
Forest Sci., Vol. 29, No. 1, 1983, pp; 127-137 
Copyright 1983, by the Society of  American Foresters 

Long- term Growth Response o f  Douglas-f ir  
to A m m o n i u m  Ni t ra te  Fert i l izer  

RICHARD E. M I L L E R  

ROBERT F .  T A R R A N T  

ABSTRACT. The effect 0 f a  single application o f  a m m o n i u m  nitrate fertilizer on diameter,  height, 
and volume growth of  a Site IV plantat ion o f  Pseudotsuga menziesii was measured repeatedly 
during a 15-year period. Fertilizer dosages o f  157, 314, and  471 kg N/ha increased gross volume 
growth during the 15-year period by an average o f  5 I, 88, and 111 percent, respectively (67, 116, 
and 146 m~/ha). Quadratic equations best described the relationship between fertilizer dosage 
and gross and net volume growth during the eiatire period and during three intermediate periods. 
Volume growth on fertilized plots exceeded that  on unfertil ized plots in all periods. Response tO 
all N dosages did not  change significantly dUring the 15-year period of  obserVation. The positive, 
10ng-term effect of  fertilizer on stand growth is at t r ibuted both tO improved tree nutr i t ion arid to 
secondary effects o f  increased tree growth on stand structure. FOREST SCl. 29:127-137. 

ADDITIONAL KEY WORDS. PseudotsUga menziesiL forest fertilization, silviculture. 

IN APRIL 1964, we app l i ed  a m m o n i u m  n i t r a t e  to e x p e r i m e n t a l  p iots  in a 37-year-  
o ld  Douglas - f i r  [Pseudotsuga menziesii (Mirb . )  FranCo] p l a n t a t i o n  growing  o n  Site 
i V  l a n d  in  the  W i n d  R i v e r  E x p e r i m e n t a l  Fo res t  nea r  Carson ,  W a s h i n g t o n .  T h e  
pu rpose  o f  the  s tudy  was  to obse rve  the ef fec t iveness  o f  a chemica l  fer t i l izer  in  
the  same  Douglas - f i r  p l a n t a t i o n  w h i c h  h a d  r e s p o n d e d  s t r o n g l y  to a b io logica l  
source o f  N (Ta r r an t  1961). In  th is  paper ,  we r epor t  a n d  discuss  an  u n u s u a l l y  
s t rong effect o f  a m m o n i u m  n i t ra te  on  tree a n d  s t and  g rowth  Over a 15-year  pe r iod  
af ter  t r e a t m e n t .  

U n t i l  recent ly ,  a m m o n i u m  n i t r a t e  has  been  genera l ly  ignored  for forest  use in  
the  Douglas - f i r  r eg ion  largely becaUse o f  its lower  N c o n c e n t r a t i o n  (34 percen t  IN-) 
a n d  thus ,  grea ter  app l i ca t i on  cost  vs. u rea  (46 pe rcen t  N).  The  few s tudies  in  
w h i c h  a m m o n i u m  nRra te  h a d  been  used  in  Pacif ic  N o r t h w e s t  forest  fe r t i l i za t ion  
e i the r  i n v o l v e d  two or m o r e  fer t i l izers  in  c o m b i n a t i o n  (Gessel  a n d  o thers  1969) 
or e m p h a s i z e d  effects on  cone  p r o d u c t i o n  (Ebell  1962). D u r i n g  the t ime  this  s tudy  
has  been  u n d e r w a y ,  however ,  a d d i t i o n a l  r e sea rch  has  been  repor t ed  ( H a r r i n g t o n  
a n d  Mi l l e r  1979, Mi l l e r  a n d  H a r r i n g t o n  1979, Mi l l e r  a n d  R e u k e m a  1974, Brix 
1981). Fu r the r ,  research  ove r  the  pas t  decade  Or m o r e  (Marsha l l  a n d  DeBel l  1980) 
ind ica te s  t ha t  Under  ce r ta in  cond i t ions ,  a m m o n i a  can  be vo la t i l i zed  f rom urea  
a n d  lost  to the  a t m o s p h e r e ,  t hus  l e ssen ing  the  cost  a d v a n t a g e  o f  ux~ea. 

S c a n d i n a v i a n  foresters  also have  d e v e l o p e d  a s t rong in te res t  in  a m m o n i u m  
ni t ra te .  In  n o r t h e r n  la t i tudes ,  p r i m a r i l y  on  sha l low,  infer t i le  m i n e r a l  soils, fertil-  
iz ing forests  w i t h  a m m o n i u m  n i t ra te  p r o d u c e s  grea ter  t ree g rowth  response  t h a n  
tha t  ga ined  f rom urea  (Bengtson  1977). As o f  1967, a l m o s t  all forest  fer / i l iza 'don 
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FIGURE 1. A n  unfe r t i l i zed  p lo t  in the  s t u d y  a rea  (1971 pho to) .  

in  S w e d e n  was  w i t h  urea,  b u t  by  1975,  a b o u t  80 p e r c e n t  o f  all N fer t i l izer  so u s e d  
was  a m m o n i u m  n i t r a t e  ( M o l l e r  1974).  

M A T E R I A L S  A N D  M E T H O D S  

S t u d y  S i t e . - - T h e  s t u d y  site (Fig. 1) was  p l a n t e d  in  1929 w i t h  1-1 Doug las - f i r  
s eed l ings  f r o m  a n o n l o c a l  s e e d  source .  I n i t i a l  spac ing  was  2.4 by  2.4 m (8 by  8 
ft), o r  a b o u t  1,680 t r ees /ha .  A t  f e r t i l i z a t i o n  in  1964,  the  12 p lo t s  in  the  s t udy  
a v e r a g e d  1,547 t r ees /ha ,  123.2 m 3 / h a  in  to t a l  s t e m  v o l u m e  a n d  26 .2  m in  site 
i n d e x  ( 1 0 0 - y e a r  base).  

E l e v a t i o n  o f  t he  s t udy  a rea  is a b o u t  600  m e t e r s .  A n n u a l  p r e c i p i t a t i o n  ave rages  
a b o u t  2 ,500  m m ,  on ly  a q u a r t e r  o f  w h i c h  falls d u r i n g  A p r i l - O c t o b e r ,  the  ap-  
p r o x i m a t e  g r o w i n g  season.  P o t e n t i a l  e v a p o r a t i o n  g rea t ly  e x c e e d s  s u m m e r  p rec ip -  
i t a t ion ,  so v e g e t a t i o n  at t he  s t u d y  si te  a n n u a l l y  u n d e r g o e s  severa l  m o n t h s  o f  
m o i s t u r e  stress.  

