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ABSTRACT 

PART I 

White pine seedlings (Pinus strobus I,.) were grown a t  

high or  low soil-moisture l eve l s .  The leader stem length,  

f r e sh  weight of the  seedl ings ,  r e sp i r a t i on ,  photosynthesis,  

t r ansp i r a t i on ,  t rans loca t ion  of photosynthate from shoots 

t o  roo ts ,  and b io -e l ec t r i c  po t en t i a l s  between the  t i p  and 

the  base of the  stem were measured throughout the  growing 

season from Apri l  t o  October. 

A t  both moisture l e v e l s  the  lowest t rans loca t ion  of 

recent  photosynthate from shoots t o  roo t s  occurred during 

ea r ly  summer, o r  a t  the  time when the  r a t e  of roo t  growth 

was the  lowest and t h a t  of t h e  shoot t he  h ighes t ,  During 

e a r l y  summer the  s p e c i f i c  a c t i v i t y  of 14c02 resp i red  by the  

shoots of such p l an t s  remained high throughout an 8 h 

experimental period, indicat ing a continuous u t i l i z a t i o n  of 

recent  photosynthate a s  a r e sp i r a to ry  subs t ra te .  On the  

other  hand, ea r ly  and l a t e  i n  the  growing season, when 

t rans loca t ion  of recent  photosynthate from shoots t o  roo t s  

and the  r a t e  of roo t  growth were high,  t he  s p e c i f i c  a c t i v i t y  

of 1 4 C 0 2  resp i red  by the  shoots rap id ly  decreased during the  . 

8 h experimental period, ind ica t ing  a drop i n  t he  u t i l i z a t i o n  , 

of recent  photosynthate a s  resp i ra to ry  subs t ra te .  The 

highest  pos i t i ve  values f o r  t he  po ten t i a l  d i f ference  between 

the  top and the  base of t he  main shoot a l s o  occurred i n  

e a r l y  summer o r  during t h e  period of high r a t e s  of 

( $-anspirat ion.  



PART I1 

Po t t ed  whi te  p i n e  (Pinus  s t r o b u s  L.) s e e d l i n g s  were grown 

on media con ta in ing  d i f f e r e n t  amounts of  n i t r o g e n  ( N )  and 

phosphorus ( P ) .  The s e e d l i n g s  w e r e  grown e i t h e r  i n  c o n t r o l l e d  

environment chambers o r  outdoor co ld '  frames.  Following 

p e r i o d s  o f  f i v e ,  seven and t h i r t e e n  weeks on t r ea tmen t  t h e  

s e e d l i n g s  were analyzed t o  determine r a t e s  of r e s p i r a t i o n ,  

pho tosyn thes i s  and t h e  degree  of  t r a n s l o c a t i o n  of  r e c e n t  

photosyntha te  t o  the r o o t s .  Shoot and r o o t  f r e s h  weights  

w e r e  recorded .  Analyses w e r e  made t o  de te rmine  t h e  metabol ic  

fa te  of t h e  t r a n s l o c a t e d  s u g a r s .  

The b e s t  o v e r a l l  growth and t h e  h i g h e s t  roo t / shoot  r a t i o s  

w e r e  found i n  s e e d l i n g s  r e c e i v i n g  in t e rmed ia t e  l e v e l s  of  N and 

P .  The range of  n u t r i t i o n a l  c o n d i t i o n s  employed w a s  found t o  

have no e f f e c t  upon rates of  shoot  and r o o t  r e s p i r a t i o n  o r  

pho tosyn thes i s ,  even a f t e r  t h i r t e e n  weeks o f  t r e a t m e n t .  

