e d l e s w e r e r e m o v e d 

f r o m t h e t w i g s . T h e m e a n o v e n - d r y w e i g h t o f 1 0 0 n e e d l e s w a s 

t h e n d e t e r m i n e d o n t h r e e l o t s o f 1 0 0 w h o l e n e e d l e s f o r e a c h 

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

f o r s u b s e q u e n t c h e m i c a l a n a l y s i s . A l l s a m p l e s w e r e a n a l y z e d 

f o r N , P , K , C a a n d M g . I n a d d i t i o n , t r e a t m e n t s NO 

( c o n t r o l ) , N l ( 2 0 0 k g N / h a ) , N2 ( 3 0 0 k g N / h a ) , N 3 ( 4 0 0 k g 

N / h a ) a n d N P K T ( m a c r o - p l u s m i c r o - n u t r i e n t m i x t u r e ) w e r e a l s o 

a n a l y z e d f o r t o t a l S , B , C u , Z n , Mn a n d a c t i v e F e . T h e 

m i c r o - n u t r i e n t a n a l y s i s w a s d o n e b y N o r w e s t - P r i v a P l a n t 

L a b o r a t o r i e s I n c . A l l o t h e r c h e m i c a l a n a l y s i s w a s d o n e a t 

U B C . N i t r o g e n a n d p h o s p h o r u s c o n c e n t r a t i o n s w e r e d e t e r m i n e d 

b y a s t a n d a r d s e m i m i c r o - K j e l d a h l d i g e s t i o n , t h e n a n a l y z e d 

c o l o r i m e t r i c a l l y w i t h a T e c h n i c o n a u t o a n a l y z e r . B a s e 

e l e m e n t s ( K , C a a n d M g ) w e r e d e t e r m i n e d b y a t o m i c a b s o r p t i o n 

s p e c t r o p h o t o m e t r y a f t e r i n i t i a l l y d r y a s h i n g 1 g o f s a m p l e 

a n d d i s s o l v i n g i t i n 2 0 % H C 1 s o l u t i o n . T o t a l S w a s 

d e t e r m i n e d u s i n g a L e c o S u l f u r a n a l y z e r . 

I n t e r p r e t a t i o n s o f t h e f o l i a r a n a l y s i s w i t h r e s p e c t 

t o c h a n g e s i n n e e d l e n u t r i e n t c o n c e n t r a t i o n s a n d c o n t e n t , a n d 

n e e d l e w e i g h t w e r e b a s e d o n t h e g r a p h i c a l a p p r o a c h d e s c r i b e d 

i n t h e L i t e r a t u r e R e v i e w . 

S t a t i s t i c a l A n a l y s i s 

F o r t h e p u r p o s e o f t h i s s t u d y , a l l f i v e s t a n d s h a v e 

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

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

i n A p p e n d i x I . A l l a n a l y s e s o f v a r i a n c e w e r e p e r f o r m e d u s i n g 

U . B . C . ' s c o m p u t e r p r o g r a m G E N L I N . A t w o - w a y a n a l y s i s o f 

v a r i a n c e f o l l o w e d b y a S t u d e n t - N e w m a n s - K e u l s 1 m u l t i p l e r a n g e 

t e s t w a s p e r f o r m e d o n a l l t r e a t m e n t s . A l l t r e a t m e n t s , e x c e p t 
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N P K T , w e r e a l s o s u b j e c t e d t o a 4 x 2 x 2 f a c t o r i a l a n a l y s e s 

o f v a r i a n c e . C o v a r i a n t a n a l y s i s , u s i n g t h e 1 9 8 2 h e i g h t 

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

c o n c e r n i n g t h e 1 9 8 3 l e a d e r g r o w t h . B e c a u s e o f t h e l i m i t e d 

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

a n d a n a l y s e s o f h e m l o c k a n d c e d a r d a t a . 

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

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

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

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

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

t r a n s f o r m a t i o n s w e r e u s e d f o r c e r t a i n v a r i a b l e s . I n a l l 

c a s e s , e x c e p t f o r s p r u c e K c o n t e n t , w h i c h w a s t r a n s f o r m e d by 

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

w e r e u s e d . S p r u c e N c o n t e n t , 1 9 8 3 l e a d e r g r o w t h , a n d c e d a r N 

a n d P c o n c e n t r a t i o n s w e r e t r a n s f o r m e d b y l o g ( x ) , s p r u c e 

n u t r i e n t c o n c e n t r a t i o n s b y l o g ( x + 1 ) , a n d s p r u c e P , C a a n d Mg 

c o n t e n t a n d h e m l o c k N a n d P c o n c e n t r a t i o n b y l o g [ l o g ( x + 1 ) ] . 

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

c o n c e n t r a t i o n s t o l o g ( x + 1 ) s o m e h e t e r o g e n e i t y b e t w e e n 

v a r i a n c e s s t i l l e x i s t e d . T h e s e d i f f e r e n c e s a p p e a r t o be 

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

o n t h e s t a t i s t i c a l o u t c o m e . C o m p a r i s o n s o f t h e a n a l y s i s o f 

v a r i a n c e o f t r a n s f o r m e d a n d u n t r a n s f o r m e d d a t a i n d i c a t e d t h a t 

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

t h e s i g n i f i c a n c e o f t r e a t m e n t m e a n d i f f e r e n c e s . A l l d a t a 

t h r o u g h o u t t h e t h e s i s a r e p r e s e n t e d i n t h e i r o r i g i n a l v a l u e s . 
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R E S U L T S & D I S C U S S I O N 

T h e a n a l y s i s o f v a r i a n c e i n d i c a t e d t h a t 

f e r t i l i z a t i o n h a d a h i g h l y s i g n i f i c a n t ( p = . 0 1 ) e f f e c t o n 

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

c o n c e n t r a t i o n a n d c o n t e n t . N o t o n l y w e r e t h e m a i n e f f e c t s o f 

N , P a n d K h i g h l y s i g n i f i c a n t , b u t t h e r e w e r e a l s o a n u m b e r 

o f h i g h l y s i g n i f i c a n t i n t e r a c t i o n s ( T a b l e 1 1 ) . 

F o r t h e p u r p o s e o f p r e s e n t a t i o n , a l l f i v e s t a n d s 

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

i n t e r p r e t a t i o n s o f f o l i a r a n a l y s i s . T h e a n a l y s i s o f 

i n d i v i d u a l s t a n d s a r e g i v e n i n A p p e n d i x I . 

E f f e c t s o n N e e d l e W e i g h t a n d L e a d e r G r o w t h 

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

c u r r e n t y e a r ' s n e e d l e d r y - w e i g h t a n d t h e 1 9 8 3 l e a d e r g r o w t h 

( T a b l e 1 1 ) . A l t h o u g h N a l o n e h a d a s i g n i f i c a n t i n f l u e n c e 

( p = . 0 5 ) o n b o t h n e e d l e w e i g h t a n d l e a d e r g r o w t h , t h e r e w a s a 

h i g h l y s i g n i f i c a n t ( p = . 0 1 ) N x P i n t e r a c t i o n ( F i g u r e 1 2 ) . P 

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

l e a d e r g r o w t h w h e n a d d e d t o g e t h e r w i t h N ( F i g u r e s 1 0 a n d 1 1 ) . 

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

1 0 % i n c r e a s e i n n e e d l e w e i g h t a n d a 2 5 t o 3 0 % i n c r e a s e i n t h e 

1 9 8 3 l e a d e r g r o w t h o v e r t h a t o f t h e c o n t r o l . H o w e v e r , w h e n 



T A B L E 1 1 . A n a l y s i s o f v a r i a n c e o f f i r s t y e a r l e a d e r g r o w t h , n e e d l e 
d r y - w e i g h t , a n d n e e d l e n u t r i e n t c o n c e n t r a t i o n a n d c o n t e n t . 

T R E A T M E N T E F F E C T S 

S O U R C E OF V A R I A T I O N : N P K NP NK P K NPK B L O C K 

D E G R E E S OF F R E E D O M : 3 1 1 3 3 1 3 4 

N e e d l e w e i g h t 

1 9 8 3 L e a d e r g r o w t h 

N u t r i e n t c o n c e n t r a t i o n 
N 
P 
K 
C a 
Mg 

N u t r i e n t c o n t e n t 
N 
P 
K 
C a 
Mg 

( + ) * * ( + ) * * 

+ ) * * ( + ) * * — 

+ ) * * ( + ) * 
- ( + ) * * -

_ ) * * - ( + ) * * 
+ ) * - ( + ) * * 
— — ( _ ) * * 

+ ) * * ( + ) * * 
+ ) * * ( + ) * * -
_ ) * * ( + ) * * ( + ) * * 
+ ) * * ( + ) * * ( + ) * * 
+ ) * * ( + ) * * ( _ ) * * 

* * _ _ _ * * 

** _ _ _ 

_ ** _ _ ** 

** ** — _ ** 
_ _ _ _ * * 
* _ _ _ * * 

* * _ _ _ * * 
_ _ _ _ * * 

** ** _ _ ** 
#* _ _ _ ** 
** _ _ _ ** 

* S i g n i f i c a n t a t 0 . 0 5 l e v e l . 
* * S i g n i f i c a n t a t 0 . 0 1 l e v e l . 
- S i g n i f i e s n o n - s i g n i f i c a n t . 
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a d d e d t o g e t h e r w i t h P o r P p l u s K , n e e d l e d r y - w e i g h t 

i n c r e a s e d b y 4 0 t o 4 1 % a n d l e a d e r g r o w t h b y 7 8 t o 8 3 % ( T a b l e 

1 2 ) . 

W h i l e a r e l a t i v e i n c r e a s e i n g r o w t h o f 8 3 % s e e m s 

i m p r e s s i v e , i t s h o u l d b e k e p t i n m i n d t h a t t h e 1 9 8 3 a n n u a l 

h e i g h t i n c r e m e n t o f t h e s e p l a n t a t i o n s o n l y a v e r a g e d 1 0 . 0 c m , 

t h u s , i n a b s o l u t e t e r m s , a n 8 3 % i n c r e a s e c o r r e s p o n d s t o a n 

a n n u a l i n c r e m e n t o f o n l y 1 8 . 3 c m . T h i s h o w e v e r , w a s o n l y t h e 

f i r s t - y e a r r e s p o n s e . M a n y r e s e a r c h e r s h a v e s h o w n t h a t g r o w t h 

r e s p o n s e s i n t h e y e a r o f f e r t i l i z a t i o n a r e o f t e n m i n i m a l a n d 

t h a t s i g n i f i c a n t g a i n s f r o m f e r t i l i z a t i o n t y p i c a l l y o n l y 

b e c o m e a p p a r e n t a f t e r t h e f i r s t g r o w i n g s e a s o n ( A t k i n s o n , 

1 9 7 5 ; D i c k s o n a n d S a v i l l , 1 9 7 4 ; F a g e r s t r o m a n d L o h m , 1 9 7 7 ) . 

P r e l i m i n a r y f e r t i l i z e r t r i a l s e s t a b l i s h e d b y W e s t e r n F o r e s t 

P r o d u c t s L t d . i n s i m i l a r S i t k a s p r u c e p l a n t a t i o n s h a v e a l s o 

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

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

I n c r e a s i n g t h e r a t e s o f N a p p l i c a t i o n f r o m 2 0 0 t o 

4 0 0 k g N / h a t e n d e d t o r e s u l t i n a p r o g r e s s i v e d e c l i n e i n b o t h 

n e e d l e w e i g h t a n d l e a d e r g r o w t h r e s p o n s e s . W h i l e t h e e f f e c t s 

o f i n c r e a s i n g N v a r i e d b e t w e e n s t a n d s ( T a b l e 1 2 ) , 

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

; e v i d e n t i n F i g u r e 12 w h i c h i l l u s t r a t e s t h e e f f e c t o f t h e N x 

P i n t e r a c t i o n o n g r o w t h . T h i s d e c l i n e w a s s i g n i f i c a n t f o r 

n e e d l e w e i g h t o n l y w h e n N a n d P w e r e a d d e d t o g e t h e r a n d i t 

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

T h e d e p r e s s i o n o f g r o w t h a t t h e 3 0 0 a n d 4 0 0 k g N / h a 

r a t e s a p p e a r s t o b e l a r g e l y d u e t o t h e r e s u l t i n g h i g h f o l i a r 
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FIGURE 10. N e e d l e w e i g h t r e s p o n s e . T r e a t m e n t s c o n n e c t e d by 

t h e same l i n e a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t 
p= .01 . V e r t i c a l b a r s + 1 SD. 
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TREATMENTS 

FIGURE 11. L e a d e r g r o w t h r e s p o n s e . T r e a t m e n t s c o n n e c t e d by 
t h e same l i n e a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t 
p= .01 . 



TABLE 12: Percent change from control in needle dry-weight and 1983 
leader growth for each stand. 

OVEN-DRY NEEDLE WEIGHT 1983 LEADER GROWTH 

TREATMENT STAND STAND 
ALL STANDS ALL STANDS 

1 2 3 4 5 COMBINED 1 2 3 4 5 COMBINED 

NOK 13 0 4 -15 18 4 16 -13 9 -36 35 4 
NOP -2 1 -6 2 -17 -4 7 -38 -4 -16 3 -16 
NOPK 10 2 -8 1 -6 -1 3 -2 -14 -8 5 -5 

Average 7 1 -3 -4 -2 0 9 -18 -3 -20 14 -5 

Nl 28 12 6 -3 24 13 46 14 45 5 45 31 
N2 18 -6 -1 14 10 6 46 -5 22 44 43 31 
N3 .8 -5 9 27 21 11 40 -5 18 31 61 28 

Average 18 0 5 13 18 10 44 1 29 27 50 30 

NIK 20 5 2 21 17 12 79 -4 30 16 35 30 
N2K 15 9 11 26 11 14 47 -7 29 9 35 22 
N3K 24 -7 -5 16 0 5 56 -6 23 7 44 23 

Average 20 2 3 21 9 10 61 -6 27 11 38 25 

NIP 84 46 28 54 39 49 116 85 68 82 138 96 
N2P 43 37 29 37 38 36 72 49 68 74 99 72 
N3P 46 25 39 40 21 34 121 40 102 65 77 81 

Average 58 36 32 44 33 40 103 58 79 74 105 83 

N1PK 56 43 43 56 41 47 102 30 96 68 79 75 
N2PK 62 33 29 40 38 39 122 40 104 73 82 84 
N3PK 46 24 31 24 59 37 110 43 67 42 124 75 

Average 55 33 34 40 46 41 111 38 89 61 95 78 

NPKT 70 66 " 73 66 51 65 88 87 93 81 145 95 
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N x P i n t e r a c t i o n e f f e c t s on 1983 l e a d e r g r o w t h 
and n e e d l e w e i g h t . P o i n t s f o l l o w e d by t h e same 
l e t t e r a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t p=.05. 



- 7 5 -

N c o n c e n t r a t i o n s . T h e m e a n f o l i a r N c o n c e n t r a t i o n a t t h e s e 

r a t e s w a s 3 . 9 % a n d 4 . 1 % , r e s p e c t i v e l y , a s c o m p a r e d t o 3 . 2 % 

f o r t h e 2 0 0 k g N / h a t r e a t m e n t s . E b e l l ( 1 9 7 2 ) f o u n d t h a t s t e m 

g r o w t h o f a 2 2 y e a r o l d D o u g l a s - f i r s t a n d b e n e f i t e d f r o m 

i n c r e a s i n g f o l i a r N l e v e l s u p t o a b o u t 2% b u t w a s a d v e r s e l y 

a f f e c t e d b y f o l i a r N l e v e l s a b o v e 3 % . S i m i l a r l y , B r o c k l e y 

( 1 9 8 1 ) n o t e d a d v e r s e e f f e c t s o n t h e g r o w t h o f D o u g l a s - f i r 

s e e d l i n g s w h e n f o l i a r n u t r i e n t l e v e l s i n c r e a s e d t o 4 a n d 5 % . 

A v a l u e o f a b o u t 2 . 0 t o 2 . 5 % f o l i a r N a l s o s e e m s t o b e t h e 

u p p e r t o l e r a n c e l i m i t f o r o t h e r s p e c i e s s u c h a s P i c e a a b i e s 

a n d P i n u s n i g r a ( T a m m , 1 9 6 8 , 1 9 7 4 ; M i l l e r e t a l . , 1 9 8 1 ) . 

T h e s e f i n d i n g s o f E b e l l ( 1 9 7 2 ) a n d o t h e r s s u g g e s t t h a t e v e n 

a t t h e l o w e s t a p p l i c a t i o n r a t e o f 2 0 0 k g N / h a , f o l i a r N 

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

i n f l u e n c e b o t h n e e d l e a n d l e a d e r g r o w t h . 

A f t e r a d j u s t i n g f o r d i f f e r e n c e s i n i n i t i a l g r o w t h , 

t h e 1 9 8 3 l e a d e r g r o w t h o f t h e s a m p l e d h e m l o c k w a s 

s i g n i f i c a n t l y g r e a t e r t h a n t h e s p r u c e o n l y i n t h o s e N 

t r e a t m e n t s w h e r e t h e m e a n f o l i a r N c o n c e n t r a t i o n w a s l e s s 

t h a n 3 . 0 % ( T a b l e s 1 2 a n d 1 4 ) . T h e r e w a s a l s o a w e a k , b u t 

h i g h l y s i g n i f i c a n t n e g a t i v e c o r r e l a t i o n b e t w e e n N a n d h e m l o c k 

l e a d e r g r o w t h ( r = - . 5 2 4 7 ) , b u t n o t b e t w e e n N a n d s p r u c e l e a d e r 

g r o w t h . T h e f a c t t h a t N w a s n o t c o r r e l a t e d t o s p r u c e l e a d e r 

g r o w t h m a y b e d u e t o i t s d e t e r m i n a t e g r o w t h n a t u r e . A l t h o u g h 

t h e h i g h N c o n c e n t r a t i o n s may h a v e h a d a n i n i t i a l d e t r i m e n t a l 

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

l a r g e l y b e c o m p e n s a t e d b y p r o l o n g e d g r o w t h r e s p o n s e s f r o m 

i n t e r n a l r e t r a n s l o c a t i o n o f N ( M i l l e r , 1 9 8 1 ) . 
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I n c r e a s i n g t h e a m o u n t s o f P t o 1 0 0 a n d 1 5 0 k g / h a 

h a d n o e f f e c t i n c o u n t e r a c t i n g t h e a d v e r s e e f f e c t s o f t h e 

h i g h f o l i a r N c o n c e n t r a t i o n s o n n e e d l e w e i g h t o r l e a d e r 

g r o w t h . T h e a d d i t i o n o f t h e c o m p l e t e n u t r i e n t m i x t u r e ( N P K T ) 

h o w e v e r , r e s u l t e d i n a s i g n i f i c a n t ( p = . 0 1 ) i n c r e a s e i n n e e d l e 

w e i g h t o v e r a l l o t h e r t r e a t m e n t s , e x c e p t N I P a n d N 1 P K ( F i g u r e 

1 0 ) a n d a p p e a r s t o h a v e h a d s o m e w h a t o f a p o s i t i v e e f f e c t o n 

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

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

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

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

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

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

m i c r o - n u t r i e n t s w e r e a d d e d t o h e a v i l y N P K f e r t i l i z e d t r e e s 

( V e i j a l a i n e n , 1 9 8 1 ) . 