T h e  unc l a s s i f i ed  soil  he re  is d e r i v e d  f r o m  ea r ly  T e r t i a r y  a n d e s i t i c  or  r h y o d a c i t i c  
rock.  T h e  g rave l ly  l o a m  surface  h o r i z o n s  a lso  c o n t a i n  p u m i c e  a n d  basa l t i c  g rave l  
o f  P l e i s t o c e n e  or igin.  B e l o w  15- to 40=cm d e p t h s ,  t he  soil  is o f  c lay l o a m  t ex tu re  
a n d  has  a s t rong,  s u b a n g u l a r  b l o c k y  s t ruc tu re .  R o o t s  a b o u n d  in  the  surface  layer,  
b u t  few e x t e n d  b e l o w  1 m.  T h e  soil  c o n t a i n s  a p p r o x i m a t e l y  3 ,400  kg N / h a  to a 
d e p t h  o f  1 m ( T a r r a n t  a n d  M i l l e r  1963),  a b o u t  a v e r a g e  for  f o r e s t l a n d s  o f  l ow to 
m o d e r a t e  p r o d u c t i v i t y  in  w e s t e r n  W a s h i n g t o n .  

T r e a t m e n t s .  - - A m m o n i u m  n i t r a t e  was  b r o a d c a s t  by  h a n d  in  A p r i l  1964 o v e r  0 .06-  
ha  (0 .15-acre )  c i rcu la r  p lo t s  a t  ra tes  o f  157, 314,  a n d  471 kg /ha .  T r e a t m e n t s ,  
i n c l u d i n g  u n f e r t i l i z e d  con t ro l s ,  w e r e  r e p l i c a t e d  t h r e e  t i m e s  in  a c o m p l e t e l y  r an -  
d o m i z e d  e x p e r i m e n t a l  des ign .  

M e a s u r e m e n t s .  - -  D i a m e t e r  at b r ea s t  h e i g h t  (dbh )  was  m e a s u r e d  at 1.4 m a b o v e  
g r o u n d  o n  all t rees  4.1 c m  (1.6 i nches )  a n d  la rger  o n  0 . 0 2 - h a  (0 .05-acre)  c i rcu la r  
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T A B L E  1. Average change in dbh during 15 years after fertilization. 

Fer t i l i zer  A v e r a g e  d b h  A n n u a l  a d j u s t e d  
a p p l i c a t i o n  g r o w t h  o f  
(kg N / h a )  1963 1978 A n n u a l  c h a n g e '  s u r v i v i n g  t rees  2 

0 
157 
314 f 

t 

471 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  c m  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

13.7 18.5 0 .32  0 .28 
13.5 19.3 0 .39  0 .38 
13.5 22.1 0 .57 0 .47 
13.7 23.1 0 .63  0 .56 

' A v e r a g e  d b h  o f  l ive t rees  in  1978 minus" a v e r a g e  d b h  o f  l ive  t rees  in 1963; we igh t ed  a v e r a g e  (by 
basa l  area)  o f  th ree  p lo t s  pe r  t r e a t m e n t .  

z A v e r a g e  d b h  g r o w t h  o f  s u r v i v i n g  t rees  in  each  t r e a t m e n t  was  a d j u s t e d  for  d i f fe rences  a m o n g  the  
t r e a t m e n t s  in ini t ia l  dbh .  T h e  a d j u s t e d  m e a n s ' w e r e  l i nea r l y  regressed  o v e r  N dosage ;  the  q u a d r a t i c  
r e sponse  was  nons ign i f i can t  (P  < 0.425) .  

plo ts  c e n t e r e d  w i t h i n  e a c h  t r e a t m e n t  area .  T o t a l  h e i g h t  was  d e t e r m i n e d  o n  a 
s u b s a m p l e  o f  14 to 17 t rees  pe r  p l o t  (p lo t s  a v e r a g e d  30 t rees  in  1963).  T h e s e  t rees  
were  d i s t r i b u t e d  o v e r  t he  d b h  range ,  b u t  t w o - t h i r d s  o f  t he  s u b s a m p l e  h a d  larger-  
t h a n - a v e r a g e  d b h .  F i r s t  m e a s u r e m e n t s  o f  b o t h  h e i g h t  a n d  d b h  w e r e  m a d e  a f te r  
the  1963 g r o w i n g  s e a s o n  a n d  b e f o r e  f e r t i l i z a t i on .  A f t e r - t r e a t m e n t  m e a s u r e m e n t s  
were  m a d e  af te r  yea r  2, t h e n  at 1- to  4 - y e a r  i n t e r v a l s  t h r o u g h  1978,  15 yea rs  a f te r  
fe r t i l i za t ion .  

Volume Growth Determination. m T o t a l  s t e m  v o l u m e ,  i n c l u d i n g  t o p  a n d  s t u m p  o f  
each  h e i g h t - s a m p l e  t ree  was  e s t i m a t e d  f r o m  a r e g i o n a l  v o l u m e  e q u a t i o n  for  D o u g -  
las-fir (Bruce  a n d  D e M a r s  1974).  T h e s e  s a m p l e  t r ee  v o l u m e s  w e r e  t h e n  u s e d  to  
ca lcu la te  a s epa ra t e  v o l u m e  e q u a t i o n  for  e a c h p l o t  a n  d m e a s u r e m e n t  year .  T h e  
f o r m  o f  t h e  e q u a t i o n  was  

log V---- a +  b l o g D  

w h e r e  g = c u b i c - f o o t  v o l u m e  o f  to ta l  s t e m  a n d  D = d b h  ( inches) .  T h e  v o l u m e  o f  
each  t ree  in  e a c h  m e a s u r e m e n t  yea r  was  c o m p u t e d  by  specif ic  e q u a t i o n s  for  e a c h  
p lo t  a n d  year .  T h e  d i f f e r ence  b e t w e e n  t h e  c o m b i n e d  v o l u m e  o f  l ive  a n d  o f  d e a d  
t rees  at o n e  i n v e n t o r y  a n d  t he  v o l u m e  o f  t he  l i v e  s t a n d  at  t he  p r e v i o u s  i n v e n t o r y  
is gross  g rowth .  T h e  d i f f e rence  in  v o l u m e  o f  l i ve  t rees  at  succes s ive  i n v e n t o r i e s  
is n e t  g r o w t h m g r o s s  g r o w t h  m i n u s  t he  t o t a l  v o l u m e  in  t rees  t h a t  d i e d  b e t w e e n  
i n v e n t o r i e s .  