Lateral r o o t  format ion w a s  depressed  under c o n d i t i o n s  of  

h i g h  N and P .  Mycorrhizal  abundance showed a maximum a t  

i n t e r m e d i a t e  l e v e l s  of  n u t r i e n t s .  T r a n s l o c a t i o n  of  r e c e n t  

photosyntha te  t o  the r o o t s  w a s  depressed  by h i g h  P ,  t h i s  

dep res s ion  w a s  however, r eve r sed  t o  some e x t e n t  by i n c r e a s i n g  

N l e v e l s .  

The h y d r o l y s i s  of  suc rose  r e c e n t l y  t r a n s l o c a t e d  t o  t h e  

r o o t s  w a s  i nc reased  w i t h  i n c r e a s i n g  N supp ly .  The r e s u l t a n t  

hexoses  be ing  metabol i sed  t o  amino and o rgan ic  a c i d s .  

However, suc rose  cont inued  t o  be t h e  dominant form i n  which 



r e c e n t l y  t r a n s l o c a t e d  14c occurred i n  t h e  r o o t s .  High l e v e l s  

of P reduced t h e  e f f e c t  of N on t h e  metabolism of t r a n s l o c a t e d  

sucrose .  

R e l a t i v e l y  very few of t h e  metabol ica l ly  a c t i v e  compounds, 

i s o l a t e d  from t h e  so lub le  f r a c t i o n  of t h e  r o o t s ,  showed d i s t i n c t  

p a t t e r n s  of change which could be c o r r e l a t e d  t o  e i t h e r  t h e  

d i f f e r e n t  n u t r i t i o n a l  l e v e l s  of N and P suppl ied  or t o  t h e  

incidence of mycorrhizae. 
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GENERAL INTRODUCTION 

Kramer and Kozlowski i n  t h e  in t roduc t ion  t o  t h e i r  book 

'Physiology of Fores t  Trees  ' (McGraw-Hill, 1960) , wrote t h e  

following of t r e e s  and t h e  p l a n t  phys io log i s t s  who s tudy  them. 

"A t r e e  means d i f f e r e n t  t h i n g s  t o  d i f f e r e n t  people.  For 
our ances to r s  it was t h e  ch ie f  source of f u e l  and s h e l t e r  and 
occas iona l ly  an o b j e c t  of worship. To t h e  average man on t h e  
s t r e e t  it may be a source of p leasan t  shade i n  t h e  summer but  
a nuisance which sheds leaves  on h i s  lawn i n  t h e  auturnn....to 
a f o r e s t e r  ( they a r e )  a source of timber and pulpwood. To a 
p h y s i o l o g i s t ,  however, a t r e e  is a complex biochemical f a c t o r y  
which s t a r t s  from a seed and l i t e r a l l y  b u i l d s  i t s e l f ,  and 
phys io log i s t s  a r e . . . . i n t e r e s t e d  i n  t h e  manner i n  which t h e  
complex of processes  t h a t  we ca l l  'growth'  is c a r r i e d  on. The 
success  of t r e e s  depends p r i m a r i l y  on t h e i r  e f f i c i e n c y  i n  
manufacturing carbohydrates . .  . ,and t h e i r  a b i l i t y  t o  convert  
t h e s e  simple carbohydrates i n t o  new t i s s u e s .  This  involves 
t r a n s l o c a t i o n  of t h e  products of photosynthesis  t o  var ious  
p a r t s  of  t h e  p l a n t  .... and t h e i r  use  i n  a s s i m i l a t i o n  and 
r e s p i r a t i o n . .  . . (While) P lan t  phys io log i s t s  a r e  i n t e r e s t e d  
p r i m a r i l y  i n  l ea rn ing  how t r e e s  grow .... f o r e s t e r s  and 
h o r t i c u l t u r i s t s  a r e  i n t e r e s t e d  p r imar i ly  i n  how t o  grow t r e e s  
more e f f i c i e n t l y .  These two approaches a r e  more c l o s e l y  
r e l a t e d  than  many people suppose ,...Each type a c t u a l l y  
c o n t r i b u t e s  t o  t h e  o t h e r ,  and t h e  g r e a t e s t  . . . .p  rogress  w i l l  
occur when phys io log i s t s  l e a r n  more about t h e  growing of 
t r e e s ,  f o r e s t e r s . . . . l e a r n  more about t h e  physiology of t r e e s ,  
and t h e  two work toge the r  t o  so lve  t h e  many problems which 
e x i s t  . " 