O f n o t e i n t h e N P K T t r e a t m e n t s i n t h e p r e s e n t 

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

K . T h e K c o n t e n t o f t h i s t r e a t m e n t w a s e q u i v a l e n t t o 9 8 k g 

K / h a ( T a b l e 1 0 ) a s c o m p a r e d t o 5 0 k g K / h a f o r a l l o t h e r 

t r e a t m e n t s w h e r e K w a s a d d e d . A s a r e s u l t , b o t h t h e K 

c o n t e n t a n d c o n c e n t r a t i o n w e r e s i g n i f i c a n t l y h i g h e r ( p = . 0 5 ) 

t h a n i n o t h e r r e s p o n s i v e t r e a t m e n t s ( T a b l e 1 6 ) . B e s i d e s K , 

a d d i t i o n a l b e n e f i t s f r o m t h e N P K T t r e a t m e n t may h a v e a l s o 

b e e n d e r i v e d f r o m t h e a d d i t i o n o f Mg a n d / o r S ( s e e s u b s e q u e n t 

d i s c u s s i o n s ) . 

A l t h o u g h P a n d K a p p e a r t o b e d e f i c i e n t o n t h e s e 

s i t e s , t h e a d d i t i o n o f e i t h e r n u t r i e n t a l o n e o r i n 

c o m b i n a t i o n w i t h o u t N h a d n o s i g n i f i c a n t i n f l u e n c e o n g r o w t h . 



- 7 7 -

I n f a c t , t h e r e w a s a t e n d e n c y f o r t h e s e t r e a t m e n t s t o d e p r e s s 

g r o w t h ( T a b l e 1 2 ) . P r e s u m a b l y t h e l a c k o f r e s p o n s e i s d u e t o 

t h e l i m i t i n g e f f e c t o f N . C a r e y ( 1 9 7 7 ) n o t e d t h a t c h e c k e d 

S i t k a s p r u c e i n B r i t a i n d i d n o t r e s p o n d t o P o r P p l u s K 

f e r t i l i z a t i o n w h e n N w a s a l s o l i m i t i n g . T h i s h o w e v e r i s i n 

c o n t r a s t t o D i c k s o n a n d S a v i l l ( 1 9 7 4 ) w h o n o t e d S i t k a s p r u c e 

w o u l d o f t e n r e s p o n d f a v o u r a b l y t o P f e r t i l i z a t i o n w h e n b o t h P 

a n d N w e r e l i m i t i n g . T h e y a t t r i b u t e d t h e r e s p o n s e t o t h e 

f a c t t h a t P f e r t i l i z a t i o n o f t e n i n c r e a s e s t h e a v a i l a b i l i t y o f 

N t o t h e t r e e s . 

A l t h o u g h n e e d l e w e i g h t a n d l e a d e r g r o w t h w e r e f o u n d 

t o b e s i g n i f i c a n t l y c o r r e l a t e d , t h e r e l a t i o n s h i p w a s w e a k ( r 

v a l u e s r a n g e d f r o m . 4 4 7 2 t o . 5 2 9 2 ) . T h i s w e a k r e l a t i o n s h i p 

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

w e r e b e i n g c o n s i d e r e d . A s m e n t i o n e d p r e v i o u s l y , t h e 

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

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

w h i c h may e x i s t . T h i s c o n t r a s t e d w i t h T i m m e r a n d S t o n e 

( 1 9 7 8 ) w h o f o u n d t h a t c h a n g e s i n n e e d l e w e i g h t o f A b i e s  

b a l s a m e a a c c o u n t e d f o r 6 5 t o 7 3 % o f t h e t o t a l v a r i a t i o n i n 

t h e f i r s t s e a s o n s s h o o t g r o w t h . D e s p i t e t h e w e a k 

r e l a t i o n s h i p s f o u n d i n t h e P o r t M c N e i l l s t u d y , t h e r e a p p e a r e d 

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

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

m e a n s w e r e c o n s i d e r e d a s t h e o v e r a l l r v a l u e i n c r e a s e d t o 

. 7 5 2 9 w i t h a r a n g e o f . 8 6 7 3 t o . 9 1 8 2 f o r t h e i n d i v i d u a l 

s t a n d s . 
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P a t t e r n s o f s h o o t r e s p o n s e f o r h e m l o c k w e r e v e r y 

s i m i l a r t o t h a t o f s p r u c e , a l t h o u g h s o m e w h a t g r e a t e r ( T a b l e 

1 3 ) . T h e a d d i t i o n o f N o r N p l u s K a l o n e h a d a h i g h l y 

s i g n i f i c a n t , p o s i t i v e e f f e c t o n g r o w t h . A s i n s p r u c e 

h o w e v e r , t h e a d d i t i o n o f P w i t h N o r N p l u s K r e s u l t e d i n a 

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

w h e r e a s , t h e a d d i t i o n o f P o r P p l u s K w i t h o u t N h a d n o 

s i g n i f i c a n t i n f l u e n c e o n g r o w t h . I n c r e a s i n g t h e r a t e s o f N 

a p p l i c a t i o n f r o m 2 0 0 t o 4 0 0 k g / h a a l s o r e s u l t e d i n a 

p r o g r e s s i v e d e c l i n e i n t h e r e s p o n s e o f t h i s s p e c i e s . 

I n i t i a l r e s u l t s f r o m r e c e n t f e r t i l i z e r t r i a l s 

e s t a b l i s h e d o n s i m i l a r s i t e s b y B r i t i s h C o l u m b i a F o r e s t 

P r o d u c t s L t d . ( B C F P ) , h a v e a l s o f o u n d h e m l o c k t o b e h i g h l y 

r e s p o n s i v e t o f e r t i l i z a t i o n w i t h a m m o n i u m n i t r a t e ( B C F P , 

p e r s o n a l c o r r e s p o n d e n c e ) . T h e f a c t t h a t h e m l o c k a p p e a r s t o 

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

o t h e r f e r t i l i z e r t r i a l s h a v e s h o w n t h e s p e c i e s t o b e h i g h l y 

e r r a t i c i n i t s a b i l i t y t o r e s p o n d t o f e r t i l i z a t i o n ( D e B e l l e t 

a l . , 1 9 7 5 ; W e b s t e r e t a l . , 1 9 7 6 ) . G i l l a n d L a v e n d e r ( 1 9 8 3 a ) 

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

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

t o r e s p o n d t o t h i s f o r m o f n i t r o g e n . S i n c e a m m o n i u m n i t r a t e 

: w a s u s e d i n t h e p r e s e n t s t u d y , s u c h a d v e r s e e f f e c t s w o u l d n o t 

b e e x p e c t e d , a l t h o u g h , f e r t i l i z e r t r i a l s e l s e w h e r e u s i n g 

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

( W e b s t e r e t a l . , 1 9 7 6 ; R a d w a n a n d D e B e l l , 1 9 8 0 ) . 

T h e s t r o n g s y n e r g i s t i c e f f e c t o f P o n t h e s e s i t e s 

s u g g e s t t h a t P i s l i m i t i n g . T h e r e i s i n c r e a s i n g e v i d e n c e 
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T A B L E 1 3 . 1 9 8 3 L e a d e r g r o w t h r e s p o n s e s o f s a m p l e d h e m l o c k . 
T r e a t m e n t s c o n n e c t e d by t h e s a m e l i n e a r e n o t 
s i g n i f i c a n t l y d i f f e r e n t a t p = . 0 1 . 

T R E A T M E N T L E A D E R % C H A N G E S T A N D A R D NUMBER OF 
GROWTH ( c m ) FROM C O N T R O L D E V I A T I O N S A M P L E S 

NOK 1 5 . 6 - 1 1 6 . 4 9 9 17 

NO 1 7 . 5 - 7 . 1 3 8 1 8 
NOPK 1 9 . A 11 9 . 7 3 5 12 

NOP 2 0 . 1 1 5 6 . 3 7 9 1 5 

N3 2 5 . 3 4 5 1 2 . 5 7 2 1 3 
N3K 2 6 . 5 5 1 1 3 . 4 2 8 1 6 
N2K 2 8 . 0 6 0 1 0 . 1 1 6 1 2 
N2 2 9 . 3 6 7 1 2 . 1 7 2 11 
N 3 P K * 3 2 . 1 8 3 1 2 . 3 6 5 11 
N I K * 3 5 . 0 1 0 0 1 2 . 1 2 5 1 3 
N l * 3 5 . 1 1 0 1 1 0 . 6 7 3 9 
N 3 P * 3 8 . 9 1 2 2 1 0 . 8 4 7 1 1 
N 2 P K * • 4 0 . 0 1 2 9 1 2 . 5 5 2 11 
N 1 P K * 4 2 . 5 1 4 3 1 1 . 6 4 9 1 9 
N 2 P * 4 6 . 7 1 6 7 1 3 . 2 6 9 1 5 
N P K T * 5 3 . 4 2 0 5 1 2 . 1 0 4 17 

N I P * 5 3 . 7 2 0 7 1 0 . 8 6 3 16 

* T r e a t m e n t s i n w h i c h h e m l o c k h a d a s i g n i f i c a n t l y g r e a t e r 
r e s p o n s e ( p = . 0 1 ) t h a n s p r u c e . 
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i n d i c a t i n g t h a t m a n y c o a s t a l s i t e s a r e P d e f i c i e n t . I t h a s 

b e e n s u g g e s t e d t h a t s u c h d e f i c i e n c i e s may a c c o u n t f o r s o m e o f 

t h e e r r a t i c f e r t i l i z e r r e s p o n s e s e x h i b i t e d by h e m l o c k ( R a d w a n 

a n d S h u m w a y , 1 9 8 3 ; G i l l a n d L a v e n d e r , 1 9 8 3 b ) . 

E f f e c t s o n F o l i a r N i t r o g e n 

M e a n f o l i a r N c o n c e n t r a t i o n s o f t h e S i t k a s p r u c e i n 

t h e c o n t r o l p l o t s w a s o n l y 0 . 7 9 % ( T a b l e 1 4 ) w h i c h s u g g e s t s 

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

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

H A - p h a s e h a d a m e a n f o l i a r N c o n c e n t r a t i o n o f 1 . 2 9 % w h i c h , 

a l t h o u g h c o n s i d e r a b l y h i g h e r t h a n t h a t o f t h e C H - p h a s e , i s 

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

s p e c i e s ( T a b l e 1 ) . 

F e r t i l i z a t i o n w i t h N r e s u l t e d i n a h i g h l y 

s i g n i f i c a n t i n c r e a s e i n f o l i a r N c o n c e n t r a t i o n ( T a b l e 1 4 ) . 

T h e r e w a s a l s o a h i g h l y s i g n i f i c a n t N x K i n t e r a c t i o n . T h e 

e f f e c t s o f t h i s i n t e r a c t i o n o n N c o n c e n t r a t i o n s h o w e v e r , w a s 

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

n o t i n f l u e n c e t h e i n t e r p r e t a t i o n s . I n c r e a s i n g r a t e s o f N 

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

i n m e a n f o l i a r N c o n c e n t r a t i o n s t o 3 . 1 9 % , 3 . 9 4 % a n d 4 . 0 9 % f o r 

; t h e 2 0 0 , 3 0 0 a n d 4 0 0 k g / h a a p p l i c a t i o n r a t e s , r e s p e c t i v e l y . 

T h e h i g h N c o n c e n t r a t i o n s e x p e r i e n c e d i n t h i s s t u d y 

a r e u n u s u a l a n d t h e r e a r e f e w p u b l i s h e d e x a m p l e s f r o m o t h e r 

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

e x p e r i e n c e d , i n f a c t , f o l i a r c o n c e n t r a t i o n s e x c e e d i n g 2 . 5 % 

a p p e a r t o b e r a r e . S o m e n o t a b l e e x c e p t i o n s h o w e v e r , a r e t h e 



T A B L E 1 4 . soruce a S L S o r k e ! ! Y P e H i e a
 C ? , B p a r l 3 0 n 9 ° f raean f 0 l i a r " " " c e n t r a t i o n s (2 o v e n - d r y w e i g h t ) for 

aSPeUnoc ^n . t i c^ ly l i f fer lnTT^oS!" ' " . " * " " " >' l ' « . r 

W I T H I N S P E C I E S COMPARISON 
SPRUCE HEMLOCK CEDAR 

NO 
NOK 
NOP 
NOPK 
N I P 
N l 
NIK 
N1PK 
NPKT 
N2K 
N3K 
N2 
N2PK 
N3P 
N2P 
N3PK 
N3 

-TREATMENT-

NOP 
NOK 
NOPK 
NO 
NIP 
NPKT 
N1PK 
N2P 
NIK 
N2PK 
N l 
N3P 
N3PK 
N2K 
N2 
N3K 
N3 

NOP 
NOK 
NOPK 
NO 
N l 
N1PK 
NPKT 
N I P 
N2 
NIK 
N2PK 
N2P 
N2K 
N3K 
N3P 
N3PK 
N3 

TREATMENT 

NO 
N l 
N2 
N3 
NOP 
N I P 
N2P 
N3P 
NOK 
NIK 
N2K 
N3K 
NOPK 
N1PK 
N2PK 
N3PK 
NPKT 

• B E T W E E N S P E C I E S COMPARISON 
S P R U C E HEMLOCK CEDAR 

0 . 7 9 a 
3 . 1 2 a 
3 . 9 6 a 
4 . 2 0 a 
0 . 8 9 a 

04 a 
08 a 
06 a 
82 a 
30 a 

3 . 7 5 a 
3 . 9 2 a 
0 . 9 1 a 
3 . 3 1 a 
3 . 9 7 a 
4 . 1 7 a 
3 . 4 1 a 

. 1 2 2 ) 
, 5 4 5 ) 
, 5 7 2 ) 
, 6 0 3 ) 
. 1 6 6 ) 
, 5 6 8 ) 
. 5 2 9 ) 
, 4 7 1 ) 
, 1 3 2 ) 
, 6 5 0 ) 
, 5 6 0 ) 
, 6 4 2 ) 
, 1 8 5 ) 
, 6 1 3 ) 
. 5 1 3 ) 
, 4 6 0 ) 
. 6 0 6 ) 

0 , 
2 , 
3 , 
3 , 
0 , 
1, 

. 9 6 a 

. 7 0 a 

. 1 2 b 

. 5 2 b 

. 8 7 a 

. 8 4 b 
2 . 3 4 b 
2 . 8 8 b 
0 . 8 7 a 
2 . 4 0 b 
3 . 0 5 b 
3 . 4 4 a 
0 . 9 0 a 
2 . 0 9 
2 . 6 9 
2 . 9 2 
2 . 0 4 

. 2 4 5 ) 

. 8 0 3 ) 

. 8 3 5 ) 

. 8 5 6 ) 

. 1 2 3 ) 

. 4 9 7 ) 

. 5 9 5 ) 

. 6 6 4 ) 

. 1 8 6 ) 

. 6 1 9 ) 

. 9 2 5 ) 

. 7 0 4 ) 

. 1 4 4 ) 

. 4 7 8 ) 

. 8 9 8 ) 

. 8 1 9 ) 

. 3 4 7 ) 

1 . 2 7 
1 . 8 9 
2 . 1 1 
2 . 6 0 
1 . 0 6 

0 5 
31 
47 

1 . 1 5 
15 
33 
39 

1 . 1 9 
1 .91 

27 
50 

2 . 0 3 

. 2 1 1 ) 

. 3 3 5 ) 

. 3 3 8 ) 

. 5 1 6 ) 

. 1 1 9 ) 

. 3 1 8 ) 

. 4 6 5 ) 

. 2 7 8 ) 

. 1 9 9 ) 

. 4 0 7 ) 

. 4 6 6 ) 

. 5 6 9 ) 

. 1 6 5 ) 

. 3 8 6 ) 

. 4 5 9 ) 

. 4 1 5 ) 

. 3 3 2 ) 

* V a l u e s i n p a r e n t h e s i s ± S D . 
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s t u d y b y D a n g e r f i e l d a n d B r i x ( 1 9 7 9 ) w h o f o u n d m e a n f o l i a r N 

c o n c e n t r a t i o n s i n a 2 4 y e a r o l d D o u g l a s - f i r s t a n d i n c r e a s e d 

t o 3 . 5 % i n t h e f i r s t y e a r a f t e r f e r t i l i z a t i o n w i t h 4 4 8 k g 

N / h a . S i m i l a r l y , E b e l l ( 1 9 7 2 ) a t t a i n e d m e a n f o l i a r N 

c o n c e n t r a t i o n s i n e x c e s s o f 3% a f t e r f e r t i l i z a t i o n w i t h 4 0 0 

k g N / h a a n d o v e r 4% a f t e r f e r t i l i z a t i o n w i t h 8 0 0 k g N / h a . 

B r o c k l e y ( 1 9 8 1 ) n o t e d a s t r o n g m o i s t u r e x N i n t e r a c t i o n o n N 

u p t a k e i n D o u g l a s - f i r s e e d l i n g s a n d f o u n d m e a n f o l i a r N 

c o n c e n t r a t i o n s a t t h e h i g h e s t m o i s t u r e l e v e l r a n g e d f r o m 4 . 0 

t o 5 . 2 % . 