Statistical Analyses . - -Analys is  o f  c o v a r i a n c e  w i t h  o r t h o g o n a l  p o l y n o m i a l s  was  
u s e d  to  e s t i m a t e  a r e s p o n s e  sur face  or  c u r v e s  o f  c h a n g e  in  a v e r a g e  d b h ,  he igh t ,  

T A B L E  2. Average change in numbers  o f  live trees during 15 years after fertil- 
ization. 

Fer t i l i ze r  
a p p l i c a t i o n  
(kg N / h a )  1963 1978 Loss  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l i v e t r e e s / h a  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 1,515 1,087 428 
157 1,515 1,137 378 
314 1,614 1,038 576 
471 1,549 907 642 
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T A B L E  3. Average annual height growth o f  surviving trees during 15 years after 
fertilization. 

F e r t i l i z e r  
a p p l i c a t i o n  A v e r a g e  he igh t  
(kg N / h a )  1963 

A d j u s t e d  a v e r a g e  he igh t s  2 

1978 H e i g h t  g r o w t h  G a i n  f r o m  t r e a t m e n t  

m m m / y r  • m / y r  p e r c e n t  

0 13.4 18.1 0.31 - -  - -  
157 ! 13.0 19.0 0 .40  0 .09 30 
314 ~, 13.8 21.3 0 .50  0 .19 61 
471 13.7 22.6 " 0 .59  0.28 90 

' T r e a t m e n t  ave rages  are  b a s e d  on  3 0 - 3 4  t rees .  
2 T r e a t m e n t  ave rages  were  a d j u s t e d  for  i n i t i a l  d i f f e rences  in  h e i g h t  t hen  l i n e a r l y  r eg res sed  o v e r  N 

dosage ;  t he  q u a d r a t i c  r e s p o n s e  sur face  was  n o n s i g n i f i c a n t  (P  < 0 .228) .  

a n d  s t a n d c u b i c  v o l u m e  dur ing  the 15-year  per iod .  T h e  covar ia t e  for c o m p u t i n g  
ad jus t ed  t r e a t m e n t  m e a n s  was in i t i a l  dbh ,  height ,  or  vo lume ,  respect ively .  To  
c o m p a r e  t rends  o f  growth,  t h e  15-year  p e r i o d  was d i v i d e d  in to  per iods  o f  5, 4, 
a n d  6 years;  the  average a n n u a l  v o l u m e  g rowth  du r ing  each o f  these per iods  was 
c o m p a r e d  as the  spl i t -p lot  effect in  c o v a r i a n c e  analyses .  U s i n g  t ime-af te r - t rea t -  
m e n t  as the  spl i t -p lot  is suggested b y  Bliss (1967).  In  all analyses ,  we used the 
5-percent  p robab i l i t y  level  to judge  s ta t i s t ica l  s ignif icance of  results;  we also offer 
the  ac tua l  level  o f  s ignif icance for each  test.  

R E S U L T S  A N D  D I S C U S S I O N  

Diameter  Growth. m D u r i n g  the  15-year  pe r i od  af ter  the  fer t i l izer  app l ica t ion ,  in- 
creases in  s tand  average  d b h  a n d  g rowth  in  d b h  o f  su rv iv ing  trees were l inea r ly  
re la ted  to the  a m o u n t  o f  N app l i ed  (Table  1). P a r t  o f  the  increase  in average d b h  
o f  b o t h  the unfer t i l i zed  and  the espec ia l ly  h e a v i l y  fer t i l ized s tands  was due  to 
m o r t a l i t y  (Table 2). M o r t a l i t y  no t  on ly  p r o v i d e d  m o r e  growing  space for su rv iv ing  
trees, w h i c h  increased  the i r  rate  o f  g rowth ,  bu t  it a lso r e m o v e d  m a n y  smal le r -  
t h a n - a v e r a g e  trees w h i c h  a r i t h m e t i c a l l y  i nc rea sed  average  d b h  of  the  s tand.  For  
example ,  more  t h a n  twice as m a n y  t rees  o f  be low-ave rage  d b h  d ied  dur ing  the 
first 7 years  after  fe r t i l i za t ion  wi th  314 a n d  471 kg N / h a  (Mil ler  and  P i e n a a r  1973). 

T A B L E  4. Average annual  gross growth and  mortali ty  by treatment during 15 
years after fertilization. 

F e r t i l i z e r  
a p p l i c a t i o n  In i t i a l  
(kg N / h a )  v o l u m e  

G r o s s  g r o w t h  M o r t a l i t y  

U n a d j u s t e d  A d j u s t e d '  U n a d j u s t e d  A d j u s t e d  

0 
157 
314 
471 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  m J / h a  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . .  

119.4 8.6 8.8 2.0 1.9 
119.6 12.2 13.2 1.9 1.8 
131.5 1 7 . 9  16.5 1.9 2.1 
122.3 t 8 . I  18.4 2.9 2.1 

' T r e a t m e n t  .averages were  a d j u s t e d  for  i n i t i a l  d i f f e rences  in  s t a n d  v o l u m e  a n d  s m o o t h l y  c u r v e d  
o v e r  N dosage .  T h e  c o v a r i a t e  a n d  the  q u a d r a t i c  r e s p o n s e  sur face  for  g ross  g r o w t h  were  s ignif icant :  
P < 0 .000  a n d  0 .039,  r e spec t i ve ly .  T h o s e  for  ne t  g r o w t h  we re  a l so  s igni f icant :  P < 0 .000  a n d  0 .034 ,  
r e s p e c t i v e l y .  " 

2 T o t a l  s t e m  v o l u m e  o f  all  t r ees  4. l - c m  d b h  a n d  larger .  
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FIGURE 2. A v e r a g e  a n n u a l  g ross  a n d  n e t  v o l u m e  g r o w t h  d u r i n g  a 1 5 - y e a r  p e r i o d  by  p l o t s  a n d  
t r e a t m e n t ;  p lo t s  a re  a r r a n g e d  w i t h i n  t r e a t m e n t  i n  a s c e n d i n g  o r d e r  o f  i n i t i a l  s t a n d  v o l u m e .  