The amount of b a s i c  r e sea rch  i n  P lan t  Physiology i n  which 

t r e e s  served a s  t h e  experimental  m a t e r i a l  was small u n t i l  

r e l a t i v e l y  r ecen t  t imes .  Consequently t h e  present  concepts 

of t h e  physiology of t r e e s  is based i n  l a r g e  p a r t  upon 

analogy, by t r a n s f e r  of information obtained from o the r  . 

p l a n t  spec ies  supported by r e l a t i v e l y  few d i r e c t  experiments.  

There is no evidence t o  suggest  t h a t  t r e e s  a r e  i n  any 

way b a s i c a l l y  d i f f e r e n t  from o the r  p l a n t s .  



They do,  however, p r e s e n t  p e c u l i a r  problems because o f  

t h e i r  p a r t i c u l a r  g r o s s  form, e .g .  long d i s t a n c e  t r a n s p o r t  and 

i n t e g r a t i o n ,  extreme p e r e n n i a l  n a t u r e ,  e . g .  s i t e  conse rva t ion  

and a b i l i t y  t o  s u r v i v e  adve r se  o r  f l u c t u a t i n g  environments 

o u t s i d e  of a s p e c i a l i z e d  s t a t e  ( seeds  o r  s p o r e s ) ,  and t h e  

l e n g t h  of  t h e  l i f e  c y c l e ,  e .g .  g e n e t i c s  and breed ing  exper iments .  

Biochemical ly  t r e e s  produce unique a r r a y s  of  m e t a b o l i t e s ,  e .g . 
l i g n i n s ,  r e s i n s  e t c . ,  t h a t  have proven somewhat i n t r a c t a b l e  t o  

a n a l y t i c a l  procedures  bo th  from t h e  p o i n t  of  view o f  c l a r i f y i n g  

t h e i r  pathways of  metabolism and a l s o  b y  t h e i r  i n t e r f e r e n c e  i n  

s t u d i e s  of the g e n e r a l  metabolism. 

B a s i c  work on t r e e s  has been,  and s t i l l  is i n  two g e n e r a l  

areas. F i r s t ,  t h e  s e e d l i n g  s t a g e  - 0 t o  5 y e a r s ,  and secondly ,  

mature trees - 20+ y e a r s .  S tudy  programmes have been set up t o  

fo l low t h e  p rog res s  o f  trees from seed  t o  m a t u r i t y .  These 

programmes g e n e r a l l y  are concerned wi th  growth, morphology, d r y  

matter produc t ion ,  and provenance s t u d i e s .  Such long-term 

p r o j e c t s  have their  obvious l i m i t a t i o n s .  The i n i t i a t i n g  worker 

r a r e l y  is on s i t e  more t h a n  1 0  t o  15 y e a r s ;  i n  f a c t  t h e  

programme may o u t l i v e  him. P rog res s  i n  methodology, t o g e t h e r  

w i t h  new knowledge, may l e a d  t o  t h e  p a r t i a l  o r  f u l l  abandonment 

of many programmes b e f o r e  t h e  p r o j e c t e d  t i m e  span e l a p s e s .  