A s i n t h e p r e s e n t s t u d y , t h e a b o v e f e r t i l i z e r 

e x p e r i m e n t s , w i t h t h e e x c e p t i o n o f B r o c k l e y , w h o a p p l i e d 

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

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

o f s t u d i e s a r e s h o w i n g a s u p e r i o r i t y o f g r o w t h r e s p o n s e s f r o m 

a m m o n i u m n i t r a t e o v e r u r e a ( W e e t m a n a n d A l g a r , 1 9 7 4 ; N o m m i c k 

a n d M o l l e r , 1 9 8 1 ; D a n g e r f i e l d a n d B r i x , 1 9 7 9 ; M i l l e r a n d 

T a r r e n t , 1 9 8 3 ) . T h i s s u p e r i o r i t y h a s b e e n a t t r i b u t e d t o t h e 

g r e a t e r i n i t i a l u p t a k e o f N f r o m a m m o n i u m n i t r a t e t h a n f r o m 

u r e a ( D a n g e r f i e l d a n d B r i x , 1 9 7 9 ) . T h i s a p p e a r s t o b e t r u e 

e v e n i n t h o s e c a s e s w h e r e f o l i a r N c o n c e n t r a t i o n o n l y 

i n c r e a s e d t o 2 . 0 t o 2 . 5 % . I n t h e a b o v e - m e n t i o n e d s t u d y , 

; D a n g e r f i e l d a n d B r i x ( 1 9 7 9 ) a d d e d a n e q u i v a l e n t a m o u n t o f 

u r e a a n d f o u n d m e a n f o l i a r N c o n c e n t r a t i o n s d i d n o t i n c r e a s e 

a b o v e 2 . 0 % . R e c e n t l y , M e l i n e t a l . ( 1 9 8 3 ) h a v e s h o w n a 

g r e a t e r u p t a k e o f NO3- t h a n NH4+ w h e n a m m o n i u m n i t r a t e i s 

u s e d a s a n N s o u r c e . M a n y s t u d i e s h a v e s h o w n t h a t N f r o m 

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

p o p u l a t i o n , a n d t h u s may n o t r e a c h t h e r o o t i n g z o n e 

( O v e r r e i n , 1 9 6 9 ; N o m m i k a n d P o p o v i c , 1 9 7 1 ) . T h e n i t r a t e i o n 

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

d i s t r i b u t e d t h r o u g h o u t t h e r o o t i n g z o n e ( D a n g e r f i e l d a n d 

B r i x , 1 9 7 9 ) . I n a d d i t i o n , s i n c e a m m o n i u m n i t r a t e d o e s n o t 

h a v e a p o s i t i v e i n f l u e n c e o n t h e pH l i k e u r e a d o e s , l o s s e s 

d u e t o v o l a t i l i z a t i o n o r m i c r o b i a l i m m o b i l i z a t i o n w i l l l i k e l y 

b e l e s s . I n c r e a s e d u p t a k e a n d s u p e r i o r i t y o f a m m o n i u m 

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

i n m a n y a g r i c u l t u r a l c r o p s ( M e n g e l a n d K i r k b y , 1 9 7 9 ) . I n 

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

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

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

t h e a s s i m i l a t i o n o f t h e t w o i o n s (NH4+ a n d NO3-) ( K i r k b y a n d 

H u g h e s , 1 9 7 0 ) . 

A t f i r s t g l a n c e , t h e l a r g e i n c r e a s e s i n N 

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

H o w e v e r , e x a m i n a t i o n o f F i g u r e 1 3 r e v e a l s t w o d i s t i n c t 

c l u s t e r i n g o f p o i n t s . A s m e n t i o n e d b e f o r e , t h e a d d i t i o n o f N 

o r N p l u s K a l o n e r e s u l t e d i n a l a r g e i n c r e a s e i n n e e d l e N 

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

I n c r e a s e i n n e e d l e w e i g h t . T h i s i s i n d i c a t i v e o f l u x u r y 

c o n s u m p t i o n ( F i g u r e 2 ) a n d s u g g e s t t h a t a l t h o u g h N a p p e a r s t o 

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

m o d e s t i n c r e a s e i n g r o w t h ( i t s h o u l d b e r e m e m b e r e d t h a t t h e 

h i g h N c o n c e n t r a t i o n s e x p e r i e n c e d may h a v e h a d a n e g a t i v e 

e f f e c t a n d t h a t l o w e r a p p l i c a t i o n r a t e s may h a v e r e s u l t e d i n 
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80 120 160 2 0 0 240 
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F I G U R E 1 3 . R e l a t i o n s h i p b e t w e e n f o l i a r N c o n c e n t r a t i o n , c o n t e n t 
a n d d r y w e i g h t . 

320 
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a l a r g e r n e e d l e w e i g h t r e s p o n s e ) . The a d d i t i o n o f P t o g e t h e r 

w i t h N o r N p l u s K h o w e v e r , r e s u l t e d i n a s i g n i f i c a n t l y 

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

i n F i g u r e 13 a s a s h i f t i n t h e c l u s t e r i n g " o f p o i n t s i n t o 

M a c y's ( 1 9 3 6 ) " p o v e r t y ' a d j u s t m e n t " r a n g e ( F i g u r e 2 ) . T h e s e 

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

t h e i r a b i l i t y t o r e s p o n d t o N f e r t i l i z a t i o n i s l i m i t e d by a P 

d e f i c i e n c y . T h i s same p a t t e r n o f r e s p o n s e was e v i d e n t i n a l l 

f i v e s t a n d s o f t h i s s t u d y ( s e e A p p e n d i x I I ) . 

The a d d i t i o n o f P had a p o s i t i v e i n f l u e n c e on t h e N 

n u t r i t i o n o f t h e t r e e s and r e s u l t e d i n a s i g n i f i c a n t i n c r e a s e 

i n b o t h N c o n c e n t r a t i o n and c o n t e n t ( T a b l e 1 1 ) . I n a d d i t i o n , 

t h e r e was a h i g h l y s i g n i f i c a n t N x P i n t e r a c t i o n w h i c h 

a f f e c t e d N u p t a k e ( F i g u r e 1 4 ) . Numerous o t h e r s t u d i e s h a v e 

n o t e d i n c r e a s e d f o l i a r N c o n c e n t r a t i o n s f o l l o w i n g P 

f e r t i l i z a t i o n (Tamm, 1968, 1982; D i c k s o n and S a v i l l , 1974; 

F i e d l e r e t a l . , 1 9 8 3 ) . O t h e r s have n o t e d a s i g n i f i c a n t 

i n c r e a s e i n t h e r e l e a s e o f a v a i l a b l e N a f t e r t h e a d d i t i o n o f 

i n o r g a n i c P ( C a r e y e t a l . , 1 9 8 1 ) . Tamm ( 1 9 8 2 ) s u g g e s t s t h a t 

t h e i n c r e a s e i n N i s l a r g e l y due t o a s t i m u l a t i o n o f N 

m i n e r a l i z a t i o n . C a r e y e t a l . ( 1 9 8 1 ) h o w e v e r , n o t e d t h a t most 

s t u d i e s have f o u n d t h a t P f e r t i l i z a t i o n h a s e i t h e r had no 

e f f e c t o r a n e g a t i v e e f f e c t on N m i n e r a l i z a t i o n and s u g g e s t e d 

t h a t t h e e x a c t m e c h a n i s m i s n o t e n t i r e l y u n d e r s t o o d . I n t h e 

p r e s e n t s t u d y , P o n l y i n c r e a s d N u p t a k e when N was a l s o added 

( F i g u r e 1 4 ) . The a d d i t i o n o f P a l o n e r e s u l t e d i n o n l y a 

s l i g h t and n o n - s i g n i f i c a n t i n c r e a s e i n f o l i a r N c o n t e n t and 

c o n c e n t r a t i o n . I n c r e a s i n g t h e amount o f P t o 100 and 150 
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k g / h a h a d n o a p p a r e n t a d d i t i o n a l e f f e c t a n d r e s u l t e d i n a 

s l i g h t r e d u c t i o n i n N c o n t e n t . T h e s e f i n d i n g s c o n t r a s t e d 

w i t h D i c k s o n a n d S a v i l l (1974) w h o f o u n d t h a t t h e a d d i t i o n o f 

P a l o n e t o h i g h l y d e f i c i e n t N a n d P S i t k a s p r u c e p l a n t a t i o n s 

i n B r i t a i n r e s u l t e d i n a s i g n i f i c a n t i n c r e a s e i n b o t h f o l i a r 

N a n d P c o n c e n t r a t i o n s w h i c h i n t u r n l e d t o h i g h l y 

s i g n i f i c a n t g r o w t h r e s p o n s e s . 

F I G U R E 14. 

•50 kg P/ha 

c ^ 0 kg P/ha 

J 
400 200 300 

kg N/ha 
E f f e c t s o f N x P i n t e r a c t i o n o n N u p t a k e . P o i n t s 
f o l l o w e d b y t h e s a m e l e t t e r a r e n o t s i g n i f i c a n t l y 
d i f f e r e n t a t p = . 0 5 . 
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N f e r t i l i z a t i o n a l s o h a d a s i g n i f i c a n t i n f l u e n c e o n 

t h e f o l i a r N c o n c e n t r a t i o n s o f b o t h h e m l o c k a n d c e d a r ( T a b l e 

1 A ) . H o w e v e r , t h e e f f e c t s t e n d e d t o b e l e s s t h a n i n s p r u c e . 

M o r e o v e r , i n c r e a s e s i n t h e N c o n c e n t r a t i o n s o f c e d a r f o l i a g e 

t e n d e d t o b e l e s s t h a n t h a t o f h e m l o c k ( T a b l e 1 A ) . 

M e a n f o l i a r N c o n c e n t r a t i o n s o f h e m l o c k f r o m t h e 

c o n t r o l p l o t s w a s 0 . 9 6 % i n d i c a t i n g t h a t a s e v e r e d e f i c i e n c y 

may a l s o e x i s t i n t h i s s p e c i e s ( T a b l e 1 ) . I n c o n t r a s t , 

f o l i a r N l e v e l s o f w e l l g r o w i n g h e m l o c k f r o m t h e H A - p h a s e 

w e r e c o n s i d e r a b l y h i g h e r ( 1 . 5 2 % ) . 

M e a n f o l i a r N l e v e l s o f u n f e r t i l i z e d h e m l o c k w e r e 

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

c e d a r , w i t h a m e a n c o n c e n t r a t i o n o f 1 . 2 7 % , w a s s i g n i f i c a n t l y 

g r e a t e r ( p = . 0 1 ) t h a n b o t h h e m l o c k a n d s p r u c e . T h i s f i n d i n g 

w a s c o n s i s t e n t w i t h t h e p r e l i m i n a r y r e s u l t s o f L e w i s ( 1 9 8 2 ) 

w h o a l s o n o t e d t h a t t h e f o l i a r n i t r o g e n c o n c e n t r a t i o n o f 

c e d a r i n t h e C H - p h a s e w a s c o n s i d e r a b l y h i g h e r t h a n e i t h e r 

s p r u c e o r h e m l o c k . No e x p l a n a t i o n c a n b e o f f e r e d f o r t h e 

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

s u g g e s t s t h a t f a c t o r s o t h e r t h a n t h e l a c k o f a v a i l a b l e N w e r e 

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

M o r e o v e r , t h e s e f i n d i n g s w e r e c o n s i s t e n t w i t h t h e i m p r o v e d 

r e l a t i v e g r o w t h o f c e d a r a n d a l s o w i t h t h a t o f t h e N 

m i n e r a l i z a t i o n s t u d y w h i c h i n d i c a t e d , t h a t a l t h o u g h N 

m i n e r a l i z a t i o n w a s s i g n i f i c a n t l y l e s s i n t h e C H - p h a s e t h a n i n 

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

r e l a t i v e l y h i g h . D e s p i t e t h e h i g h e r N c o n c e n t r a t i o n s i n t h e 

c e d a r h o w e v e r , t h e y w e r e s t i l l l o w a n d p o s s i b l y d e f i c i e n t 
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( T a b l e 1 ) . T h i s s u g g e s t s t h a t e v e n t h e g r o w t h o f c e d a r may 

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

E f f e c t s o n F o l i a r P h o s p h o r u s 

P h o s p h o r u s f e r t i l i z a t i o n n o t o n l y i n c r e a s e d f o l i a r 

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

i n f l u e n c e o n n e e d l e w e i g h t , l e a d e r g r o w t h , f o l i a r N 

c o n c e n t r a t i o n a n d f o l i a r N , K , C a a n d Mg c o n t e n t ( T a b l e 1 1 ) . 

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

n o t e d f o l l o w i n g P f e r t i l i z a t i o n i n o t h e r s p e c i e s s u c h a s 

P i c e a a b i e s ( F i e d l e r e t a l . , 1 9 8 3 ) . I n a d d i t i o n , t h e r e w a s a 

h i g h l y s i g n i f i c a n t N x P i n t e r a c t i o n a n d a s i g n i f i c a n t N x K 

i n t e r a c t i o n w h i c h a f f e c t e d t h e P c o n c e n t r a t i o n b u t n o t 

c o n t e n t . F i g u r e 1 5 i l l u s t r a t e s t h e e f f e c t o f t h e N x P 

i n t e r a c t i o n . F o l i a r P c o n c e n t r a t i o n s d e c r e a s e d w i t h 

i n c r e a s i n g r a t e s o f N w h e n N a n d P w e r e a d d e d t o g e t h e r , b u t 

i n c r e a s e d w h e n N w a s a d d e d a l o n e ( F i g u r e 1 5 ) . T h e d e c r e a s e 

i n c o n c e n t r a t i o n f r o m N p l u s P f e r t i l i z a t i o n i s d u e t o a 

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

t h e d e c r e a s e i n c o n c e n t r a t i o n , f o l i a r P c o n t e n t w a s 

s i g n i f i c a n t l y i n c r e a s e d ( T a b l e 1 1 ) . 

T h e s e f i n d i n g s a r e c o n s i s t e n t w i t h o t h e r s t u d i e s . 

S h e p p a r d a n d R a c z ( 1 9 8 0 ) c i t e d n u m e r o u s e x a m p l e s w h e r e a 

p o s i t i v e a m m o n i u m i o n e f f e c t w a s n o t e d o n t h e u p t a k e o f P . 

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

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

a n d t r a n s l o c a t e P , a n d a pH e f f e c t a t t h e s o i l - r o o t i n t e r f a c e 

i n c r e a s i n g P s o l u b i l i t y . 
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FIGURE 15. 
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E f f e c t o f N x P i n t e r a c t i o n on P c o n c e n t r a t i o n . 
P o i n t s f o l l o w e d by t h e same l e t t e r a r e n o t 
s i g n i f i c a n t l y d i f f e r e n t a t p=.05. 

Mean f o l i a r P c o n c e n t r a t i o n s o f t h e S i t k a s p r u c e i n 

t h e c o n t r o l p l o t s was 0.11% ( T a b l e 1 5 ) . As w i t h N, t h i s was 

a g a i n w e l l b e l o w t h e c r i t i c a l v a l u e o f 0.14% ( T a b l e 1 ) . Even 

i n t h e HA-phase where g r o w t h was v e r y good, P c o n c e n t r a t i o n s 

were s t i l l l o w , a v e r a g i n g o n l y 0.13%. T h i s e s t i m a t e h o w e v e r , 

was c o n s i d e r a b l y l o w e r t h a n t h a t o f 0.16% o b t a i n e d by L e w i s 

( 1 9 8 2 ) f r o m S i t k a s p r u c e on s i m i l a r s i t e s and i n d i c a t e d t h a t 

a f a i r amount o f v a r i a b i l i t y e x i s t s between p l a n t a t i o n s . 
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N o n e - t h e - l e s s , a l l t h e t r e e s f r o m t h e H A - p h a s e s a m p l e d i n t h e 

p r e s e n t s t u d y e x h i b i t e d e x c e l l e n t g r o w t h , w i t h h e i g h t 

i n c r e m e n t s r a n g i n g f r o m A 7 t o 8 5 c m . T h i s w o u l d s e e m t o 

V i n d i c a t e t h a t s u b s t a n t i a l g a i n s i n g r o w t h o f S i t k a s p r u c e o n 

t h e C H - p h a s e may b e a c h i e v e d t h r o u g h a m o d e s t i n c r e a s e i n 

f o l i a r P c o n c e n t r a t i o n s p r o v i d e d t h e N n u t r i t i o n w e r e 

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

s t u d y . A l t h o u g h t h e a d d i t i o n o f N o r N p l u s K a l o n e d i d 

r e s u l t i n a s l i g h t i n c r e a s e i n f o l i a r P t o a b o u t 0 . 1 2 % , t h e r e 

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

t r e a t m e n t s ( F i g u r e 1 0 a n d 1 1 ) . T h e l a c k o f r e s p o n s e i n t h e s e 

c a s e s h o w e v e r , may b e d u e t o t h e h i g h f o l i a r N c o n c e n t r a t i o n s 

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

e f f e c t s o f t h e l o w P c o n c e n t r a t i o n s . V a n d e n D r i e s s c h e 

( 1 9 7 A ) n o t e d t h a t t h e o p t i m u m N / P r a t i o f o r m a n y s p e c i e s i s 

b e w e e n 6 t o 1 6 a n d L e y t o n ( 1 9 5 8 ) s u g g e s t e d a v a l u e o f 1 0 f o r 

S i t k a s p r u c e . N / P r a t i o s i n t h e p r e s e n t s t u d y r a n g e d b e t w e e n 

2 8 a n d 3 5 f o r N a n d N p l u s K t r e a t m e n t s a s c o m p a r e d t o a 

r a n g e o f 1 7 t o 2 3 f o r t h e N p l u s P t r e a t m e n t s a n d a m e a n o f 

1 0 f o r t h e s p r u c e f r o m t h e H A - p h a s e . 

D e s p i t e t h e a p p a r e n t l a c k o f P o n t h e s e s i t e s , t h e 

a d d i t i o n o f P o r P p l u s K a l o n e h a d n o e f f e c t o n g r o w t h o r 

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

s i g n i f i c a n t l y i n c r e a s e d ( T a b l e 1 5 ) . H o w e v e r , t h e a d d i t i o n o f 

P a n d , N t o g e t h e r r e s u l t e d i n a l a r g e i n c r e a s e i n n e e d l e 

w e i g h t a n d i s c l e a r l y e v i d e n t i n F i g u r e 1 6 a s a 1 1 C " s h i f t 

( F i g u r e 2 ) , s u g g e s t i n g t h a t b o t h N a n d P a r e d e f i c i e n t . T h e 

f a c t t h a t N a l o n e r e s u l t e d i n s o m e i n c r e a s e i n g r o w t h , 
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w h e r e a s P a l o n e d i d n o t , s u g g e s t e d t h a t N w a s m o r e l i m i t i n g . 