A v e r a g e  a n n u a l  d b h  g r o w t h  o f  s u r v i v i n g  t r ees  w a s  d o u b l e d  b y  the  471 kg 
N / h a  t r e a t m e n t ,  p r e s u m a b l y  a r e su l t  o f  t h e  c o m b i n e d  effect  o f  r e d u c e d  n u m b e r  
o f  s t e m s  (or r e d u c e d  c o m p e t i t i o n )  a n d  o f  i m p r o v e d  n u t r i t i o n  a f fo rded  b y  the  
h ighes t  N dosage .  A l t h o u g h  the  r e s p o n s e  p e r  p o u n d  o f  N a p p e a r e d  g rea t e s t  a t  t he  
1 5 7 - k g - N / h a  dosage ,  the  r e s p o n s e  su r face  w a s  n o t  s i g n i f i c a n t l y  c u r v i l i n e a r .  T h u s ,  
e v e n  the  h e a v i e s t  fe r t i l i ze r  a p p l i c a t i o n  a p p a r e n t l y  w a s  n o t  su f f i c ien t ly  la rge  to  
e s t a b l i s h  the  dosage  w h i c h  w o u l d  p r o v i d e  m a x i m u m  d b h  g r o w t h .  

H e i g h t G r o w t h . - - A v e r a g e  h e i g h t  g r o w t h  o f  s u r v i v i n g  f e r t i l i z ed  t r ees  was  30 to  90 
p e r c e n t  g r ea t e r  t h a n  t h a t  o f  u n f e r t i l i z e d  t r ees  d u r i n g  the  15 -yea r  p e r i o d  ( T a b l e  3). 
M o r t a l i t y  or  d a m a g e  to n o n s u r v i v i n g  t rees  d i d  n o t  r e m o v e  m o r e  s m a l l e r - t h a n -  
ave rage  h e i g h t  t rees  o n  the  f e r t i l i zed  p lo t s  a n d  t h u s  d i d  n o t  a r i t h m e t i c a l l y  exag-  
gera te  the  g rea t e r  h e i g h t  g r o w t h  a f t e r  f e r t i l i z a t i o n .  A g a i n ,  as w i t h  d i a m e t e r ,  g r o w t h  
was  l i n e a r l y  r e l a t ed  to the  a m o u n t  o f  N a p p l i e d  ( P  < 0 .001) .  

V o l u m e  G r o w t h  ( G r o s s ) . - - D u r i n g  t he  15 y e a r s  a f t e r  f e r t i l i z a t i on ,  t o t a l  c u b i c  vo l -  
u m e  g r o w t h  pe r  hec t a r e  o f  all  t rees  4 . 1 - c m  d b h  a n d  l a rger  was  p o s i t i v e l y  r e l a t e d  
to the  a m o u n t  o f  N a p p l i e d  ( T a b l e  4). 

G r o s s  g r o w t h  o n  fe r t i l i zed  p lo t s  a v e r a g e d  50 to  109 p e r c e n t  g r ea t e r  t h a n  t h a t  
on  c o n t r o l  p lots ;  c o r r e s p o n d i n g  ga in s  i n  v o l u m e  g r o w t h  d u r i n g  the  15 -yea r  p e r i o d  
a v e r a g e d  67 .4  to  145.5 m3 /ha .  T h e  r e s p o n s e  su r f ace  was  s i g n i f i c a n t l y  c u r v i l i n e a r  
( P  < 0 .039) .  T h i s  fa l l -of f  i n  v o l u m e  r e s p o n s e  a t  t he  h i g h e s t  N dosage  p r o b a b l y  
ref lects  the  c o m b i n e d  effect o f  (1) s m a l l  b u t  s t a t i s t i c a l l y  n o n s i g n i f i c a n t  f a l l -o f f  in  
b o t h  d b h  a n d  h e i g h t  r e s p o n s e  o f  s u r v i v i n g  t r ees  w i t h  471 kg N / h a  a n d  (2) the  
g rea te r  n u m b e r  o f  t rees  los t  to  m o r t a l i t y  ( T a b l e  2 ) I a r g e l y  f r o m  i n c r e a s e d  w i n t e r  
d a m a g e  in  t he  first  few yea r s  a f te r  f e r t i l i z a t i o n  ( M i l l e r  a n d  P i e n a a r  1973 ) .  

A v e r a g e  a n n u a l  v o l u m e  g r o w t h  d u r i n g  t h e  1 5 - y e a r  p e r i o d  v a r i e d  a m o n g  the  
th ree  r e p l i c a t i o n s  o f  each  t r e a t m e n t  (Fig.  2). S o m e  Of t h i s  w i t h i n - t r e a t m e n t  va r i -  
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FIGURE 3. V o l u m e  o f  t r e e s  e x c e e d i n g  s p e c i f i e d  d b h  a t  age  52 y e a r s  b y  p l o t  a n d  t r e a t m e n t ,  U n a d j u s t e d  
f o r  i n i t i a l  d i f f f e r e n c e s  b e f o r e  f e r t i l i z a t i o n .  

a t i o n  i n  growth w a s  e v i d e n t l y  r e l a t e d  t o  d i f f e r e n c e s  i n  b e g i n n i n g  v o l u m e ;  r e p l i c a t e s  
w i t h  g r e a t e s t  i n i t i a l  v o l u m e  a l s o  h a d  g r e a t e s t  g r o w t h i  C o v a r i a n c e  a n a l y s i s  s u b -  
s t a n t i a t e d  t h a t  g r o w t h  w a s  p o s i t i v e l y  r e l a t e d  t o  s t a n d  v o l u m e  ( fo r  g ros s  a n d  n e t  
g r o w t h ,  P < 0 . 0 0 0 ) .  