T h e  s h e e r  s i z e  of  mature trees p r e s e n t s  c o n s i d e r a b l e  

d i f f i c u l t i e s  t o  t h e  p h y s i o l o g i s t ,  80 t o  90% of  whose t i m e  may 

b e  s p e n t  i n  s o l v i n g  problems a r i s i n g  from the s c a l i n g  up of  

l a b o r a t o r y  o r  s e e d l i n g  type  exper iments  t o  n a t u r a l  s t a n d  

c o n d i t i o n s .  The number o f  such s t u d i e s  t h a t  can be  done is  



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

For t h e  above reasons most of t h e  phys io logica l  s t u d i e s  

on t r e e s  have been c a r r i e d  out  on seed l ings  or  c u t  bxanches 

brought i n t o  t h e  l abora to ry .  The l a t t e r  type has i n  many 

ins tances  t h e  severe  l i m i t a t i o n  of a lack  of information a s  

t o  t h e  e x t e n t  t o  which t h e  d a t a  obtained a r e  a f f e c t e d  by t h e  

i s o l a t i o n  of t h e  organ from t h e  whole organism. Work on 

seed l ings  has  been favoured because of t h e  r e l a t i v e  ease  with 

which they  can be handled i n  t h e  l abora to ry  and a l s o  because 

it is t h e  f i r s t  few years  t h a t  a r e  ve ry  c r i t i c a l  from t h e  

s u r v i v a l  p o i n t  of view. Competition from o t h e r  ind iv idua l s  

and spec ies  is  in tense  and t h e  a b i l i t y  t o  withstand adverse 

environmental condi t ions  is l i m i t e d .  

F a i l u r e  of many a f f o r e s t a t i o n  p r o j e c t s  c a r r i e d  out  

between 1910 and 1935 on p r a i r i e  type  s o i l s ,  f o r  example, i n  

Wyoming and A u s t r a l i a  (Hatch 1936 and 1937) , emphasized t h e  

importance of e c t o t r o p h i c  mycorrhizaJ. systems t o  t h e  s u r v i v a l  

of t r e e s  under low s o i l  f e r t i l i t y  cond i t ions .  These f a i l u r e s  

s t imula ted  f u r t h e r  work on t h e  mycorrhizal  phenomenon. 

The two main t h e o r i e s  t h a t  have been put forward, t o  

account f o r  t h e  observed d i s t r i b u t i o n  of mycorrhizal  r o o t s  i n  

na tu re  a r e  a s  fol lows.  F i r s t ,  t h e  Stahlian-Hatch theory  which 

s t a t e s  t h a t  when t h e  appropr ia t e  innoculum is  p resen t  and 

o t h e r  environmental f a c t o r s  a r e  favourable ,  then  t h e  incidence 

of mycorrhizae and t h e i r  development v a r i e s  inve r se ly  with t h e  

a v a i l a b i l i t y  of mineral  n u t r i e n t s  i n  the s u b s t r a t e  (S tah l ,  



1900; Hatch,1937) . Second, B jorkman (1942) proposed a' 

'carbohydrate '  t heory .  

"The mycorrhiza fungi  p a r a s i t i z e  t h e  r o o t s  f o r  so lub le  
carbohydrates .  They do not  e n t e r  t h e  r o o t s  un less  t h e s e  
conta in  a  c e r t a i n  amount of so lub le  carbohydrates ,  t h a t  is ,  
only  i f  and when photosynthesis  i s  rap id  enough and i s  not 
followed on t h e  h e e l s  by t h e  s y n t h e s i s  of p r o t e i d s .  Now 
with p l e n t y  of n u t r i e n t s  t h e  p l a n t  is a b l e  t o  b u i l d  up 
p r o t e i d s  a s  f a s t  a s  t h e  pho tosyn the t i ca l  output  of carbohydrates 
permits .  There w i l l  be  l i t t l e  f o r  t h e  fungi  t o  seek i n  t h e  
r o o t s ,  and no mycorrhiza w i l l  form. Only i f  t h e r e  is a  c e r t a i n  
s c a r c i t y  of one or  o the r  n u t r i e n t  l i k e  n i t rogen and phosphorus, 
needed f o r  t h e  higher  syntheses ,  w i l l  t h e s e  slow down and sugar 
p i l e  up, inducing t h e  fungi  t o  e n t e r  t h e  r o o t s  and form 
mycorrhiza . Too severe  a s c a r c i t y  of some e s s e n t i a l  n u t r i e n t  
may slow down t h e  primary syntheses  as w e l l ,  causing a  s c a r c i t y  
even of so lub le  carbohydrates  and hence poorer condi t ions  f o r  
mycorrhizal  i n f e c t i o n .  Phosphorus, i n  p a r t i c u l a r ,  can be 
expected t o  have a  double e f f e c t ,  s i n c e  it is  known h igh ly  t o  
s t i m u l a t e  t h e  production of carbohydrates  and a t  t h e  same time 
is  needed a s  a  bu i ld ing  s tone  f o r  t h e  s y n t h e s i s  of  p ro te ids . "  