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

a p p l y i n g b o t h N a n d P t o g e t h e r , i t s e e m s l i k e l y t h a t f o r a n y 

r e m e d i a l f e r t i l i z a t i o n p r o g r a m t o b e e f f e c t i v e , b o t h N a n d P 

w i l l h a v e t o b e a p p l i e d . M o r e o v e r , i f a n y o t h e r t r e a t m e n t , 

s u c h a s s c a r i f i c a t i o n , i s u n d e r t a k e n o n t h e s e s i t e s t o 

i m p r o v e t h e N s t a t u s , a t o p d r e s s i n g o f P may s t i l l b e 

r e q u i r e d i f m a x i m u m b e n e f i t s a r e t o b e a c h i e v e d . 

A s i n s p r u c e , P f e r t i l i z a t i o n t e n d e d t o r e s u l t i n a 

h i g h l y s i g n i f i c a n t i n c r e a s e i n f o l i a r P c o n c e n t r a t i o n s i n 

b o t h c e d a r a n d h e m l o c k ( T a b l e 1 5 ) . A f t e r f e r t i l i z a t i o n , 

f o l i a r P l e v e l s t e n d e d t o b e h i g h e s t i n h e m l o c k a n d l o w e s t i n 

s p r u c e . U n l i k e s p r u c e h o w e v e r , N f e r t i l i z a t i o n t e n d e d t o 

r e s u l t i n a r e d u c t i o n i n f o l i a r P c o n c e n t r a t i o n s , a n d w a s 

p a r t i c u l a r l y n o t i c e a b l e w i t h c e d a r . M o r e o v e r , i n c r e a s i n g 

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

f o l i a r P w h e t h e r P w a s a d d e d o r n o t ( T a b l e 1 5 ) . 

M e a n f o l i a r P c o n c e n t r a t i o n s o f h e m l o c k i n t h e 

c o n t r o l p l o t s w a s 0 . 1 3 % . W h i l e t h i s v a l u e i s c o n s i d e r e d t o 

b e - s e v e r e l y d e f i c i e n t ( T a b l e 1 ) , i t w a s n o t o n l y 

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

( T a b l e 1 5 ) , b u t , i t w a s a l s o s l i g h t l y h i g h e r t h a n t h e 

e s t i m a t e o f 0 . 1 2 % o b t a i n e d f o r w e l l g r o w i n g h e m l o c k f r o m t h e 

H A - p h a s e . T h e e s t i m a t e s o b t a i n e d i n t h i s s t u d y w e r e n o t 

c o n s i s t e n t w i t h t h o s e o f L e w i s ( 1 9 8 2 ) w h o f o u n d m e a n f o l i a r P 

c o n c e n t r a t i o n t o b e 0 . 1 6 % a n d 0 . 2 5 % f o r h e m l o c k g r o w i n g o n 

t h e C H - a n d H A - p h a s e s , r e s p e c t i v e l y . B a k e r ( 1 9 7 0 ) h o w e v e r , 

f o u n d f o l i a r P c o n c e n t r a t i o n s i n s i m i l a r h i g h s i t e h e m l o c k 
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s t a n d s t o r a n g e f r o m 0 . 1 4 % t o 0 . 2 1 % . B e c a u s e t h i s s t u d y w a s 

n o t d e s i g n e d t o s t u d y h e m l o c k a n d t h e s a m p l e s i z e w a s 

r e l a t i v e l y s m a l l ( 2 3 c o n t r o l t r e e s f r o m t h e C H - p h a s e a n d 1 0 

t r e e s f r o m t h e H A - p h a s e ) t h e s e e s t i m a t e s s h o u l d b e v i e w e d 

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

c o m p a r e d t o s p r u c e a f t e r N o r N p l u s K f e r t i l i z a t i o n 

s u g g e s t e d a b e t t e r P s t a t u s i n h e m l o c k . H o w e v e r , g i v e n t h e 

h i g h l y s i g n i f i c a n t s y n e r g i s t i c e f f e c t o f P w h e n a d d e d w i t h N 

o n h e m l o c k g r o w t h , i t a p p e a r e d t h a t P w a s d e f i c i e n t . 

M e a n f o l i a r P c o n c e n t r a t i o n s o f c e d a r i n t h e 

c o n t r o l p l o t s i s 0 . 1 8 % , w h i c h w a s e x t r e m e l y h i g h c o m p a r e d t o 

t h a t o f s p r u c e o r h e m l o c k ( T a b l e 1 5 ) . B e c a u s e o f t h e l a c k o f 

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

v a l u e c o m p a r e s w i t h t h e g e n e r a l n u t r i t i o n a l r e q u i r e m e n t s o f 

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

e x p e r i e n c e d o n t h e s e s i t e s , i t w o u l d a p p e a r t h a t t h e P s t a t u s 

w a s a d e q u a t e o r , a t m o s t , o n l y m a r g i n a l l y d e f i c i e n t . G r a h a m 

( 1 9 8 2 ) n o t e d t h a t c e d a r o f t e n r e s p o n d e d f a v o u r a b l y t o r e l e a s e 

e v e n t h o u g h f o l i a r P a n d N c o n c e n t r a t i o n s w e r e o n l y 0 . 1 3 % a n d 

0 . 9 0 % t o 0 . 9 5 % , r e s p e c t i v e l y , w h i c h s u g g e s t e d t h a t t h e 

s p e c i e s i s c a p a b l e o f e x h i b i t i n g g o o d g r o w t h o n l o w P l e v e l s . 

Why c a n c e d a r p e r f o r m b e t t e r o n t h e s e s i t e s t h a n 

e i t h e r s p r u c e o r h e m l o c k ? I t i s o b v i o u s t h a t t h e s p e c i e s i s 

m o r e e f f i c i e n t i n e x t r a c t i n g o r c o m p e t i n g f o r a v a i l a b l e 

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

t h a t t h i s may b e r e l a t e d t o d i f f e r e n c e s i n m y c o r r h i z a l 

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

s h o w n t h a t p l a n t s i n f e c t e d w i t h m y c o r r h i z a e e x h i b i t b e t t e r 
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g r o w t h t h a n n o n - i n f e c t e d p l a n t s . I n v a r i a b l y , t h i s i m p r o v e d 

g r o w t h h a s b e e n a t t r i b u t e d t o a n i m p r o v e m e n t i n t h e p l a n t s ' 

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

. ( T i n k e r , 1 9 7 9 ; R o v i r a e t a l . , 1 9 8 3 ) . T h e m y c o r r h i z a l f u n g i 

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

h e m l o c k . C e d a r f o r m s a s s o c i a t i o n s w i t h v e s i c u l a r - a r b u s c u l a r 

( V A ) f u n g i , w h e r e a s , b o t h s p r u c e a n d h e m l o c k f o r m 

a s s o c i a t i o n s w i t h e c t o m y c o r r h i z a l f u n g i ( P a r k e e t a l . , 1 9 8 3 ) . 

I t i s p o s s i b l e t h a t t h e V A - m y c o r r h i z a e o f c e d a r a r e m o r e 

t o l e r a n t o f t h e c o n d i t i o n s f o u n d o n t h e s e s i t e s . P a r k e e t 

a l . ( 1 9 8 3 ) n o t e d t h a t t h e d o m i n a n t s p e c i e s i n f e c t i n g c e d a r 

w a s G l o m u s t e n u e , a s p e c i e s w h i c h i s k n o w n t o t o l e r a t e l o w P 

l e v e l s . M o r e o v e r , t h e r e may b e s o m e r e l a t i o n s h i p b e t w e e n t h e 

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

" s a l a l e f f e c t " d i s c u s s e d p r e v i o u s l y , a l t h o u g h i t s h o u l d b e 

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

b e " h e a t h e r s e n s i t i v e " ( E v e r a r d , 1 9 7 4 ) . I n a n y e v e n t , 

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

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

i n v e s t i g a t i o n s a r e u n d e r t a k e n . 

E f f e c t s o n F o l i a r P o t a s s i u m 

A l t h o u g h K f e r t i l i z a t i o n r e s u l t e d i n a h i g h l y 

s i g n i f i c a n t i n c r e a s e i n b o t h f o l i a r K c o n c e n t r a t i o n a n d 

c o n t e n t , a s t r o n g a n t a g o n i s t i c e f f e c t o f N o n K r e s u l t e d i n a 

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

c o n t r o l s . I n a d d i t i o n , t h e r e w e r e a n u m b e r o f h i g h l y 

s i g n i f i c a n t N x P a n d N x K i n t e r a c t i o n s w h i c h i n f l u e n c e d 
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b o t h K c o n c e n t r a t i o n a n d c o n t e n t ( F i g u r e s 17 a n d 1 8 ) . 

T h e a d d i t i o n o f P a l o n e r e s u l t e d i n a s i g n i f i c a n t 

i n c r e a s e i n f o l i a r K c o n c e n t r a t i o n a n d c o n t e n t , h o w e v e r , w h e n 

a d d e d t o g e t h e r w i t h N , K c o n t e n t i n c r e a s e d ( F i g u r e 1 8 ) , 

w h e r e a s , c o n c e n t r a t i o n d e c r e a s e d ( F i g u r e 1 7 ) . T h e r e d u c t i o n 

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

r a t h e r t h a n a n t a g o n i s m b e t w e e n t h e P a n d K i o n s ( F i g u r e 1 9 ) . 

On t h e o t h e r h a n d , N f e r t i l i z a t i o n r e s u l t e d i n a 

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

c o n c e n t r a t i o n a n d c o n t e n t ( F i g u r e s 17 a n d 1 8 ) . T h i s e f f e c t 

w a s e v i d e n t w h e t h e r o r n o t K w a s a d d e d . H o w e v e r , o n t h o s e 

p l o t s w h e r e K w a s a d d e d , f o l i a r K l e v e l s t e n d e d t o b e h i g h e r 

( T a b l e 1 6 ) e x c e p t a t t h e h i g h e s t N r a t e s w h e r e t h i s t r e n d w a s 

r e v e r s e d ( F i g u r e s 1 7 a n d 1 8 ) . 

M e a n f o l i a r K l e v e l s o f t r e e s i n t h e c o n t r o l p l o t s 

w a s 0 . 5 7 % a s c o m p a r e d t o 0 . 5 2 % f o r w e l l g r o w i n g s p r u c e o f t h e 

H A - p h a s e . T h e s e v a l u e s s u g g e s t t h e p o s s i b i l i t y o f a m o d e r a t e 

K d e f i c i e n c y ( T a b l e 1 ) . T h e a d d i t i o n o f K o r P p l u s K a l o n e 

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

l a r g e i n c r e a s e i n f o l i a r K c o n c e n t r a t i o n ( F i g u r e 1 9 ) . 

H o w e v e r , w h e n N w a s i n c l u d e d , f o l i a r K l e v e l s d r o p p e d t o 

0 . 4 1 % , 0 . 3 5 % a n d 0 . 3 4 % f o r t h e 2 0 0 , 3 0 0 a n d 4 0 0 k g N / h a 

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

d e c r e a s e i n K c o n c e n t r a t i o n c a n b e a t t r i b u t e d t o a d i l u t i o n 

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

i n f l u e n c e o f t h e h i g h N c o n c e n t r a t i o n s . T h i s w a s e v i d e n t 

f r o m t h e s t r o n g " E " s h i f t s i n F i g u r e 1 9 p l u s t h e h i g h l y 

s i g n i f i c a n t n e g a t i v e c o r r e l a t i o n b e t w e e n N a n d K ( r = - 0 . 7 2 3 5 ; 
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FIGURE 1 7 . E f f e c t s o f N x P and N x K i n t e r a c t i o n s on p o t a s s i u m 
c o n c e n t r a t i o n . P o i n t s f o l l o w e d by t h e same l e t t e r 
a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t p = . 0 5 . 
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FIGURE 18. E f f e c t s o f N x P and N x K i n t e r a c t i o n s on p o t a s s i u m 
c o n t e n t . P o i n t s f o l l o w e d by t h e same l e t t e r a r e n o t 
s i g n i f i c a n t l y d i f f e r e n t a t p=.05. 
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F I G U R E 1 9 . R e l a t i o n s h i p b e t w e e n f o l i a r K c o n c e n t r a t i o n , c o n t e n t 
a n d d r y w e i g h t . 



- 1 0 0 -

n o t e : e x c l u d e s t r e a t m e n t s NOK a n d N O P K ) . T h e s e p a t t e r n s w e r e 

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

A p p e n d i x I I ) . 

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

a g r i c u l t u r e , o f a n t a g o n i s t i c e f f e c t s o f N o n K , h o w e v e r , t h e 

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

r a t h e r t h a n n i t r a t e i o n s ( M u r p h y , 1 9 8 0 ) . I n c o n t r a s t w i t h t h e 

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

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

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

( M u r p h y , 1 9 8 0 ) . Two m a i n t h e o r i e s w e r e s u g g e s t e d t o e x p l a i n 

t h i s e f f e c t . W o o d h o u s e a n d H a r d w i c k ( 1 9 6 6 ) s u g g e s t e d t h a t 

s i n c e NH4.+ a n d K+ a r e s i m i l a r i n s i z e a n d c h a r g e , t h a t NH4+ 

c o u l d c o m p e t e w i t h K+ i o n s f o r r o o t s u r f a c e a b s o r p t i o n s i t e s 

s p e c i f i c f o r u n i v a l e n t c a t i o n s . D e k o c k ( 1 9 7 0 ) h o w e v e r , n o t e d 

t h a t i n s o m e p l a n t s , C a , a d i v a l e n t c a t i o n , may a l s o b e 

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

f a c t o r i n v o l v e d . B a r k e r e t a l . ( 1 9 6 7 ) p r o p o s e d t h a t h i g h 

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

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

n o n - e x c h a n g e a b l e K f r o m b e c o m i n g a v a i l a b l e . A p p a r e n t l y , a 

s i g n i f i c a n t a m o u n t o f t h e n o n - e x c h a n g e a b l e f o r m s o f K c a n be 

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

( W e l c h a n d S c o t t , 1 9 6 1 ; M e n g e l a n d K i r k b y , 1 9 7 9 ) . 

B e c a u s e o f t h i c k o r g a n i c a c c u m u l a t i o n s o n t h e 

C H - p h a s e i t i s d o u b t f u l t h a t n o n - e x c h a n g e a b l e f o r m s o f K p l a y 

a s i g n i f i c a n t r o l e i n t h e K n u t r i t i o n o f t h e s p r u c e . O r g a n i c 

s o i l s a r e o f t e n l o w i n K ( M e n g e l a n d K i r k b y , 1 9 7 9 ) . 
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S h i c k l u n a e t a l . ( 1 9 7 2 ) n o t e d t h a t a l t h o u g h o r g a n i c s o i l s 

h a v e h i g h C E C s , h u m u s c o l l o i d s h a v e v e r y l o w f i x i n g p o w e r s 

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

b e e a s i l y l e a c h e d . 

L e a c h i n g l o s s e s o f K may b e g r e a t e r d u e t o t h e 

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

n i t r a t e i o n c o u l d a c t a s a c a r r i e r i o n f o r d i s p l a c e d K+ i o n s 

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

a n d O s m o n d ( 1 9 6 3 ) a t t r i b u t e d a r e d u c t i o n i n e x c h a n g e a b l e K 

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

b e t w e e n K+ a n d NH4+ i o n s f o r e x c h a n g e s i t e s . S i m i l a r l y , C o l e 

a n d G e s s e l ( 1 9 6 8 ) n o t e d s i g n i f i c a n t l o s s e s o f K f r o m t h e 

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

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

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

a c a r r i e r i o n f o r d i s p l a c e d K+ i o n s . 

L o s s o f K b y l e a c h i n g may b e p a r t i c u l a r l y 

d e t r i m e n t a l o n t h e s e s i t e s , s i n c e p r i o r t o f e r t i l i z a t i o n , t h e 

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

o f K d e f i c i e n c y . I n c o n i f e r s , s u c h s y m p t o m s f i r s t a p p e a r a s 

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

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

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

f o l i a g e ( F i g u r e 2 0 a ) ( B e n z i a n , 1 9 6 5 ; L e a f , 1 9 6 7 ) . D u r i n g t h e 

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

e x h i b i t i n g t h e s e s y m p t o m s h a d i n c r e a s e d d r a m a t i c a l l y ( F i g u r e 

2 0 b ) . A l l t r e e s e x h i b i t i n g K d e f i c i e n c y s y m p t o m s o c c u r r e d o n 

p l o t s r e c e i v i n g 3 0 0 a n d 4 0 0 k g N / h a . H o w e v e r , a l t h o u g h m a n y 
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FIGURE 2 0 a . 
S i t k a s p r u c e p r i o r t o 
f e r t i l i z a t i o n e x h i b i t i n g 
b r o n z i n g o r s c o r c h i n g 
o f f o l i a g e . N o t e t h e 
r e l a t i v e l y g o o d l e a d e r 
g r o w t h d e s p i t e t h e 
f o l i a g e d i s c o l o r a t i o n . 