V o l u m e  G r o w t h  (Net). - -  D e p e n d i n g  o n  t h e  a m o u n t  o f  N a p p l i e d ,  a d j u s t e d  n e t  
v o l u m e  g r o w t h  o n  f e r t i l i z e d  p l o t s  a v e r a g e d  4 .5  t o  8 .6  m 3 / h a / y r  o r  65 to  125 
p e r c e n t  m o r e  t h a n  o n  c o n t r o l  p l o t s  d u r i n g  t h e  15 y e a r s  a f t e r  f e r t i l i z a t i o n .  T h e  
r e s p o n s e  s u r f a c e  w a s  s i g n i f i c a n t l y  c u r v i l i n e a r  ( P  < 0 . 0 3 4 ) ,  a g a i n  i n d i c a t i n g  t h a t  
t h e  d o s a g e  f o r  m a x i m u m  v o l u m e  p r o d u c t i o n  d u r i n g  t h e  f i rs t  15 y e a r s  w a s  less  
t h a n  471  kg  N / h a  (Fig.  2). 

C u r r e n t  V o l u m e  B y  Tree  S i z e . - - F i f t e e n  y e a r s  a f t e r  f e r t i l i z a t i o n ,  a n d  w i t h o u t  a d -  
j u s t m e n t  f o r  r e l a t i v e l y  s m a l l  d i f f e r e n c e s  i n  t r e e  s i ze s  a n d  n u m b e r s  p r i o r  to  f e r t i l -  
i z a t i o n ,  t o t a l  s t a n d  v o l u m e  o n  f e r t i l i z e d  p l o t s  a v e r a g e d  25 to  69 p e r c e n t  g r e a t e r  
t h a n  t h a t  o n  c o n t r o l  p lo t s ;  m o r e o v e r ,  a m u c h  l a r g e r  p r o p o r t i o n  o f  t h i s  v o l u m e  
w a s  i n  l a r g e r  d b h  c l a s se s  (Fig .  3). F o r  e x a m p l e ,  a n  a v e r a g e  o f  24  a n d  27 p e r c e n t  
o f  t o t a l  s t a n d  v o l u m e  o n  p l o t s  f e r t i l i z e d  w i t h  3 1 4  a n d  471  kg  N / h a ,  r e s p e c t i v e l y ,  
w a s  i n  t r e e s  o f  2 9 . 5 - c m  ( 1 1 . 6 - i n c h e s )  a n d  l a r g e r  d b h .  I n  c o n t r a s t ,  0 - N  a n d  
1 5 7 - N  p l o t s  c o n t a i n e d  n o  v o l u m e  i n  t h e s e  s a w t i m b e r - s i z e  c l a s se s .  C l e a r l y ,  f e r t i l -  
i z a t i o n  i n c r e a s e d  m e r c h a n t a b l e  y i e l d s  a n d  e c o n o m i c  v a l u e  o f  t h i s  D o u g l a s - f i r  
p l a n t a t i o n .  M o r e o v e r ,  t h e  t r e n d s  i n d i c a t e  t h a t  f u r t h e r  e n h a n c e m e n t  o f  b o t h  s t a n d  
v o l u m e  a n d  v a l u e  a r e  l i ke ly .  

G r o w t h  R e s p o n s e  T r e n d s . - -  A l t h o u g h  t h e  t r e e s  w e r e  n o t  r e m e a s u r e d  a f t e r  t h e  f irst  
g r o w i n g  s e a s o n ,  i n c r e m e n t  c o r e s  r e v e a l e d  a d e f i n i t e  r e s p o n s e  i n  d b h  g r o w t h  d u r i n g  
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Trends of average gross periodic annual growth, all species trees 4.1-cm dbh and larger. 
Unadjusted for initial differences before fertilization. 

t he  1 st y e a r  af ter  fe r t i l i za t ion .  T w o  g r o w i n g  s e a s o n s  af ter  t r e a t m e n t ,  a s ta t i s t ica l ly  
s igni f icant  r e s p o n s e  in  v o l u m e  g r o w t h  was  e v i d e n t  for  all l eve l s  o f  a m m o n i u m  
n i t r a t e  (Mi l l e r  a n d  P i e n a a r  1973). 

T h e  1 st yea r  r e s p o n s e  o f  th is  s t a n d  to  f e r t i l i z a t i o n  is l ike ly  r e l a t ed  to  i m p r o v e d  
p h o t o s y n t h e t i c  ac t i v i t y  per  u n i t  o f  fo l i age  r a t h e r  t h a n  to  i n c r e a s e d  m a s s  o f  fo l iage  
w h i c h  was  still e v i d e n t  15 years  a f te r  f e r t i l i za t ion .  H.  Br ix  1 has  c o n c l u d e d  f r o m  
his  i n v e s t i g a t i o n s  o f  N f e r t i l i z a t i on  o f  D o u g l a s - f i r  t h a t  b o t h  p h o t o s y n t h e t i c  effi- 
c i ency  a n d  the  a m o u n t  a n d  d i s t r i b u t i o n  o f  fo l iage  in  t he  c r o w n s  can  be  a f fec ted  
by  fe r t i l i za t ion .  O n  N - d e f i c i e n t  sites,  Br ix  f o u n d  t h a t  i n c r e a s e d  g r o w t h  d u r i n g  t he  
first 2 - 3  years  af ter  f e r t i l i z a t ion  was  r e l a t e ~  m a i n l y  to i m p r o v e m e n t  o f  fo l iage  
eff iciency.  T h e r e f o r e ,  fo l iage ef f ic iency d e c l i n e d  to  t h a t  o f  u n t r e a t e d  levels ,  o r  e v e n  
less, by  y e a r  7. T h e  g r o w t h  r e s p o n s e  w h i c h  still  e x i s t e d  was  c a u s e d  sole ly  by  the  
d i f fe rence  in  fol iage mass .  

D u r i n g  t he  15 years  a f te r  f e r t i l i za t ion ,  v o l u m e  r e s p o n s e  to  157 kg N / h a  was  
n o t  as r a p i d  n o r  as . l a rge  as t ha t  a f te r  314  or  471 kg N / h a  (Fig. 4). M o r e o v e r ,  
v o l u m e  r e s p o n s e  to 157 kg N / h a  m a y  h a v e  p e a k e d  at  yea r  3 or  a b o u t  2 yea rs  
be fo re  p e a k  r e s p o n s e  to h i g h e r  N dosages .  