These two t h e o r i e s  a r e  not  wholly incompatible,  t h e  main 

d i f f e r e n c e  being t h a t  t h e  emphasis a s  t o  t h e  dominant f a c t o r ( s )  

d i f f e r s .  However, both t h e o r i e s  s a y  l i t t l e  o r  nothing about 

t h e  mechanism of i n i t i a t i o n  and establ ishment  of t h e  symbiotic 

r e l a t i o n s h i p .  For example, how is t h e  apparent  s t imulus  of a 

s u r p l u s  of carbohydrate i n  t h e  r o o t s  exe r t ed  upon. t h e  r h i z g p h e r e  

mycorrhizal  fungi? Does t h e  s c a r c i t y  of one o r  more n u t r i e n t s  

slow down carbohydrate metabolism i n  t h e  roo t  and with what 

consequences? Are t h e r e  any changes i n  t h e  genera l  metabolism 

of t h e  r o o t s  which c o r r e l a t e  with and may account f o r  t h e  

observed occurrence of mycorrhizae? 

I f  carbohydrate metabolism is t h e  primary f a c t o r  involved 

i n  i n i t i a t i o n  and maintenance of t h e  mycorrhizal  a s s o c i a t i o n ,  

then  i n v e s t i g a t i o n  should be made of  t h e  flow of carbon from 



source (shoot)  t o  s i n k  ( r o o t )  and of i ts  subsequent f a t e  t h e r e .  

I n  what form is t h e  carbon f i r s t  e labora ted  and i n  what form 

and what amounts is  it moved from source t o  s i n k  under var ious  

environmental cond i t ions .  Possession of such information would 

then  f a c i l i t a t e  t h e  i n v e s t i g a t i o n  of t h e  metabolic f a t e  of t h e  

carbon i n  t h e  r o o t  under var ious  condi t ions  of mineral  n u t r i t i o n .  

Poss ib le  c o r r e l a t i o n s  between such d a t a  and t h e  observed 

mycorrhizal  abundance and t h e  genera l  growth of t h e  t r e e  may 

then  be sought,  i n  t u r n  leading  t o  some p o s s i b l e  c l a r i f i c a t i o n  

of  t h e  mycorrhizal  phenomenon. Such a programme was i n i t i a t e d  

s e v e r a l  years  ago a t  Queen 's  Unive r s i ty ,  Kingston, Ontar io .  

Over many years  a wealth of knowledge i n  t h e  a p p l i c a t i o n  

of i so tope  techniques t o  p l a n t  phys io log ica l  s t u d i e s  has  been 

b u i l t  up i n  t h e  Queen ' s  Laboratory under D r .  G .  Krotkov. The 

development of an Inf ra- red  Gas Analyzer system, L i s t e r  e t  a 1  

(1961) (Figures A 1 ,  A 2 ,  and A3) allowed t h e  coupling of t h e s e  

two techniques and t h e i r  subsequent a p p l i c a t i o n  t o  problems i n  