F I G U R E 2 0 b . 
S i t k a s p r u c e e x h i b i t i n g 
s y m p t o m s o f K d e f i c i e n c y 
a f t e r f e r t i l i z a t i o n w i t h 
3 0 0 k g N , 5 0 k g P a n d 5 0 
k g K . F o l i a r n u t r i e n t 
c o n c e n t r a t i o n s (%) w e r e : 
N - 3 . 6 1 , P - 0 . 1 6 , K - 0 . 2 6 , 
C a - 0 . 2 8 , M g - 0 . 0 8 , B - 1 2 
( p p m ) , C u - 3 ( p p m ) , Z n - 2 6 
(ppm), F e - 6 . 0 ( p p m ) a n d 
M n - 7 1 5 ( p p m ) . 
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t r e e s h a d f o l i a r K c o n c e n t r a t i o n s l e s s t h a n 3 . 0 % , r e l a t i v e l y -

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

D e s p i t e t h e i n d u c e d K d e f i c i e n c y , g r o w t h d i d n o t 

a p p e a r t o b e a d v e r s e l y e f f e c t e d . T h i s may b e d u e t o t h e f a c t 

t h a t e v e n i n t h o s e t r e a t m e n t s w h e r e K w a s a d d e d , i t s u p t a k e 

w a s r e s t r i c t e d . T h u s f o l i a r K l e v e l s f o r a l l t r e a t m e n t s w e r e 

r e l a t i v e l y s i m i l a r , a n d t h e r e f o r e , a s s u m i n g K w a s l i m i t i n g 

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

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

t h e a d d i t i o n o f K w a s b e n e f i c i a l t o g r o w t h . O f t h e h i g h l y 

r e s p o n s i v e t r e a t m e n t s , ( i . e . : N P , N P K , a n d N P K T ) , t h o s e 

w h i c h m a i n t a i n e d t h e h i g h e s t f o l i a r K c o n c e n t r a t i o n s a n d 

c o n t e n t t e n d e d t o e x h i b i t t h e b e s t g r o w t h r e s p o n s e s . L a c k o f 

r e a l d i f f e r e n c e s i n g r o w t h may a l s o b e r e l a t e d t o t h e 

m o b i l i t y o f t h e i o n . K i s k n o w n t o b e a h i g h l y m o b i l e 

n u t r i e n t ( M e n g e l a n d K i r k b y , 1 9 7 9 ) , t h u s i n t e r n a l 

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

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

a p p a r e n t K d e f i c i e n c y . S h o u l d t h i s d e f i c i e n y p e r s i s t i n t o 

s u b s e q u e n t g r o w i n g s e a s o n s , i t w o u l d s e e m u n l i k e l y t h a t 

a c c e p t a b l e g r o w t h r a t e s c o u l d b e m a i n t a i n e d e v e n w i t h N a n d P 

f e r t i l i z a t i o n a l t h o u g h t h e r e h a v e b e e n c a s e s i n B r i t a i n w h e r e 

e x t r e m e l y l o w K l e v e l s ( 3 % ) h a v e h a d n o a p p a r e n t e f f e c t o n 

g r o w t h ( D i c k s o n a n d S a v i l l , 1 9 7 4 ) . 

A s t a t i s t i c a l a n a l y s i s o f h e m l o c k f o l i a r K l e v e l s 

w a s n o t d o n e b e c a u s e a l l s a m p l e s w e r e b u l k e d b y t r e a t m e n t t o 

g i v e o n e e s t i m a t e p e r s t a n d ( T a b l e 1 6 ) . S i m i l a r l y , n o 

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



- 1 0 4 -

T A B L E 1 6 . M e a n f o l i a r K c o n c e n t r a t i o n s o f S i t k a s p r u c e a n d 
h e m l o c k . T r e a t m e n t s c o n n e c t e d b y t h e s a m e l i n e 
a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t p = . 0 1 - -
a p p l i c a b l e t o s p r u c e o n l y . 

• S P R U C E H E M L O C K 

T R E A T M E N T 

N 3 P K 
N 3 P 
N 2 P 
N2 
N 3 K 
N 2 P K 
N 3 
N l 
N2K 
N I P 
N 1 P K 
N I K 
N P K T 
NO 
NOP 
NOK 
NOPK 

-% O V E N - D R Y W E I G H T -

0 . 3 1 
0 . 3 3 
0 . 3 3 
0 . 3 3 
0 . 3 5 
0 . 3 5 
0 . 3 6 
0 . 3 8 
0 . 3 8 
0 . 3 9 
0 . 4 3 
0 . 4 4 
0 . 4 8 
0 . 5 7 
0 . 6 2 
0 . 7 5 
0 . 8 3 

. 0 5 4 ) 

. 0 5 6 ) 

. 0 6 5 ) 

. 0 7 0 ) 

. 0 9 1 ) 

. 0 7 4 ) 

. 0 8 8 ) 

. 0 8 6 ) 

. 1 0 9 ) 

. 0 8 6 ) 

. 0 9 8 ) 

. 1 0 6 ) 

. 0 6 7 ) 

. 1 2 9 ) 

. 1 1 4 ) 

. 1 0 8 ) 

. 0 9 5 ) 

0 . 6 2 
0 . 6 0 
0 . 5 8 
0 . 6 1 
0 . 7 7 
0 . 6 6 
0 . 6 8 
0 . 6 0 
0 . 9 0 
0 . 5 8 
0 . 5 9 
0 . 8 3 
0 . 6 5 
0 . 8 1 
0 . 7 2 
0 . 9 1 
0 . 8 7 

* V a l u e s i n p a r e n t h e s i s + S D . 
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L e w i s ( 1 9 8 2 ) s u g g e s t e d t h a t t h e K l e v e l s o f c e d a r w e r e 

a d e q u a t e . 

I n g e n e r a l , f o l i a r K l e v e l s o f h e m l o c k w e r e 

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

o f K d e f i c i e n c y w e r e n o t e d . N i t r o g e n f e r t i l i z a t i o n a p p e a r e d 

t o d e c r e a s e K , w h i c h w a s m o r e n o t i c e a b l e i n N p l u s P 

f e r t i l i z e d p l o t s t h a n i n N a l o n e ; p r e s u m a b l y d u e t o a 

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

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

b e l o w t h o s e o f t h e c o n t r o l s w h e n N w a s a p p l i e d . 

E f f e c t s o n F o l i a r C a l c i u m a n d M a g n e s i u m 

N , P a n d K f e r t i l i z a t i o n s i g n i f i c a n t l y i n f l u e n c e d 

f o l i a r C a a n d Mg c o m p o s i t i o n ( T a b l e 1 1 ) . I n g e n e r a l , c o n t e n t 

w a s i n f l u e n c e d m o r e t h a n c o n c e n t r a t i o n . N a n d P 

s i g n i f i c a n t l y ( p = . 0 1 ) i n c r e a s e d C a a n d Mg c o n t e n t . K 

h o w e v e r , w h i l e h a v i n g a p o s i t i v e e f f e c t o n C a c o n c e n t r a t i o n 

a n d c o n t e n t ( F i g u r e 2 1 ) , a p p e a r e d t o h a v e h a d a h i g h l y 

s i g n i f i c a n t a n t a g o n i s t i c e f f e c t o n Mg ( T a b l e 1 7 ) . W h i l e t h e 

n e g a t i v e e f f e c t s o f h i g h K c o n c e n t r a t i o n s o n Mg u p t a k e a r e 

w e l l k n o w n ( M e n g e l a n d K i r k b y , 1 9 7 9 ) , i t s e e m e d u n u s u a l t h a t 

Mg w a s d e p r e s s e d o n p l o t s w h e r e b o t h N a n d K w e r e a d d e d 

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

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

b e t w e e n t r e a t m e n t s w e r e s m a l l d u e t o t h e l o w Mg v a l u e ( T a b l e 

1 7 ) . 

I n a d d i t i o n t o t h e m a i n e f f e c t s , t h e r e w e r e a l s o 

s i g n i f i c a n t N x P i n t e r a c t i o n s a f f e c t i n g t h e C a a n d Mg 
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(g/IOOO needles) 
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008. 
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L£££HD. 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
1ZN3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

n 1 1 1— 
5-6 6-4 7-2 80 

Mg CONTENT (mg/IOOO needles) 

8 8 9-6 

F I G U R E 22, R e l a t i o n s h i p b e t w e e n f o l i a r Mg c o n c e n t r a t i o n , c o n t e n t 
a n d d r y - w e i g h t . 
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c o n t e n t a n d Mg c o n c e n t r a t i o n ( T a b l e 1 1 ) . T h e N x P 

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

e n h a n c e d u p t a k e o f Mg a n d C a w h e n N a n d P w e r e a d d e d t o g e t h e r 

a s c o m p a r e d t o N a l o n e ( F i g u r e 2 3 ) . U p t a k e w a s g r e a t e s t a t 

t h e l o w e s t r a t e o f N a n d t e n d e d t o d e c l i n e a s t h e r a t e s 

i n c r e a s e d . T h e N x P i n t e r a c t i o n o n Mg c o n c e n t r a t i o n w a s 

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

F i g u r e 2 2 a s a n " A " s h i f t f o r t h o s e t r e a t m e n t s w h e r e N a n d P 

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

M e a n f o l i a r Mg a n d C a c o n c e n t r a t i o n s o f t h e S i t k a 

s p r u c e c o n t r o l s w e r e 0 . 1 0 % a n d 0 . 4 7 % , r e s p e c t i v e l y ( T a b l e 

1 7 ) . C r i t i c a l v a l u e s f o r t h e s e t w o n u t r i e n t s h a v e n o t y e t 

b e e n i d e n t i f i e d f o r S i t k a s p r u c e , h o w e v e r , w h e n c o m p a r e d w i t h 

n u t r i e n t l e v e l s f o u n d i n g o o d a n d p o o r g r o w i n g S i t k a s p r u c e 

( T a b l e 1 ) o r c r i t i c a l l e v e l s o f o t h e r s p e c i e s ( s e e M o r r i s o n , 

1 9 7 4 ) , t h e v a l u e s f o r C a s e e m e d a d e q u a t e , w h e r e a s t h e v a l u e s 

f o r Mg w e r e l o w a n d p o s s i b l y s l i g h t l y d e f i c i e n t . 

F e r t i l i z e r t r i a l s w e r e n o t e s t a b l i s h e d t o s t u d y t h e 

e f f e c t s o f Mg s o i t i s d i f f i c u l t t o s a y i f Mg w o u l d h a v e a n y 

a d d i t i o n a l b e n e f i t s o n g r o w t h . Mg w a s o n l y a d d e d i n t h e N P K T 

t r e a t m e n t a n d a l t h o u g h i t d i d r e s u l t i n a c l e a r " C " s h i f t 

( F i g u r e 2 2 ) , m e a n i n g f u l i n t e r p r e t a t i o n s c a n n o t b e d r a w n 

b e c a u s e o f t h e c o n f o u n d i n g e f f e c t s o f t h e o t h e r n u t r i e n t s . 

E x a m i n a t i o n o f t h e c l u s t e r i n g o f p o i n t s i n F i g u r e 2 2 h o w e v e r , 

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

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

e f f e c t o f K , Mg u p t a k e w a s i n c r e a s e d s i g n i f i c a n t l y . I n t h e 

h i g h l y r e s p o n s i v e N p l u s P t r e a t m e n t s , w h e r e c o n c e n t r a t i o n 
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FIGURE 23. E f f e c t s o f N x P i n t e r a c t i o n on Ca and Mg c o n t e n t . 
P o i n t s f o l l o w e d by t h e same l e t t e r a r e n o t 
s i g n i f i c a n t l y d i f f e r e n t a t p=.05. 
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d e c r e a s e d f r o m g r o w t h d i l u t i o n , t h e d e c r e a s e was n o t 

s i g n i f i c a n t ( T a b l e 17) and u p t a k e a p p e a r e d t o be s u f f i c i e n t 

t o k e e p p a c e w i t h n e e d l e e x p a n s i o n . I n f a c t , on t h e l e s s 

r e s p o n s i v e N a l o n e t r e a t m e n t s Mg c o n c e n t r a t i o n s i n c r e a s e d . 

M o r e o v e r , f o l i a r Mg c o n c e n t r a t i o n s f r o m w e l l g r o w i n g s p r u c e 

i n t h e HA-phase were s l i g h t l y l o w e r w i t h a mean o f 0.09%. 

Hemlock f o l i a g e f o r Ca and Mg was b u l k e d and o n l y a 

l i m i t e d a n a l y s i s was done ( T a b l e 1 7 ) . I n g e n e r a l , 

f e r t i l i z a t i o n a p p e a r e d t o have l i t t l e o r no e f f e c t on Ca 

c o n c e n t r a t i o n s , h o w e v e r , Mg c o n c e n t r a t i o n s were d e p r e s s e d . 

P r e s u m a b l y t h i s d e p r e s s i o n was due t o a c o m b i n e d e f f e c t o f 

a n t a g o n i s m f r o m t h e K i o n and g r o w t h d i l u t i o n s . As i n 

s p r u c e , P a p p e a r e d t o have e n h a n c e d Mg u p t a k e . O t h e r s t u d i e s 

h ave a l s o n o t e d a s i m i l a r e f f e c t o f P on Mg u p t a k e ( s e e 

F i e d l e r e t a l . , 1 9 8 3 ) . Mg c o n c e n t r a t i o n o f h e m l o c k i n . t h e 

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

and w o u l d n o t be c o n s i d e r e d d e f i c i e n t ( B a l l a r d and C a r t e r , 

1 9 8 3 ) . 

E f f e c t s o f F o l i a r S u l f u r 

Mean f o l i a r S c o n c e n t r a t i o n s o f t h e c o n t r o l t r e e s 

was 0.06%. W h i l e d e f i c i e n c y l e v e l s f o r S i t k a s p r u c e have n o t 

been i d e n t i f i e d , L e a f ( 1 9 6 7 ) n o t e d t h a t f o l i a r S 

c o n c e n t r a t i o n s l e s s t h a n 0.13% f o r P i c e a a b i e s was c o n s i d e r e d 

d e f i c i e n t . B a l l a r d and C a r t e r ( 1 9 8 2 ) s u g g e s t e d t h a t when N 

was d e f i c i e n t , t h e N/S r a t i o s h o u l d n o t e x c e e d a v a l u e 

d e t e r m i n e d by t h e e q u a t i o n , 4.2X + 4.94, w here X i s t h e 

p e r c e n t f o l i a r N c o n c e n t r a t i o n . U s i n g t h e d a t a f r o m t h e 
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p r e s e n t s t u d y , t h e e q u a t i o n y i e l d s a v a l u e o f 8 . 4 9 , w h e r e a s 

t h e N / S r a t i o w a s 1 3 . 2 8 . T h e s e f i n d i n g s s u g g e s t a S 

d e f i c i e n c y o r p o s s i b l y a N - i n d u c e d S d e f i c i e n c y may e x i s t 

( B a l l a r d a n d C a r t e r , 1 9 8 3 ) a n d t h e s t a n d s s h o u l d r e s p o n d t o 

b o t h N a n d S f e r t i l i z a t i o n ( B a l l a r d , T . M . , 1 9 7 9 ) . 

A s w i t h M g , i t i s d i f f i c u l t t o s a y i f t h e s e s t a n d s 

h a v e r e s p o n d e d f a v o u r a b l y t o S f e r t i l i z a t i o n a s S w a s o n l y 

a d d e d i n t h e N P K T t r e a t m e n t . A l t h o u g h t h e r e w a s a c l e a r " C " 

s h i f t i n F i g u r e 2 4 , i n t e r p r e t a t i o n s a r e c o n f o u n d e d b y t h e 

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

B C F P ( s e e p a g e 9 0 ) f o u n d d i a m e t e r r e s p o n s e o f h e m l o c k t o b e 

1 9 % , 3 9 % a n d 4 4 % f o r u r e a , a m m o n i u m s u l p h a t e a n d a m m o n i u m 

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

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

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

e f f e c t s o n h e m l o c k a s s u g g e s t e d b y G i l l a n d L a v e n d e r ( 1 9 8 3 a ) . 

T h e l a t t e r s e e m e d m o r e l i k e l y b e c a u s e a m m o n i u m n i t r a t e h a d 

t h e g r e a t e s t r e s p o n s e . R e c e n t s t u d i e s b y T u r n e r e t a l . ( 1 9 7 7 ) 

h o w e v e r , f o u n d t h a t m u c h o f t h e v a r i a t i o n i n t h e r e s p o n s e o f 

D o u g l a s - f i r t o N f e r t i l i z a t i o n i n t h e P a c i f i c N o r t h w e s t c o u l d 

b e e x p l a i n e d b y f o l i a r s u l p h a t e l e v e l s . T h o s e s t a n d s s h o w i n g 

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

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

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

s y n t h e s i s ( T u r n e r e t a l . , 1 9 7 7 ) a n d s u g g e s t s t h a t S 

d e f i c i e n c i e s may b e m o r e p r e v a l e n t i n t h e P a c i f i c N o r t h w e s t 

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

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

t r e e s ' S n u t r i t i o n e v e n t h o u g h S w a s n o t a d d e d . T h i s i s 

c l e a r l y e v i d e n t i n F i g u r e 2 4 . M e a n f o l i a r S c o n c e n t r a t i o n s 

i n c r e a s e d t o 0 . 0 8 % w h e n N a l o n e w a s a d d e d a n d t o 0 . 1 3 % w h e n N 

a n d P w e r e a d d e d t o g e t h e r . S i n c e c o n t r o l t r e e s w e r e h i g h l y 

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

f o r o t h e r n u t r i e n t s s u c h a s S may h a v e b e e n l i m i t e d e v e n 

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

s o m e w h a t a n a l o g o u s t o t h e " B " s h i f t i l l u s t r a t e d i n F i g u r e 2 . 

T h e i n c r e a s e i n S c o n c e n t r a t i o n s h o w e v e r , may a l s o b e r e l a t e d 

t o i n c r e a s e s i n S m i n e r a l i z a t i o n a s a r e s u l t o f N a n d P 

f e r t i l i z a t i o n . R e c e n t s t u d i e s h a v e s h o w n m i n e r a l i z a i o n o f 

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

s p e c i e s ( D a v i e s e t a l . , 1 9 8 3 ) . M e a n f o l i a r S c o n c e n t r a t i o n 

i n t h e t r e e s s a m p l e d f r o m t h e H A - p h a s e w e r e 0 . 1 3 % a n d 0 . 1 5 % 

f o r s p r u c e a n d h e m l o c k , r e s p e c t i v e l y . T h e h i g h e r f o l i a r S 

l e v e l s h e r e may b e d u e t o t h e m o r e " a c t i v e " o r g a n i c m a t t e r o f 

t h i s p h a s e a s i n d i c a t e d b y t h e g r e a t e r r a t e s o f N 

m i n e r a l i z a t i o n . 