T h e s e  g r o w t h  t r e n d s  f r o m  m e a s u r e m e n t s  at  1- to  4 - y e a r  i n t e rva l s ,  h o w e v e r ,  
c o n t a i n  e r ra t i c  f l uc tua t i ons  a n d  do  n o t  ref lect  i n i t i a l  d i f f e rences  in  s t a n d  v o l u m e  
be fo re  fe r t i l i za t ion .  To  fac i l i ta te  s ta t i s t i ca l  ana ly s i s  o f  t he se  t r ends ,  we  c o m b i n e d  
da t a  f r o m  seve ra l  sho r t  i n t e r v a l s  b e t w e e n  m e a s u r e m e n t s  to  d i v i d e  the  15-yea r  
p e r i o d  i n t o  4- to  6 -yea r  par ts .  In  a s u b s e q u e n t  c o v a r i a n c e  ana lys i s  in  w h i c h  t i m e -  
a f t e r - t r e a t m e n t  was  t r e a t e d  as a s p l i t - p l o t  effect  a n d  s t a n d  v o l u m e  p r i o r  to fer t i l -  
i z a t i o n  was  the  cova r i a t e ,  t he  r e s p o n s e  sur face  was  q u a d r a t i c  (P  < 0 .045) .  M o r e -  
over ,  b o t h  p e r i o d  a n d  p e r i o d - X - t r e a t m e n t  i n t e r a c t i o n  were  n o n s i g n i f i c a n t  (P  < 
0 .069  a n d  P < 0 .191,  r e spec t ive ly ) .  T h i s  i n d i c a t e d  t h a t  r e s p o n s e  t r e n d s  o f  t he  
t h r ee  d o s a g e s  d i d  n o t  v a r y  s ign i f i can t ly  o v e r  t i m e  (Fig. 5A). 

i Personal communication with H. Brix, Canadian Forestry Service, Victoria, B.C., April 1982. 
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FIGURE 5. T r e n d s  in ad jus ted  gross per iodic  
annua l  i n c r e m e n t  by  t rea tment :  (A) P.A.I .  in 
each period adjusted to a common 1963 (ini- 
tial) volume; (B) P.A.I. in each period ad- 
justed to a common volume at the start of 
each period. 

D u r a t i o n  o f  Growth  Response .  - -  R e s p o n s e  is c l ea r ly  e v i d e n t  d u r i n g  the  15 yea r s  
af ter  t r e a t m e n t  (Fig. 4). I n  years  10 t h r o u g h  15 af ter  fe r t i l i za t ion ,  the  ga in  i n  gross  
v o l u m e  g r o w t h  a v e r a g e d  34, 93, a n d  107 p e r c e n t ,  r e s p e c t i v e l y ,  w i t h  i n c r e a s i n g  N 
dosage .  

B a s e d  o n  the  t r e n d s  o f  pas t  g r o w t h  a n d  t h e  m o r e  v i g o r o u s  c r o w n s  o b s e r v e d  o n  
f e r t i l i z ed  t r ees  a f t e r  y e a r  15, we  b e l i e v e  r e s p o n s e  wi l l  c o n t i n u e  b e y o n d  the  p e r i o d  
w e  h a v e  o b s e r v e d .  A l t h o u g h  i n c r e a s e d  N d o s a g e  i n c r e a s e d  the  a m o u n t  o f  r e s p o n s e  
d u r i n g  the  1 5 - y e a r  p e r i o d ,  w e  m u s t  a w a i t  f u t u r e  m e a s u r e m e n t  to  d e t e r m i n e  w h e t h -  
er  d u r a t i o n  o f  r e s p o n s e  wi l l  v a r y  b y  N d o s a g e .  

D o s a g e  E f f i c i e n c y . - - A l t h o u g h  t h e  r e s p o n s e  su r f ace  c o m p u t e d  for  t he  t h r e e  p e r i o d s  
a f te r  f e r t i l i z a t i o n  h a s  b e e n  c u r v i l i n e a r ,  t he  m o s t  e f f ic ient  d o s a g e  ( tha t  p r o v i d i n g  
t h e  g r ea t e s t  a m o u n t  o f  a d d i t i o n a l  w o o d  p e r  k i l o g r a m  N )  m a y  h a v e  sh i f t ed  s l ight ly  
t o w a r d  the  h i g h e r  a p p l i c a t i o n  r a t e s  (Fig.  6). B a s e d  o n  c u m u l a t i v e  gross  v o l u m e  
g r o w t h  d u r i n g  the  first 5 y e a r s  a f t e r  t r e a t m e n t ,  t h e  m o s t  eff ic ient  d o s a g e  for  v o l u m e  
r e s p o n s e  w a s  a b o u t  157 kg N / h a .  By  t h e  s e c o n d  a n d  t h i r d  p e r i o d s  a f t e r  f e r t i l i za t ion ,  
h o w e v e r ,  t h e  ef f ic ient  d o s a g e  o f  a m m o n i u m  n i t r a t e  w a s  n e a r  314  kg N / h a .  

I t  o b v i o u s l y  w o u l d  be  p r e m a t u r e  to d r a w  a c o n c l u s i o n  as to bes t  d o s a g e  b e f o r e  
t h e  t r e a t m e n t  effect  ha s  c ea sed .  T h e  ef f ic ien t  d o s a g e  for  v o l u m e  p r o d u c t i o n  or  
ga in  p e r  k i l o g r a m  N c lea r ly  d e p e n d s  o n  t h e  p e r i o d  o f  o b s e r v a t i o n  a n d  the  d u r a t i o n  
o f  r e s p o n s e .  M o r e o v e r ,  t he  m o s t  e f f ic ien t  d o s a g e  for  m a x i m i z i n g  the  ne t  e c o n o m i c  
r e t u r n s  f r o m  f e r t i l i z a t i o n  wil l  f u r t h e r  d e p e n d  o n  t r ee  size a n d  q u a l i t y  o f  th is  
i n c r e a s e d  v o l u m e  a n d  o n  t h e  f e r t i l i z a t i o n  cos t s  p e r  k i l o g r a m  N.  