A s s u l f u r i n p u t s a n d o u t p u t s w e r e n o t i n v e s t i g a t e d 

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

c o n c e n t r a t i o n s i n c r e a s e d . I n a n y e v e n t , i t a p p e a r s t h a t S 

d e f i c i e n c i e s c a n b e o v e r c o m e t h r o u g h e n h a n c e d u p t a k e a f t e r N 

p l u s P f e r t i l i z a t i o n . I f S i s i n d e e d d e f i c i e n t , a n a l t e r n a t e 

s o u r c e o f N s u c h a s a m m o n i u m s u l p h a t e may p r o v e t o b e 

s u p e r i o r . 
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E f f e c t s on F o l i a r M i c r o - n u t r i e n t s 

A p p l i c a t i o n of m i c r o - n u t r i e n t s i n the NPKT 

tr e a t m e n t r e s u l t e d i n an i n c r e a s e i n the f o l i a r c o n c e n t r a t i o n 

and c o n t e n t of a l l a p p l i e d n u t r i e n t s except Zn ( F i g u r e s 25 to 

2 8 ) . In the case of Zn, c o n c e n t r a t i o n decreased but c o n t e n t 

i n c r e a s e d ( F i g u r e 2 8 ) . 

Because o n l y l i m i t e d a t t e n t i o n was p a i d to the 

m i c r o - n u t r i e n t s i n t h i s s t u d y , p r e c i s e i n t e r p r e t a t i o n of the 

f o l i a r a n a l y s i s was not p o s s i b l e . In a d d i t i o n , r e l a t i v e l y 

l i t t l e a t t e n t i o n has been p a i d to m i c r o - n u t r i e n t 

f e r t i l i z a t i o n e l sewhere and thus comparisons w i t h o t h e r 

t r i a l s are l i m i t e d . Many o r g a n i c s o i l s however, are known to 

be d e f i c i e n t i n m i c r o - n u t r i e n t s , and i n p a r t i c u l a r Cu and B 

( V e i j a l a i n e n , 1977). F e r t i l i z e r t r i a l s w i t h m i c r o - n u t r i e n t s 

on p e a t l a n d s i n S c a n d i n a v i a n c o u n t r i e s , o f t e n r e s u l t i n an 

i n c r e a s e i n f o l i a r c o n c e n t r a t i o n of the c o r r e s p o n d i n g 

n u t r i e n t s ( V e i j a l a i n e n , 1977) and an improved growth response 

over p l o t s r e c e i v i n g N, P and K f e r t i l i z e r s o n l y 

( V e i j a l a i n e n , 1981). Other s t u d i e s on m i c r o - n u t r i e n t s have 

i d e n t i f i e d f o l i a r c o n c e n t r a t i o n s a s s o c i a t e d w i t h good and 

poor growth f o r v a r i o u s t r e e s p e c i e s ( T a b l e 18). Such v a l u e s 

must be compared w i t h c a u t i o n because of the wide v a r i a t i o n 

e n c o u n t e r e d . 

In g e n e r a l , i t appears as i f B, Mn and Zn are 

adequate, whereas, Cu and " a c t i v e " Fe are low. However, 

g i v e n the range of v a l u e s i n T a b l e 18 i t i s d e b a t a b l e whether 

Cu i s a c t u a l l y d e f i c i e n t . Cu l e v e l s i n the HA-phase, w h i l e 

h i g h e r , c o u l d s t i l l be c o n s i d e r e d low a t 4.6 ppm and yet 
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content and dry-weight. 



-117-

Cg/IOOO needles) 

£ 
CL 
CL 

< 
cn 
r -

U J 
<_> 
z 
o 
o 
r j 

O 

/ 

LEGEND 
• NO 
2 Nl 
3N2 
4N3 

17 NPKT 

2 3 4 

Cu CONTENT (mg/1000 needles) 
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c o n t e n t and d r y - w e i g h t . 
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(g/IOOO needles) 
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FIGURE 28. R e l a t i o n s h i p b e t w e e n f o l i a r Zn c o n c e n t r a t i o n , 
c o n t e n t and d r y - w e i g h t . 
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t h e r e i s n o e v i d e n c e , i n t e r m s o f g r o w t h o r v i s u a l s y m p t o m s , 

t o s u g g e s t a d e f i c i e n c y e x i s t s . 

A c t i v e F e , a s o p p o s e d t o t o t a l F e , w a s c o n s i d e r e d 

i n t h i s s t u d y s i n c e B a l l a r d ( 1 9 8 1 ) s u g g e s t e d t h a t i t may b e 

m o r e v a l u a b l e a s a d i a g n o s t i c i n d i c a t o r . I t i s t h e F e t h a t 

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

( O s e r k o w s k y , 1 9 3 3 ) . A c o n c e n t r a t i o n o f l e s s t h a n 3 0 ppm 

a c t i v e F e i s b e l i e v e d t o i n d i c a t e a p r o b a b l e F e d e f i c i e n c y 

f o r s e v e r a l s p e c i e s ( B a l l a r d a n d C a r t e r , 1 9 8 3 ) . T h i s w o u l d 

s u g g e s t t h a t t h e S i t k a s p r u c e i n t h i s s t u d y , w i t h a m e a n F e 

c o n c e n t r a t i o n o f 6 . 1 p p m , w a s s u f f e r i n g f r o m a s e v e r e F e 

d e f i c i e n c y , e v e n m o r e s o t h a n N o r P . H o w e v e r , t h i s s e e m s 

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

H A - p h a s e h a d c o m p a r a b l e c o n c e n t r a t i o n s ( T a b l e 1 8 ) a n d y e t 

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

d o n e b y L e w i s ( 1 9 8 2 ) f o u n d t o t a l F e c o n c e n t r a t i o n s t o r a n g e 

b e t w e e n 1 5 a n d 3 0 ppm f o r s p r u c e w h i c h i s a l s o c o n s i d e r e d l o w 

a n d p o s s s i b l y d e f i c i e n t ( B a l l a r d a n d C a r t e r , 1 9 8 3 ) . T h u s 

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

e x i s t . 

N u m e r o u s e x a m p l e s o f a n t a g o n i s t i c e f f e c t s o n f o l i a r 

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

b e e n o b s e r v e d ( S m i t h , 1 9 6 2 ; O l s e n , 1 9 7 2 ; V e i j a l a i n e n , 1 9 7 7 ) . 

A l i m i t e d a n a l y s i s u s i n g f o l i a g e f r o m t h e N o n l y a n d t h e N 

p l u s P p l o t s o f t h e " p h o s p h o r u s " t r i a l w a s d o n e t o 

i n v e s t i g a t e a n y p o s s i b l e a n t a g o n i s t i c e f f e c t s . T h e o n l y 

a p p a r e n t a n t a g o n i s t i c e f f e c t s w a s a n e g a t i v e e f f e c t o f N a n d 

P o n Z n a n d P o n B . I n g e n e r a l i t a p p e a r s a s i f u p t a k e o f 
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TABLE 18. Comparison of f o l i a r micro-nutrient concentrations with estimates from Literature. A l l values are in ppm. 

-LITERATURE VALUES- -THIS STUDY-

DOUGLAS-FIR NORWAY SPRUCE WESTERN HEMLOCK SITKA SPRUCE 
CH-PHASE 
SITKA SPRUCE 

HA-PHASE 
SITKA WESTERN 

NUTRIENT •ADEQUATE DEFICIENT ADEQUATE DEFICIENT ADEQUATE DEFICIENT ADEQUATE DEFICIENT CONTROL FERTILIZED SPRUCE HEMLOCK 

Cu 1.5 2, 
4.2-5.9 

1.1 
2.4-3.9 

0.7-4.23 - 3.9-4. l' 
- 7.0-10.8 

4.5-6.61 

1.5 
2.3-2.8 

2.9 4.6 4.6 5.1 

B 9-161 5 10-253 6-84 171 5 17-281 - 16.3 16.7 19.1 24.5 

Fe (total) 39-511 - - - 35-59* - - - 15-305 - 15-615 46-925 

Fe (active) - - - - - - - - 6.1 6.9 5.7 7.3 

Mn 390-12941 - 300-23001 - 1583-18761 - 1598-2043* - 1355 1439 1374 1663 

Zn _ _ _ 42-571 _ 47 46 41 28 

Adequate represents concentrations found in trees exhibiting good growth. 
Sources: 1. Stone, 1967. 

2. Binns et a l . , 1980. 
3. Braekke, 1979. 
4. Silfverberg, 1980. 
5. Lewis, 1982. 



- 1 2 2 -

C u , Mn a n d B w e r e a l l e n h a n c e d b y N f e r t i l i z a t i o n ( F i g u r e s 2 5 

t o 2 7 ) . 
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SUMMARY AND C O N C L U S I O N S 

F e r t i l i z a t i o n s i g n i f i c a n t l y i n c r e a s e d f i r s t - y e a r 

l e a d e r g r o w t h , c u r r e n t y e a r n e e d l e d r y - w e i g h t a n d n e e d l e 

n u t r i e n t c o m p o s i t i o n . T h e r e w e r e a n u m b e r o f h i g h l y 

s i g n i f i c a n t i n t e r a c t i o n s , u s u a l l y N x P , w h i c h i n f l u e n c e d t h e 

a b o v e r e s p o n s e s . 

A l t h o u g h N a l o n e o r i n c o m b i n a t i o n w i t h K h a d a 

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

a d d i t i o n o f P h a d a s t r o n g s y n e r g i s t i c e f f e c t w h e n a p p l i e d 

w i t h N a n d r e s u l t e d i n a 2 7 % a n d 4 1 % i n c r e a s e i n l e a d e r 

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

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

n o t e d f o r h e m l o c k . 

F e r t i l i z a t i o n w i t h N r e s u l t e d i n a d r a m a t i c 

i n c r e a s e i n f o l i a r N c o n c e n t r a t i o n s , w e l l i n e x c e s s o f t h e 

o p t i m u m f o r s p r u c e . A s a r e s u l t , t h e r e t e n d e d t o b e a 

p r o g r e s s i v e d e c l i n e i n r e s p o n s e w i t h i n c r e a s i n g r a t e s o f N 

a p p l i c a t i o n . N a l s o h a d a s t r o n g a n t a g o n i s t i c e f f e c t o n K 

c o n c e n t r a t i o n s t o t h e e x t e n t t h a t a s e v e r e K d e f i c i e n c y w a s 

i n d u c e d i n a l l p l o t s r e c e i v i n g N w h e t h e r K w a s a d d e d o r n o t . 

A s i m i l a r e f f e c t w a s n o t n o t e d f o r P , C a o r M g . 

A l t h o u g h t h e d e s i g n d i d n o t a d e q u a t e l y t e s t a l l 

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

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



-124-

n u t r i e n t s and r e s p o n s i v e t r e a t m e n t s . B a s e d on t h e 

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

be d r a w n : 

( 1 ) N and P a r e s e v e r e l y d e f i c i e n t i n b o t h s p r u c e 
and h e m l o c k and a r e p a r t l y r e s t i c t i n g g r o w t h . 
C e d a r , w h i l e h a v i n g s u f f i c i e n t P, a p p e a r s t o 
have a m o d e r a t e N d e f i c i e n c y . 

( 2 ) K i s p r e s e n t l y m o d e r a t e l y d e f i c i e n t i n s p r u c e , 
b u t , a s e v e r e N - i n d u c e d K d e f i c i e n c y i s l i k e l y 
i f an N f e r t i l i z a t i o n p r o g r a m i s u n d e r t a k e n 
w i t h o u t a d d i t i o n a l K. 

( 3 ) Of o t h e r n u t r i e n t s t e s t e d , S, Cu and Fe r e m a i n 
q u e s t i o n a b l e a s t o t h e i r a d e q u a c y . F u r t h e r 
t e s t i n g i s r e q u i r e d , p a r t i c u l a r l y w i t h 
r e s p e c t t o S; i t i s t h e o n l y e l e m e n t o f t h e 
t h r e e where l a r g e d i f f e r e n c e s i n f o l i a r 
c o n c e n t r a t i o n s b e t w e e n t h e two p h a s e s were 
n o t e d . I n a d d i t i o n t o t h e s e t h r e e e l e m e n t s 
h o w e v e r , f u r t h e r t e s t i n g o f K and d i f f e r e n t 
t y p e s o f N f e r t i l i z e r s s h o u l d a l s o be 
c o n s i d e r e d . 

( 4 ) C h a nges i n n e e d l e w e i g h t and f i r s t - y e a r l e a d e r 
g r o w t h r e s p o n s e s s u g g e s t t h a t b o t h s p r u c e and 
h e m l o c k w i l l be h i g h l y r e s p o n s i v e t o N and P 
f e r t i l i z a t i o n . A l t h o u g h some r e s p o n s e t o N 
a l o n e i s p o s s i b l e , a d d i t i o n a l g r o w t h b e n e f i t s 
f r o m P s u g g e s t t h a t e c o n o m i c a l g a i n s c a n o n l y 
be o b t a i n e d by N and P t o g e t h e r . No b e n e f i t s 
were a p p a r e n t f r o m K, b u t t h e i n d u c e d 
d e f i c i e n c y may h a v e a n e g a t i v e i m p a c t i n 
s u b s e q u e n t y e a r s . S i n c e no g r o w t h e s t i m a t e 
f o r c e d a r were d e t e r m i n e d , i t i s unknown how 
t h i s s p e c i e s w i l l r e s p o n d , h o w e v e r , t h e 
p o s i t i v e c h a n g e s i n t h e f o l i a r n u t r i e n t 
c o n c e n t r a t i o n s a f t e r f e r t i l i z a t i o n s u g g e s t 
t h a t i t a l s o w i l l r e s p o n d f a v o u r a b l y t o 
f e r t i l i z a t i o n . 

( 5 ) A l l f i v e p l a n t a t i o n s r e s p o n d e d s i m i l a r l y 
i n d i c a t i n g t h a t t h e r e s u l t s f r o m t h i s s t u d y 
w i l l be a p p l i c a b l e t o o t h e r p l a n t a t i o n s 
e s t a b l i s h e d on t h e CH-phase. 

( 6 ) F u r t h e r f e r t i l i z a t i o n t r i a l s a r e r e q u i r e d t o 
q u a n t i f y r e s p o n s e s and d e t e r m i n e t h e i r 
e c o n o m i c v i a b i l i t y . However, r e s u l t s o f t h i s 
s t u d y s u g g e s t t h a t , u n d e r o p e r a t i o n a l 
c o n d i t i o n s , an i n i t i a l f e r t i l i z e r a p p l i c a t i o n 
o f 200 kg N/ha, 75 kg P/ha and 125 kg K/ha 
a p p e a r s t o be optimum. 
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GENERAL CONCLUSIONS 

The p o o r g r o w t h o f S i t k a s p r u c e and w e s t e r n h e m l o c k 

on t h e CH-phase o f t h e s a l a l - m o s s e c o s y s t e m a s s o c i a t i o n c a n 

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

p a r t i c u l a r , N and P. I n a d d i t i o n , t h e r e was a p o s s i b l e S 

and K d e f i c i e n c y . M o r e o v e r , a s e v e r e K d e f i c i e n c y was a l s o 

i n d u c e d by N f e r t i l i z a t i o n . D e s p i t e t h i s N i n d u c e d 

d e f i c i e n c y h o w e v e r , no a p p a r e n t g r o w t h b e n e f i t s f r o m K 

f e r t i l i z a t i o n were e v i d e n t . 

W i t h t h e e x c e p t i o n o f m i n e r a l i z a b l e N, t h e d r a m a t i c 

d i f f e r e n c e i n p r o d u c t i v i t y b e t w e e n t h e two p h a s e s does n o t 

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

c o n t e n t . E v e n i n t h e c a s e o f m i n e r a l i z a b l e N, r e l a t i v e l y 

h i g h amounts were r e l e a s e d d u r i n g t h e i n c u b a t i o n o f s a m p l e s 

f r o m t h e n o n - p r o d u c t i v e CH-phase. 

The h i g h amounts o f N f o u n d i n t h e i n c u b a t e d 

s a m p l e s r a i s e s q u e s t i o n s as t o t h e v a l i d i t y o f u s i n g 

m i n e r a l i z a b l e N a s a m e a s u r e o f N a v a i l a b i l i t y on t h e s e 

s i t e s . H owever, t h e f a c t t h a t c e d a r had r e l a t i v e l y h i g h 

f o l i a r N c o n c e n t r a t i o n s and e x h i b i t e d good g r o w t h s u g g e s t e d 

an a d e q u a t e s u p p l y o f N was a v a i l a b l e . M o st s t u d i e s on N 

m i n e r a l i z a t i o n and i t s r e l a t i o n s h i p t o t r e e g r o w t h have u s e d 

m i n e r a l s o i l when d e t e r m i n i n g m i n e r a l i z a t i o n r a t e s . On s i t e s 

w i t h t h i c k o r g a n i c a c c u m u l a t i o n s , s u c h as t h o s e f o u n d i n t h e 
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CH-phase, f u r t h e r r e s e a r c h i s r e q u i r e d i n t o the r e l a t i o n s h i p s 

between N m i n e r a l i z a t i o n r a t e s , N a v a i l a b i l i t y , and t r e e 

growth before the r e s u l t s from i n c u b a t i o n s t u d i e s on these 

s i t e s can be i n t e r p r e t e d with c o n f i d e n c e . 

In a d d i t i o n to, d i f f e r e n c e s i n s o i l n u t r i e n t s , other 

f a c t o r s , such as a s a l a l e f f e c t and/or d i f f e r e n c e s i n s o i l 

p h y s i c a l p r o p e r t i e s , must be considered as p o s s i b l e 

c o n t r i b u t i n g agents to the d e c l i n e of these p l a n t a t i o n s . 

E r a d i c a t i o n of s a l a l and a m e l i o r a t i o n of s i t e c o n d i t i o n s 

through s c a r i f i c a t i o n have been suggested as an a l t e r n a t i v e 

to f e r t i l i z a t i o n f o r the management of these s i t e s . However, 

the b e n e f i t s d e r i v e d from s c a r i f i c a t i o n may not l a s t the 

e n t i r e r o t a t i o n and subsequent f e r t i l i z a t i o n with N may be 

necessary to maintain s i t e p r o d u c t i v i t y . In a d d i t i o n , 

s c a r i f i c a t i o n while i n c r e a s i n g N a v a i l a b i l i t y on these s i t e s , 

may have only a modest or even a negative i n f l u e n c e on the 

a v a i l a b i l i t y of other n u t r i e n t s . Improvement i n the N 

n u t r i t i o n without a corresponding improvement i n the P 

n u t r i t i o n may only compound the present P d e f i c i e n c y . 

T h e r e f o r e , f e r t i l i z a t i o n must be considered as an i n t e g r a l 

part of the o v e r a l l management regime s e l e c t e d f o r these 

s i t e s . 