R e l a t i v e  I n f l u e n c e  on G r o w t h - -  I m p r o v e d  N u t r i t i o n  vs. A l t e r e d  S tock ing .  - -  T o  un -  
d e r s t a n d  t h e  n a t u r e  o f  r e s p o n s e  to  fe r t i l i ze r ,  w e  b e l i e v e  it n e c e s s a r y  to  r e c o g n i z e  
t he  i n t e r a c t i o n  b e t w e e n  i m p r o v e d  t r ee  n u t r i t i o n  a n d  a l t e r a t i o n  in  s t a n d  s t o c k i n g  
a f te r  s u p p l e m e n t a l  n u t r i e n t s  h a v e  b e e n  a d d e d .  F e r t i l i z e r  c a n  t e m p o r a r i l y  r e d u c e  
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FIGURE 6. Ave rage  c u m u l a t i v e  gross g r o w t h  at specif ied years  after  fert i l izat ion.  Adjus te  d for  dif- 
ferences in ini t ia l  s t and  v o l u m e  before  fer t i l izat ion.  

or  e l i m i n a t e  n u t r i e n t  de f i c i enc i e s  t h a t  l i m i t  t r ee  g r o w t h  ( n u t r i t i o n a l  effect) a n d  
can  also p e r m a n e n t l y  a l te r  t he  n u m b e r  a n d  size o f  t rees  i n  the  s t a n d  ( s tock ing  
effect). C h a n g e s  in  s t a n d  s t o c k i n g  t h a t  m a y  r e su l t  f r o m  fores t  f e r t i l i z a t i on  are  m o r e  
subt le  t h a n  t h o s e  c r e a t e d  by  p h y s i c a l  t h i n n i n g ,  ye t  t h e  c o n s e q u e n c e s  are the  s a m e - -  
a n e w  s t a n d  s t ruc tu re  is c r e a t e d  a n d  t h e  c a p a c i t y  for  f u tu r e  g r o w t h  is affected.  

In  o u r  s t u d y  area,  b i o l o g i c a l  c h a n g e s  i n d u c e d  by  f e r t i l i z a t i o n  a f fec ted  t ree  g r o w t h  
ra te  and ,  t he r e fo re ,  c o m p e t i t i v e  r e l a t i o n s  b e t w e e n  t rees .  Large  t rees  r e s p o n d e d  in  
d b h  g r o w t h  m o r e  s t rong ly  t h a n  d i d  s m a l l  t rees .  F u r t h e r ,  in  p lo t s  t r e a t e d  w i t h  314  
or  471 kg  N/ha,  m o r e  t h a n  tw ice  as m a n y  t rees  o f  b e l o w - a v e r a g e  d b h  d i e d  d u r i n g  
the  first 7 yea r s  a f te r  f e r t i l i za t ion .  T h i s  t h i n n i n g  effect  a t  th i s  l o c a t i o n  was  d u e  
p r i m a r i l y  to  i n c r e a s e d  s n o w  a n d  ice  b r e a k a g e ,  n o t  to  s u p p r e s s i o n  (Mi l l e r  a n d  
P i e n a a r  1973).  Because  o f  t h e s e  c h a n g e s ,  t h e  v a r i o u s l y  t r e a t e d  s t a n d s  b e c a m e  
d i f fe ren t  in  n u m b e r  a n d  size o f  t r ees  w h i c h  a f fec ted  s u b s e q u e n t  s t a n d  v o l u m e  

T A B L E  5: Split-plot covariance analysis. 

Source o f  v a r i a t i o n  D.F .  P <  

Who le  plot  e r ror  7 
Regress ion  1 

T r e a t m e n t  

L inea r  I 
Q u a d r a t i c  • 1 
Cub ic  1 

Split p lo t  e r ro r  15 
Regress ion  1 
Pe r iod  .2 
P × T  .6 

0 .000 

.000 

.206 

.082 

.458 

.219 

.171 
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g r o w t h  in  a m a n n e r  i n d e p e n d e n t  o f  c u r r e n t  n u t r i t i o n a l  s ta tus  o f  t he  trees.  T h u s ,  
i f  we  are  to u n d e r s t a n d  t he  g r o w t h  r e s p o n s e  f r o m  a l t e r ed  n u t r i t i o n a l  s ta tus  vs. 
t h a t  f r o m  p h y s i c a l  changes  in  s t a n d  s t ruc tu re ,  t he  t w o  sources  o f  a l t e r ed  p r o d u c t i o n  
m u s t  be  c o n s i d e r e d  separa te ly .  

In  t h e  p l a n t a t i o n  we  s tud ied ,  g r o w t h  o n  t he  v a r i o u s l y  t r e a t e d  p lo t s  was  p o s i t i v e l y  
r e l a t e d  to  s t a n d  v o l u m e  b e f o r e  f e r t i l i z a t i o n  (Fig. 2). L ikewise ,  t he  g rea te r  v o l u m e  
g r o w t h  a t t a i n e d  in  f e r t i l i zed  s t ands  p r e s u m a b l y  r e s u l t e d  in  pa r t  f r o m  p r o g r e s s i v e l y  
g rea t e r  s t a n d  ,¢o lume  or  t ree  size in  t h e s e  s t ands .  T h e r e f o r e ,  for  e a c h  o f  t he  t h r e e  
g r o w t h  p e r i o d s  o f  t he  to ta l  15 years  we  a d j u s t e d  a v e r a g e  p e r i o d i c  g r o w t h  o f  each  
t r e a t m e n t  to  an  ave rage  v o l u m e  o f  all t r e a t m e n t s  at  t he  b e g i n n i n g  o f  each  p e r i o d  
(Fig. 5B). T h u s ,  we  m a t h e m a t i c a l l y  r e m o v e d  s o m e  o f  the  effects o f  g rea te r  cu- 
m u l a t i v e  s t a n d  v o l u m e  in  f e r t i l i zed  p lo ts .  T h e  " r e s i d u a l , "  t hen ,  is c o n s i d e r e d  to 
be  the  c o n t r i b u t i o n  o f  c o n t i n u e d  i m p r o v e d  n u t r i t i o n  o n  fe r t i l i zed  plots .  F o r m  o f  
the  sp l i t - p lo t  c o v a r i a n c e  ana lys i s  is s h o w n  in  T a b l e  5. 

R e s u l t s  o f  th is  ana lys i s  s u p p o r t  t h r e e  i n f e r e n c e s :  
(1) G r o w t h  was  l inea r ly  r e l a t e d  to  N dosage ,  b o t h  w h e n  the  ave rage  a n n u a l  

v o l u m e  g r o w t h  for  each  N d o s a g e  w a s  p o o l e d  for  all p e r i o d s  a n d  w h e n  g r o w t h  
was  a d j u s t e d  to the  s a m e  s t a n d  v o l u m e  at  t h e  s tar t  o f  e a c h  pe r iod .  T h i s  i n d i c a t e s  
t h a t  t h e  g rea t e r  c u m u l a t i v e  t ree  v o l u m e  o n  f e r t i l i z ed  p lo t s  o n l y  pa r t i a l ly  e x p l a i n e d  
the  l o n g - c o n t i n u e d  g r o w t h  r e s p o n s e .  

In  p r e v i o u s  c o v a r i a n c e  ana lyses  o f  gross  v o l u m e  g r o w t h  d u r i n g  the  15-year  
p e r i o d  (Figs. 2, 5A), the  r e s p o n s e  sur face  was  q u a d r a t i c  w h e n  the  t r e a t m e n t  m e a n s  
w e r e  a d j u s t e d  o n l y  for  p r e f e r t i l i z a t i o n  d i f f e r ences  in  s t a n d  v o l u m e .  W e  a t t r i b u t e  
the  l i n e a r  r e s p o n s e  surface  in  the  s u b s e q u e n t  ana ly s i s  to  o u r  h a v i n g  r e m o v e d  the  
effects o f  c h a n g e s  in  c u m u l a t i v e  l ive  s t a n d  v o l u m e  t h a t  o c c u r r e d  af ter  fe r t i l i za t ion .  
T h u s ,  g r o w t h  af te r  t he  3 1 4 - k g  N / h a  d o s a g e  was  m a t h e m a t i c a l l y  a d j u s t e d  d o w n -  
w a r d  in  t h e  s e c o n d  a n d  t h i r d  m e a s u r e m e n t  p e r i o d s  b e c a u s e  c u m u l a t i v e  l ive  s t a n d  
v o l u m e  was  h i g h e s t  af ter  t h a t  t r e a t m e n t .  F o r  t he  471 -kg N / h a  t r e a t m e n t ,  h o w e v e r ,  
g r o w t h  was  a d j u s t e d  u p w a r d  in  t h e s e  s a m e  p e r i o d s  b e c a u s e  o f  g rea te r  losses  in  
t ree  n u m b e r s  a n d  v o l u m e  f o l l o w i n g  th i s  t r e a t m e n t  (Tab le  4). 

(2) G r o w t h  d i d  n o t  differ  s ign i f i can t ly  a m o n g  p e r i o d s  (P  < 0 .219)  w h e n  ave rage  
g r o w t h  o f  all t r e a t m e n t s  was  p o o l e d  for  e a c h  p e r i o d .  

(3) T h e  s h a p e  o f  t he  r e s p o n s e  su r face  d i d  n o t  c h a n g e  s ign i f ican t ly  d u r i n g  the  
15-year p e r i o d  o f  o b s e r v a t i o n  (P × T i n t e r a c t i o n  was  s ta t i s t ica l ly  nons ign i f i can t ) .  
W e  i n t e r p r e t  th is  to  m e a n  t h a t  i m p r o v e d  n u t r i t i o n  c o n t r i b u t e d  s ign i f ican t ly  to  
r e s p o n s e  in  all t h r e e  m e a s u r e m e n t  p e r i o d s .  

CONCLUSIONS 

A p p l y i n g  a m m o n i u m  n i t r a t e  fe r t i l i ze r  to  a 3 5 - y e a r - o l d  Doug la s - f i r  p l a n t a t i o n  
r e s u l t e d  in  s ign i f ican t  i nc reases  in  d i a m e t e r ,  he igh t ,  a n d  v o l u m e  g rowth .  R e s p o n s e  
to  o n e  a p p l i c a t i o n  o f  157; 314,  a n d  471 kg N / h a  was  still  e v i d e n t  15 years  af ter  
t r e a t m e n t .  D u r i n g  the  10- to  15-year  p e r i o d  a f t e r  t r e a t m e n t ,  f e r t i l i zed  s t ands  w e r e  
still p r o d u c i n g  35 to  107 p e r c e n t  m o r e  c u b i c  v o l u m e  t h a n  w e r e  u n f e r t i l i z e d  s tands .  
B o t h  the  t r e n d  o f  r e s p o n s e  d a t a  a n d  t he  v i g o r o u s  c r o w n s  o b s e r v e d  on  fe r t i l i zed  
t rees  sugges t  to us t ha t  g r o w t h  r e s p o n s e  wi l l  c o n t i n u e  b e y o n d  the  15 years  t hus  
far o b s e r v e d .  

A q u a d r a t i c  e q u a t i o n  bes t  d e s c r i b e d  t h e  r e s p o n s e  sur face  for  gross  a n d  ne t  
v o l u m e  g r o w t h  by  5, 9, a n d  15 years  a f te r  f e r t i l i za t ion .  U n t i l  g r o w t h  r e s p o n s e  has  
ceased ,  h o w e v e r ,  a re l i ab le  e s t i m a t e  o f  o p t i m u m  leve l  o f  a p p l i c a t i o n  for v o l u m e  
p r o d u c t i o n  c a n n o t  be  offered.  

T h e  l o n g - t e r m  effects o f  a s ingle  f e r t i l i z a t i o n  a t  th i s  l o c a t i o n  are  e x p l a i n e d  by  
in i t i a l  a n d  c o n t i n u e d  i m p r o v e m e n t  in  t ree  n u t r i t i o n  a n d  by  m a j o r  c h a n g e s  in  
s t a n d  s t o c k i n g  a n d  s t ruc tu re  t h a t  r e s u l t e d  f r o m  th i s  i m p r o v e d  n u t r i t i o n .  
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In  v i e w  o f  t h e  u n u s u a l l y  s t r o n g  a n d  l o n g - c o n t i n u i n g  r e s p o n s e  o f  D o u g l a s - f i r  to  
a m m o n i u m  n i t r a t e  f er t i l i z er  at  t h i s  s t u d y  area ,  i t  a p p e a r s  n e c e s s a r y  h e r e  a n d  
e l s e w h e r e  in  the  P a c i f i c  N o r t h w e s t  to  s y s t e m a t i c a l l y  c o m p a r e  t h e  e f f i c i e n c y  o f  
v a r i o u s  f e r t i l i z e r  N s o u r c e s .  
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