A l l the evidence of t h i s study suggest that spruce, 

hemlock and i n a l l l i k e l i h o o d , cedar, w i l l be h i g h l y 

r e s p o n s i v e to N and P f e r t i l i z a t i o n . Despite the l a c k of 

response to K, any f e r t i l i z a t i o n program undertaken on these 

s i t e s should a l s o i n c l u d e t h i s element s i n c e a severe 

d e f i c i e n c y i s r e a d i l y induced by N. 
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At present, the methods used i n t h i s study only 

allow a q u a l i t a t i v e estimate of the p o t e n t i a l responsiveness 

of these p l a n t a t i o n s . In order to q u a n t i f y the response and 

determine whether or not f e r t i l i z a t i o n w i l l be economically 

v i a b l e , c o n v e n t i o n a l f e r t i l i z e r t r i a l s must be e s t a b l i s h e d 

and t h e i r development f o l l o w e d . The r e s u l t s of t h i s study 

however, have narrowed c o n s i d e r a b l y , those treatments which 

should be considered i n subsequent f e r t i l i z e r t r i a l s . 

Moreover, i t has been shown that the p l a n t a t i o n s of the 

CH-phase e x h i b i t very s i m i l a r response p a t t e r n s , thus the 

r e s u l t s of t h i s and other s t u d i e s should be a p p l i c a b l e to 

other p l a n t a t i o n s e s t a b l i s h e d on the CH-phase. 

Not a l l of the o b j e c t i v e s of t h i s study have been 

met s i n c e some elements such as S and K, as w e l l as, other 

sources and r a t e s of N r e q u i r e f u r t h e r t e s t i n g . In a d d i t i o n , 

more quest i o n s were r a i s e d than p o s s i b l y were answered. 

While i t has been shown that f e r t i l i z a t i o n i s a promising 

s i l v i c u l t u r a l management t o o l f o r p l a n t a t i o n s e s t a b l i s h e d on 

the CH-phase, more resea r c h i s r e q u i r e d , not only i n t o the 

n u t r i t i o n a l aspects of these p o t e n t i a l l y h i g h l y p r o d u c t i v e 

s i t e s , but a l s o i n t o the processes r e s p o n s i b l e f o r t h e i r 

development. 
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APPENDIX I 

The a n a l y s i s o f v a r i a n c e and S t u d e n t - N e w m a n - K e u l s ' m u l t i p l e 
r a n g e t e s t o f i n d i v i d u a l s t a n d s . 



- 1 4 8 -

STAND - 1 

TREATMENT EFFECTS 

SOURCE OF VARIATION: N P K NP NK PK NPK 

DEGREES OF FREEDOM: 3 1 1 3 3 . 1 3 

N e e d l e W e i g h t 
1983 L e a d e r G r o w t h 

** 
** 

** 
* 

* 
* 

N e e d l e C o n c e n t r a t i o n 
N ** * 
p ** ** * ** 
K ** ** ** 
Ca 
Mg * * ** 

N u t r i e n t C o n t e n t 
N ** ** 
P ** ** * * 
K ** * * 
Ca 
Mg 

** 
* 

** 
** 

* S i g n i f i c a n t a t 0.05 l e v e l . 
** S i g n i f i c a n t a t 0.01 l e v e l . 
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TREATMENT EFFECTS 

SOURCE OF VARIATION: N P K NP NK PK NPK 

DEGREES OF FREEDOM: 3 1 1 3 3 1 3 

N e e d l e W e i g h t 
1983 L e a d e r G r o w t h 

P 

N u t r i e n t C o n t e n t 
N 
P 

** ** * 
** ** ** 

N e e d l e C o n c e n t r a t i o n 
N * * * * ** * 
£ * * * * * * * * 
Ca 
Mg ** ** ** 

** ** 
** 

£ ** ** 
Ca ** ** 
Mg ** ** 

* S i g n i f i c a n t a t 0.05 l e v e l . 
** S i g n i f i c a n t a t 0.01 l e v e l . 
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Mg 
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P ** ** * 
K ** ** ** * ** * 
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** 
** ** * 

N e e d l e C o n c e n t r a t i o n 
N ** ** 
P ** ** 
K ** * ** ** ** 
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Mg 
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N u t r i e n t C o n t e n t 
N ** ** 
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K ** ** * * ** ** 
Ca 
Mg 
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** 

** 
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TREATMENT EFFECTS 

SOURCE OF VARIATION: N P K NP NK PK NPK 
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N e e d l e W e i g h t 
1983 L e a d e r G r o w t h 

** 
** 

** 
** 

** 
** * ** 

N e e d l e C o n c e n t r a t i o n 
N ** ** 
P * ** 
K ** ** ** ** ** 
Ca ** ** ** 
Mg 

N u t r i e n t C o n t e n t 
N ** ** * 
P ** ** * 
K ** ** ** * ** 
Ca ** ** ** ** ** 
Mg ** ** 

* S i g n i f i c a n t a t 0.05 l e v e l . 
** S i g n i f i c a n t a t 0.01 l e v e l . 



I. 1983 L e a d e r Growth ( c m ) . 

NO 
NOPK 
NOP 
NOK 
N3 
Nl 
N2 
N2K 
N3K 
N2P 
NIK 
NPKT 
N2PK 
N3PK 
NIP 
N3P 
N2PK 

10.5 
10.6 
11.2 
12.1 
1A, 
15, 
15, 
15, 
16, 
18.0 
18.7 
19.6 
21.1 
21.9 
22.6 
23.0 
23.2 

NOP 
NOK 
N2K 
N3K 
N3 
N2 
NIK 
NOPK 
NO 
N l 
N1PK 
N2PK 
N3P 
N3PK 
N2P 
NIP 
NPKT 

6, 
8, 
9, 
9, 
9, 
9. 
9.6 
9.7 
9.8 

11.2 
12.8 
13.8 
13.8 
14.1 
14.7 
18.2 
18.3 

NOPK 
NOP 
N l 
NOK 
N3 
N2 
N3K 
N2K 
NIK 
N l 
N3PK 
N2P 
NIP 
NPKT 
N1PK 
N3P 
N2PK 

8.1 
9.3 
9.6 

10.5 
11 .A 
11.7 
11.8 
12, 
12, 
1A.0 
16.1 
16.1 
16.2 
18.6 
18.8 
19.A 
19.6 

NOK 
NOP 
NOPK 
NO 
Nl 
N3K 
N2K 
NIK 
N3 
N3PK 
N2 
N3P 
N1PK 
N2PK 
N2P 
NPKT 
NIP 

7.A 
9.7 

10.7 
11.6 
12.2 
12, 
12, 
13, 
15, 
16.5 
16.8 
19.2 
19.6 
20.1 
20.3 
21.1 
21.2 

NO 
NOP 
NOPK 
NOK 
N2K 
NIK 
N3K 
Nl 
N2 
N3 
N3P 
N1PK 
N2PK 
N2P 
N3PK 
NIP 
NPKT 

8.A 
8.7 
8.9 

11.2 
11 
11 
12.1 
12.2 
12.A 
13.5 
1A.9 
15.1 
15.3 
16.7 
18.8 
20.0 
20.6 

T r e a t m e n t s c o n n e c t e d by t h e same l i n e a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t p=.01. 

I 
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II. Needle Weight (g/100 needles), 

STAND - 1 STAND - 2 STAND STAND - 4 STAND 

NOP .414 ( .051) 
NO .421 ( .092) 
N3 .456 ( .051) NOPK .464 ( .072) 
NOK .478 ( .062) 
N2K .485 ( .120) 
N2 .498 ( .130) 
NIK . 507 ( . 104) 
N3K .521 ( .154) 
Nl .540 ( .091) 
N2P .602 ( .036) 
N3P .616 ( .112) 
N3PK .616 ( .059) 
N1PK .657 ( .146) 
N2PK .681 ( .213) 
NPKT .716 ( .170) 
NIP .775 ( . 198) 

N3K .441 (.085) 
N2 .448 (.090) 
N3 .450 (.088) 
NO .474 (.025) 
NOP .476 (.096) 
NOK .479 (.085) 
NOPK .485 (.067) 
NIK .498 (•140) 
N2K .515 (•104) 
Nl .531 (.074) 
N3PK .588 (.065) 
N3P .591 (.141) 
N2PK .629 (.091) 
N2P .648 (.116) 
N1PK .678 (.133) 
NIP .691 ( . 162) 
NPKT .786 (.172) 

NOPK .465 (.107) 
N3K .485 (.089) 
NOP .487 (.115) 
N2 .504 ( .105) 
NO .508 (.025) 
NIK .518 (.088) 
NOK .528 (.079) 
Nl .539 (.121) 
N3 .556 (.113) 
N2K .565 (.096) 
N2PK .650 ( .071) 
NIP .653 ( .077) 
N2P .654 (.112) 
N3PK .668 ( .075) 
N3P .706 (.116) 
N1PK .728 (.114) 
NPKT .877 ( .169) 

NOK .347 (.058) NOP .362 (.141) 
Nl .397 (.020) NOPK .414 (.056) 
NO .408 (.092) NO .439 (.061) 
NOPK .413 (.109) N3K .439 (.094) 
NOP .415 (.063) N2 .481 (.076) 
N2 .466 (. 102) N2K .488 (.074) 
N3K .472 (• 109) NIK .515 (.082) 
NIK .494 (.088) NOK .517 (.088) 
N3PK .507 (.139) N3 .529 (.107) 
N2K .516 ( .122) N3P .529 (.065) 
N3 .516 (.120) Nl .543 (.112) 
N2P .557 (.056) N2PK .605 (.085) 
N3P .571 ( .116) N2P .606 ( .072) 
N2PK .572 ( .114) NIP .611 (.097) 
NIP .626 ( .166) N1PK .617 (.093) 
N1PK .637 ( . 136) NPKT .663 (.108) 
NPKT .675 ( .139) N3PK .698 (.113) 

Treatments connected by the same line are not sign i f i c a n t l y different at p=.01. Values in parenthesis + 1 SD. 
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III. Nitrogen concentration {% oven-dry weight), 

STAND - 1 STAND - 2 STAND STAND - 4 STAND - 5 

NOK 
NO 
NOP 
NOPK 
Nl 
NIP 
NIK 
NPKT 
N1PK 
N2K 
N2PK 
N3K 
N2 
N3P 
N3PK 
N2P 
N3 

0.78 
0.78 
0.81 
0.97 

66 
68 
89 
03 
25 
41 

3.53 
3.55 

66 
69 
70 
96 

3.97 

. 101) 

.075) 

. 100) 

. 132) 

. 537) 

. 477) 

.506) 

.369) 

.737) 

.623) 

.580) 

.544) 

.902) 

.498) 

.456) 

.410) 

.336) 

NO 
NOK 
NOPK 
NOP 
Nl 
NIK 
NIP 
NPKT 
N2K 
N1PK 
N3K 
N2P 
N3P 
N2 
N3PK 
N2PK 
N3 

0.84 
0.87 
0.92 
1.00 

89 
98 
48 
58 
70 
73 
90 

4.00 
4.09 
4.22 
4.26 
4.49 
4.56 

.134) 

.063) 

.086) 

. 184) 

.331) 

.715) 

.577) 

.699) 

.513) 

.236) 

.592) 

.279) 

.490) 

.255) 

.426) 

.319) 

.496) 

NOPK 0. 74 (.112) 
NOP 0. 77 (.082) 
NOK 0. 83 ( .087) 
NO 0. 87 (.058) 
NIP 2. 60 (.374) 
N1PK 2. 95 (.677) 
NPKT 3. 19 (.567) 
Nl 3. 39 (.400) 
N3K 3. 43 (.807) 
N2K 3. 58 (.709) 
N2 3. 77 (.490) 
NIK 3. 87 (.508) 
N2PK 3. 91 (.269) 
N3P 3. 96 (.504) 
N3 4. 05 (.792) 
N3PK 4. 12 (.499) 
N2P 4. 46 (.515) 

NO 0.64 (.108) 
NOK 0.79 (.243) 
NOPK 0.86 ( . 198) 
NOP 0.96 (.152) 
N1PK 3.28 (.424) 
NPKT 3. 39 (.559) 
NIP 3.50 (.444) 
NIK 3.62 (.630) 
Nl 3.68 (.446) 
N2K 4.05 (.303) 
N2PK 4.06 (.342) 
N2 4.26 (.215) 
N3K 4.30 (.286) 
N3PK 4.39 (.297) 
N2P 4.43 (.314) 
N3P 4. 50 (.258) 
N3 4.55 (.437) 

NO 0 . 81 (.096) 
NOK 0.84 (.106) 
NOP 0.89 (.188) 
NOPK 1.03 (.208) 
NIP 2.92 (.242) 
Nl 2.95 (.379) 
NIK 3.21 (.428) 
N1PK 3.35 (.670) 
N2P 3.53 (.527) 
NPKT 3.84 (.596) 
N3 3.84 (.596) 
N2PK 3.86 (.545) 
N2 3.95 ( .576) 
N2K 4.04 (.342) 
N3P 4.09 (.201) 
N3PK 4.38 (.322) 
N3K 4.41 ( . 279) 

Treatments connected by the same line are not significantly different at p. .01 Values in parenthesis + 1 SD. 



IV. Phosphorus concentration (2 oven-dry weight). 

STAND - 1 STAND STAND - 3 STAND - 4 STAND 

Nl 
NO 
NOK 
N2K 
N2 
N3 
N3K 
NIK 
NOP 
N3P 
N2PK 
NPKT 
N3PK 
NIP 
N2P 
N1PK 
NOPK 

10 
10 
10 
11 
11 
11 
12 
13 
16 
17 
17 
18 
18 
18 
18 
18 
21 

[.014) N2K .09 (.016) NO . 10 [.021) NOK .09 (.010) N3K .11 [.026) Nl .10 (.015) N2K .11 [.010) NIK .10 (.025) Nl .12 [.022) NO .11 (.014) NIK .12 '.006) N2 .11 (.017) NOK .13 .016) N3K .11 (.026) N3 .13 .026) N3 .11 (.022) N2 .14 
[ .025) N2PK .17 (.015) NPKT .18 .016) NIP .17 (.020) NIP .19 ; .017) NPKT .17 (.019) N3PK .20 .020) N3P .18 (.018) N1PK .20 ; .015) N3PK .19 (.025) N3P . 20 i .017) NOPK .19 (.022) NOP .20 [.018) N1PK .20 (.025) N2P .20 [.021) N2P .20 (.020) N2PK .20 [.028) NOP .21 (.036) NOPK .23 

.013) 

.025) 

.020) 

.021) 

.018) 

.023) 

.036) 

.029) 

.011) 

.016) 

.014) 

.028) 

.017) 

.046) 

.033) 

.020) 

.046) 

NOK .12 (.014) 
NO .13 (.021) 
N2 .13 (.014) 
NIK .13 (.018) 
Nl .14 (.012) 
N3K .14 (.015) 
N2K .14 ( .021) 
N3 .14 (.021) 
N3PK .18 (.013) 
N2P .19 (.026) 
NPKT .19 (.019) 
N2PK .19 (.021) 
N1PK .20 (.016) 
NIP .20 (.015) 
N3P .20 (.021) 
NOP .22 (.037) 
NOPK .24 (.048) 

NO .10 (.023) 
NIK .11 (.016) 
Nl .11 (.016) 
NOK .11 (.021) 
N2K .11 (.016) 
N3K .12 (.018) 
N3 .12 (.015) 
N2 .14 (.014) 
N2P .17 (.019) 
N1PK .17 (.020) 
NPKT .18 (.010 
N3P .18 (.019) 
NIP .18 (.024) 
N3PK .18 (.018) 
N2PK .19 (.016) 
NOPK .21 (.044) 
NOP .23 (.032) 

Treatments connected by the same line are not significantly different at p. .01, Values in parenthesis + 1 SD. 
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. Potassium concentration {% oven-dry weight). 

STAND - 1 

N2P .30 (.064) 
N3PK .31 (.049) 
N3P .31 ( .067) 
N3K .34 ( .076) 
N2 .36 (.065) 
N2PK .38 ( • 107) 
N3 .39 ( .064) 
Nl .41 ( .123) 
N1PK .42 (.085) 
N2K .43 (.107) 
NIP .46 (.116) 
NIK .49 (.103) 
NPKT .53 (.037) 
NOP .63 ( .097) 
NO .64 (.094) 
NOK .75 (.149) 
NOPK .84 (.058) 

STAND - 2 

N2 .30 ( .077) 
N3PK .31 ( .053) 
.VIP .31 (.063) 
N2P .31 (.082) 
N2PK .31 (.082) 
.V3P .35 (.054) 
N3 .40 (.123) 
N3K .40 (.095) 
Nl .41 (.054) 
N1PK .43 (.063) 
N2K .44 (.098) 
NIK .48 (.079) 
NPKT .55 ( .047) 
NOP .59 (.048) 
NO .60 (.071) 
NOK .67 (.102) 
NOPK .76 (.096) 

STAND - 3 

,V3P .32 (.052) 
N2 .33 ( .076) 
N3PK .34 (.055) 
N2P .34 (.064) 
N2PK .35 (.051) 
Nl .37 (.064) 
N3 .40 ( .051) 
N3K .40 ( .110) 
NIP .41 ( .063) 
N2K .42 ( .099) 
NPKT .45 ( .042) 
NO .47 ( .046) 
NIK .49 (.055) 
N1PK .53 ( .139) 
NOP .59 (.134) 
NOPK .79 (.068) 
NOK .84 ( .067) 

STAND - 4 

N3 .27 ( .038) 
N2K .28 (.028) 
Nl .28 (.045) 
N2 . 29 (.048) 
N3PK . 29 (.072) 
N3K . 32 (.053) 
N2PK .33 (.068) 
N3P .35 (.041) 
N2P . 36 (.051) 
N1PK .40 (.089) 
NIP .41 (.072) 
NIK .43 (.077) 
NPKT .47 ( .061) 
NOP .52 ( .020) 
NO .68 ( . 133) 
NOK . 74 ( .083) 
NOPK .91 ( .098) 

STAND - 5 

N3K .27 ( .054) 
N3P .29 (.049) 
NIK .31 (.101) 
N3PK .32 ( .041) 
N2K .33 (.113) 
N2P .33 (.066) 
N3 .34 (.073) 
N2 .37 (.063) 
N2PK .38 (.043) 
NIP .39 (.046) 
N1PK .39 (.042) 
NPKT .42 (.052) 
Nl .42 ( .057) 
NO .47 (.017) 
NOK . 75 (.079) 
NOP .75 (.083) 
NOPK .82 ( .093) 

Treatments connected by the same line are not significantly different at p-.Ol. Values in parenthesi s + 1 SD, 



VI. Calcium concentration (% oven-dry weight). 

STAND - 1 STAND - 2 STAND - 3 STAND - 4 STAND - 5 

N3P .40 (.086) NPKT .34 .(078) 
N2PK .41 (.141) NOK .44 (.071) 
NOK .43 (.099) N2K .44 (.070) 
N2 .44 (.069) N3P .46 (.065) 
N2P .44 (.071) NO .46 (.069) 
Nl .44 (.093) NIP .46 (.082) 
NIK .45 (.069) Nl .47 (.062) 
N3PK .49 (.116) NOPK .48 ( .082) 
NO .49 (.112) N2PK .48 ( .092) 
NIP .50 ( .124) N2P .48 (.082) 
NOP .50 (.096) N2 .49 (.061) 
N2K .50 (.070) N3PK .49 (.083) 
N3K .50 (•105) N3 .49 (.075) 
N1PK .50 (.138) N3K .49 (.071) 
NOPK .51 (.079) NOP .50 (.105) 
N3 .51 (.073) N1PK .50 (.056) 
NPKT .58 (.069) NIK .51 ( .101) 

NOK .45 (.081) N3PK .45 (.094) 
N3PK .46 (.064) N3 .46 (.106) 
N2 .46 (.092) NO .47 (.084) 
N3K .47 (.059) N2P .48 (.120) 
NOP .48 (.041) N2 .50 (.077) 
Nl .49 (.069) NOK .50 (.146) 
NPKT .50 (.063) N3P .51 (.086) 
NO .50 (.057) NIK .51 (.051) 
N3 .51 (.092) N3K .51 (.135) N2PK .51 (.058) Nl .52 (.076) 
N3P .52 (.117) NOPK .53 ( .066) 
NIP .53 (.062) N2K .54 (.127) 
NOPK .53 (.064) NOP .54 ( . 105) 
N2K .53 (.036) NPKT .55 ( .037) 
N2P .53 (.086) NIP .57 (•111) N1PK .61 (.093) N2PK .59 ( .079) NIK .66 (.109) N1PK .63 ( .059) 

NOP .36 (.070) 
N2P .37 (.073) 
N3 .40 (.037) 
NO .43 (.090) 
NIP .43 (.078) 
NIK .46 ( .059) 
N2 .50 (.106) 
Nl .51 (.106) 
N3P .51 (.043) 
NOK .52 (•174) 
N3K .53 (.070) 
N3PK .55 (.108) 
N2PK .56 ( .127) 
N2K .56 (.132) 
NPKT .60 (.164) 
NOPK .60 (.113) 
N1PK .62 (.086) 

CO 
I 



VH. Magnesium concentration (% oven-dry weight). 

STAND - 1 STAND - 2 STAND - 3 STAND - 4 STAND - 5 

N2 .07 (.015) 
N2PK .07 (.017) 
N3P .07 (.013) 
NIK .08 (.017) 
N1PK .08 (.019) 
Nl .08 (.016) 
NIP .08 (.022) 
N3PK .09 (.012) 
NOK .09 (.023) 
NO .09 (.016) 
N2P .09 (.021) 
N2K .09 (.017) 
NOPK .09 (.014) 
N3K .09 (.014) 
NOP .10 (.012) 
N3 .10 (.013) 
NPKT .11 (.010) 

N2K 
N3PK 
NOK 
N2PK 
N3K 
N1PK 
NIK 
N3P 
NOPK 
NIP 
Nl 
N2P 
NOP 
N2 
NO 
NPKT 
N3 

07 
08 
08 
08 
09 
09 
09 
09 
0 
0 
0 

.010) 

.007) 

.011) 

.004) 

.011) 

.016) 

.011) 

.013) 

.012) 

.022) 

.016) 

.020) 

.015) 

.022) 

.009) 

.017) 

.019) 

NIP .08 (.020) N3K .09 ( 
NOPK .09 (.008) NOP .09 ( 
NOK .09 (.004) N2K .09 ( 
N3PK .09 (.011) N3PK . 10 ( 
N3P .09 (.011) NO .10 ( 
N2PK .09 (.008) NOPK .10 ( 
N1PK .09 (.019) N1PK . 10 ( 
N3K .10 (.028) N2P . 10 ( 
NPKT .10 (.014) N2PK .10 ( 
NOP . 10 (.009) NIP . 10 ( 
N2P .10 (.014) N3P . 10 ( 
NO . 10 (.012) N2 .11 ( 
NIK .10 (.026) NOK .11 ( 
Nl .10 (.013) NIK .11 ( 
N2 .10 (.016) N3 .11 ( 
N3 .10 (.016) Nl .11 ( 
NIK .10 (.016) NPKT .13 ( 

.029) 

.019) 

.023) 

.020) 

.018) 

.016) 

.016) 

.020) 

.028) 

.027) 

.025) 

.026) 

.017) 

.020) 

.029) 

.022) 

.011) 

NIK .07 
N3PK .07 
NOK 
NO 
N3K 

.08 

.08 

.08 
N2PK .08 
NIP .09 

09 
09 
09 

NIK 
N3 
N2P 
NOPK .09 
N3P .09 
NPKT .09 
Nl .10 
NOP .10 
N2 .10 
N1PK .11 

Treatments connected by the same line are not significantly different at p-.Ol. Values in parenthesis ± 1 SD. 
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APPENDIX I I 

E f f e c t s o f f e r t i l i z a t i o n on n e e d l e n u t r i e n t c o m p o s i t i o n and 
n e e d l e w e i g h t f o r e a c h s t a n d . 



STAND 1 

4.80. 

(G/1000 NEEDLES) 
4 5 7 

4.00J 

3.20.J 

2.40. 

J .60J 

0.80J 

0.00. 

J5X 

40 
1 1 1 T 1 
80 120 160 200 240 

CONTENT N (MG/1000 NEEDLES) 
280 

LEGEND. 
• NO 

2 Nl 
3 N2 
4 N 3 
5 NOP 
6 NIP 
7 N2P 
8 N 3 P 
9 NOK 

10 NIK 
11 N2K 
1 6 N3K 
13 NOPK 
1 4 N 1 P K 
15 N2PK 
16 N3PK 
17 NPKT 



STAND 1 

0.32_ 

0 . 2 8 J 

0 . 2 4 J 

I? 

O.ZOJ 

(G/IOOO NEEDLES) . 
4 5 

1 3 / 
/ 

O.I6J 

0.12 

O.OP. 
4.0 

i 1 1 T r 
G.O 10.0 12.0 14.0 16.0 

CONTENT P (MG/1000 NEEDLES) 

LEGEND 
• NO 

2 N l 
3 N2 
4 N 3 
5 NOP 
6 M P 
7 N2P 
8 N 3 P 
9 NOK 

10 NIK 
11 W2\ 
12 N3K 
13 NOPK 
1 4 N 1 P K 
15 N2PK 
16 N3PK 
17 NPKT 

20.0 

to 
I 



STAND 1 

1 .ZOJ 

1 .00_| 

0.80J 

(G/IOOO NEEDLES) 
4 5 

3 

0.60J 

0.40J 

0.20. 
16.0 20.0 24.0 

—1  
28.0 

CONTENT K 

1 
32.0 (MG/1000 

1 1 
36.0 40.0 NEEDLES) 

44.0 

LEGEND 
• 
2 
3 
4 
5 
6 
7 

NO 
Nl 
N2 
N3 
NOP 
NIP 
N2P 

8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14 N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

48.0 



STAND 1 

0 . 6 0 _ 
(G/1000 NEEDLES) 

4 5 

0 . 5 6 J 

0 . 5 2 _ | 

JCR 

0 . 4 8 J 

0 . 4 4 J 

0 . 4 0 . 

0 . 3 6 . L JL 
16 .0 20.0 

1 — 1 1 1 1 ' 
24 0 2 B . 0 3 2 . 0 3 6 . 0 4 0 . 0 

CONTENT Cfl (MG/1000 NEEDLES) 
4 4 . 0 

IF.GENP. 
• NO 

2 Nl 
3 N 2 
4 N 3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 

10 NIK 
11 N2K 
1 2 N 3 K 
13 NOPK 
1 4 N 1 P K 
1 5 N 2 P K 
16 N3PK 
17 NPKT 

4 8 . 0 

ON 

l 



STAND 1 

0.12_ 

(G/1000 NEEDLES) 
4 5 

o . io J 

0.06 
3.2 4.0 4.8 

i 3 1 r 
5.6 6.4 7.2 6.0 

CONTENT MG(MG/1000 NEEDLES) 
0.8 

LEGEND 
• NO 
2 N l 
3 N2 
4 N 3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 N3K 
13 NOPK 
1 4 N 1 P K 
15 N2PK 
16 N3PK 
17 NPKT 

9.6 

Ol I 



STAND 2 
(G/1000 NEEDLES) . 

4 6 
4 

40 80 i r 
120 160 200 240 CONTENT N (MG/1000 NEEDLES) 

LEGEND 
• 

2 
3 
4 
5 
6 
7 

280 

NO 
N l 
N2 
N3 
NOP 
NIP 
N2P 

8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14 N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

320 



STAND 2 

0.32_ 

0.26. 

0.24J 

JP 

0.20J 

(G/1000 NEEDLES) 
4 6 

5 

0. 6J 

0.12J 

0.08. 
2 0 4.0 

- i — : 1 r 
6 0 8.0 10.0 12 0 14.0 CONTENT P (MG/JOOO NEEDLES) 

16.0 

LEGEND 
• NO 
2 Nl 
3 N 2 
4 N 3 
5 NOP 
6 NIP 
7 N 2 P 

8 N 3 P 
9 NOK 

10 NIK 
11 N2K 
12 >I3K 
13 NOPK 
1 4 N 1 P K 
1 5 N 2 P K 
16 N3PK 
17 NPKT 

18.0 

ON 

I 



STAND 2 

0 . 5 6 - , 

0.52 (G/1000 NEEDLES) 

0.48-J 

0.44J 

0.40. 

0.36J 

V 
0 . 3 2 _ 1 ' 1 -I 1 1 1 

20 0 22 0 2 4 . 0 2 6 . 0 2 8 . 0 3 0 . 0 3 ^ . 0 
CONTENT CFKMG/IOOJ NEEDLES) 

3 4 . 0 

LEGEND 
• NO 
2 N l 
3 N2 
4 N 3 
5 NOP 
6 N IP 
7 N2° 
8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 N3K 
13 NOPK 
1 4 N 1 P K 
1 5 N 2 P K 
16 N3PK 
17 NPKT 

1 
1 6 . 0 



STAND 2 

0.84-, 

12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0 44.0 
CONTENT K IMG./1000 NEEDLES) 



STAND 2 

0.18-

0.16J 

0.14J 

.IMG 

0.12J 

(G/1000 NEEDLES) 

o.ioJ 

0.0 

3.2 q.o 4.8 5.G G.4 1.2 8.0 
CONTENT MG(MG/1000 NEEDLES) 

LEGEND 
• NO 
2 N 1 
3 N 2 
4 N 3 
5 NOP 
6 N IP 
7 N 2 P 
8 N 3 P 
9 NOK 

10 NJK 
11 N2K 
1 2 N 3 K 
13 NOPK 
1 4 N 1 P K 
15 N2PK 
16 N3PK 
17 NPKT 



STAND 3 

4.B0-, (G/1000 NEEDLES) 
5 6 

4.00J 

0.00 i 1 1 r 
120 160 200 240 CONTENT N IMG/1000 NEEDLES) 

LEGEND 
• 
2 
3 
4 
5 
6 

NO 
N l 
N2 
N3 
NOP 
NIP 

7 N2P 
8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14 N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

320 



STAND 3 

0.32-

0.28J 

0.24J 

0.20J 

(G/1000 NEEDLES) 
5 6 8 

0.16J 

0.1ZJ 

O.OB. 
10.0 

CONTENT 

i 1 r 
12.0 14.0 16.0 
(MG/1000 NEEDLES) 

L GEND 
• NO 

2 N l 
3 N 2 
4 N 3 
5 NOP 
6 N IP 
7 N2P 
8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 J3K 
13 NOPK 
1 4 N 1 P K 
15 N2PK 
16 N3PK 
17 NPKT 

20.0 

ro 
I 



STAND 3 

(G/1000 NEEDLES) 
5 6 

/ /* / 

12.0 n.o 22.0 27.0 
CONTENT 

32 0 37.0 42.0 
K (MG/1000 NEEDLES) 

47.0 

LEGEND 
• NO 

2 N l 
3 N 2 
4 N 3 
5 NOP 
6 N IP 
7 N2P 
8 N3P 
9 NOK 

10 NIK 
11 N2K 
12 N3K 
13 NOPK 
1 4 N 1 P K 
15 N2PK 
16 N3PK 
17 NPKT 

52.0 

to l 



STAND 3 

0.68_ 

0.64J 

(G/1000 NEEDLES) 
5 6 

/ J ° 

20.0 24.0 28.0 "i 1 r 
32 0 36.0 40.0 44.0 

CONTENT CFKMG/1000 NEEDLES) 

LEGEND 
• NO 
2 N l 
3 N2 
4 N 3 
5 NOP 
6 N IP 
7 N 2 3 

8 N3P 
9 NOK 

10 NIK 
11 N2 
12 N3K 
13 NOPK 
1 4 N 1 P K 
15 N 2 P K 
16 N3PK 
17 NPKT 

48.0 



STAND 3 

0.14_ 

0.13_ 

0.06. 
3.2 4.0 

i r 1 r 
4.8 5 . 6 B.4 1.2 B.O 

CONTENT MGIMG/1000 NEEDLES) 
8.8 

LEGEND 
• NO 
2N1 
3N2 
4N3 
5 NOP 
6N1P 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14.N1PK 
15N2PK 
16 N3PK 
17 NPKT 

9 . 6 



STAND 4 

4.80_ (G/1000 NEEDLES) 

4.00J 

3.20. 

ZN 

2.40J 

J .60. 

0.80. 

0.00. 
40 1 1 1 1 1 

80 120 160 200 240 CONTENT N (MG/1000 NEEDLES) 
280 

LEGEND 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

320 



STAND 4 

0.32-, 

0.2BJ 

0.24_J 

0.20J 

(G/1000 NEEDLES) 
13 

0.16J 

0.12J 

0.06. 
2 . 0 4.0 1 1 1 r 

6 0 B.O 10.0 12.0 14.0 CONTENT P (MG/1000 NEEDLES) 
16.0 

LEGEND 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

1B.0 



STAND 4 

J .40_ 

1 .20. 

1.00_| 

o.eoJ 

(G/10 0 

0.60J 

0.40. 

V 
0.20. 

e.o 12.0 16.0 
—I 

20.0 
CONTENT K 

i — l 1 

24.0 28.0 32.0 (MG/1000 NEEDLES) 
36.0 

LEGEND 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

1 
40.0 



STAND 4 

0.68-

0.64J (G/1000 NEEDLES) 

0.60_J 

;CR 

0.S6J 

0.52J 

0.-8J 

0.44. 
1 1 :—I 1 1 1 

16.0 20.0 24.0 28.0 32.0 36.0 40.0 CONTENT CFUMG/1000 NEEDLES) 
44.0 

LEGEND 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2< 
12 N3K 
13 NOPK 
14N1PK 
15N2PK 
16 N3PK 
17 NPKT 

48.0 

I 



STAND 4 

0. J4_ 

(G/1000 NEEDLES) 

0.13J 

/ 
0.12_1 

JMG 

o.n_ 
i 

0.J0. 

/ 
/ 

/ 

O.O1-. 

O.OP. / 
-f 

3.2 4.0 4.8 
—1 1 1 "I 

5 6 6.4 7.2 B.O 
CONTENT MG(MG/1000 NEEDLES) 

8.8 

LEGEND 
• NO 
2 l\ 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
B N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPK 

1 
9.6 



STAND 5 

4.B0_, (G/1000 NEEDLES) 
4 . 

0.00 i 1 1 r 
120 160 200 240 

CONTENT N (MG/1000 NEEDLES) 

LEGEND 
• 
2 
3 
4 
5 
6 

NO 
Nl 
N2 
N3 
NOP 
NIP 

7 N2P 
BN3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

320 



S T A N D 5 

(G/1000 NEEDLES) 
4 5 6 

5 / / 

4.0 6.0 1 1 1 1 1 
8.0 10.0 12.0 14.0 16.0 CONTENT P (MG/1000 NEEDLES) 

LEGEND 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6 NIP 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15 N2PK 
16 N3PK 
17 NPKT 

18.0 
1 
20.0 



STAND 5 

1 .40-, 

1.20_ 

1.00_| 

0.80. 

(G/4000 NEEDLES) 
3 

0.60J 

0.40J 

0.20. 
6.0 ]2.0 16.0 1 

20.0 
CONTENT K 

i 1 1 
24.0 28.0 32.0 (MG/1000 NEEDLES) 

36.0 

LEGEND 
• NO 
2 Nl 
3N2 
4N3 
5 NOP 
6N1P 
7 N2 J 

8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 3K 
13 NOPK 
14N1PK 
15N2PK 
16N3PK 
17 MPKT 

l 
40.0 



STAND 5 

0.6SL, 
(G/1000 NEEDLES) 

4 5 

0.60J 

0.55.4 

0.50J 

0. 5 J 

0.40 

0.3S 
12.0 

i 1 1 r 
16.0 20.0 24.0 28.0 32.0 36.0 

CONTENT CfUMG/1000 NEEDLES) 
40.0 

LEGEND 
• NO 
2 Nl 
3 N2 
4N3 
5 NOP 
6N1P 
7 N2P 
8 N3P 
9 NOK 
10 NIK 
11 N2K 
12 N3K 
13 NOPK 
14N1PK 
15N2PK 
16 N3PK 
17 NPKT 

44.0 

oo 
I 



STRND 5 

0.13-, 

0.12J 

O.IU 

JMG 

O.IOJ 

(G/IOOO NEEDLES) 
4 5 

0.09J 

0.08J 

0.07 
3.2 3.7 4.2 1 ' Vi r 

CONTENT MG(MG/1000 NEEDLES) 