t r e e  physiology. This  work was c a r r i e d  out  i n  conjunct ion with 

t h e  Fores t  Pathology Laboratory a t  Maple, Ontar io ,  where i n  

co-operation with D r .  V . S l a n k i s  and co-workers we have resolved 

many of t h e  problems involved i n  t h e  success fu l  growth of pine 

seed l ings  under p a r t i a l l y  and f u l l y  c o n t r o l l e d  environmental 

cond i t ions .  F igures  B 1 ,  B2, C 1  and C 2  show t h e  cons t ruc t ion  

and layout  of t h e  s p e c i a l  cold-frame descr ibed i n  ,Part  I and I1 

f o r  t h e  growth of seed l ings  under p a r t i a l l y  c o n t r o l l e d  

environmental cond i t ions .  F igure  D shows t y p i c a l  examples of 



white  p ine  seed l ings  grown i n  t h e  open cold-frame. ~ i g u r e  E 

i l l u s t r a t e s  t h e  manner i n  which t h e  b io -po ten t i a l  d a t a  (Par t  I )  

was obta ined .  

The e a r l y  work of Shiroya and S lank i s  e t  a 1  (1962) and 

Shiroya and L i s t e r  e t  a 1  (1962) provided valuable  background 

d a t a  on t h e  physiology of P .  r e s inosa  and P .  s t robus  seed l ings .  

The na tu re  of t h e  photosynthe t ic  products  and t h e  form i n  which 

t h e  e l abora ted  carbon is t r a n s l o c a t e d  was e luc ida ted .  Their  

d a t a  a l s o  showed t h a t  t h e  t r a n s l o c a t i o n  of assimulated carbon 

t o  t h e  r o o t s  was markedly a f f e c t e d  by t h e  l i g h t  i n t e n s i t y  under 

which t h e  p l a n t s  were grown. Since t h e  length  of day a s  w e l l  

a s  t h e  l i g h t  i n t e n s i t y  v a r i e s  wi th  season, one might t h e r e f o r e  

expect seasonal  changes i n  t h e  t r a n s l o c a t i o n  of  photosynthate '  

t o  r o o t s . ,  Such proved t o  be t h e  case  a s  was demonstrated by 

Shiroya e t  a 1  (1966).  They found t h a t  no t  only d i d  t h e  supply 

of carbon t o  t h e  r o o t s  vary  with season,  bu t  t h a t  t h e  r o o t  

growth and mycorrhiza.1 abundance (Slankis  , unpublished d a t a )  

p a r a l l e l e d  t h e  changes. 

The experiments r epor ted  i n  t h i s  t h e s i s  a r e  a cont inuat ion  

of t h e  above programme. I n  P a r t  I ,  t h e  seasonal  changes i n  

degree of t r a n s l o c a t i o n  of carbon t o  t h e  r o o t s  of p ine  seed l ings  

is f u r t h e r  inves t iga ted  p a r t i c u l a r l y  with r e spec t  t o  s o i l  

moisture  regime during growth. Part I1 r e p o r t s  on an i n v e s t i g a t i o n  

i n t o  t h e  f a t e  of t h e  t r a n s l o c a t e d  carbon i n  t h e  r o o t s  of 

seed l ings  grown under var ious  l e v e l s  of n i t rogen  and phosphorus 

n u t r i t i o n  and t h e  e f f e c t s  of t h e  var ious  n u t r i e n t  l e v e l s  on 



t h e  g e n e r a l  phys io logy  o f  the s e e d l i n g s  and on t h e  i n c i d e n c e  

o f  mycorrhizae  . 



Figure A1 - Diagram of Closed-Circuit  Apparatus 

genera tor  f l a s k  
P lex ig lass  p l a n t  chamber 
Geiger-Muller tube 
Infra-Red Gas Analyzer 
Recorder 
Multichannel recorder  
Lamps 
Heat f i l t e r s  (20cm water)  
Flowmeter 
A l k a l i  COz absorpt ion  tower 
Radiat ion Monitor 
Amplifier 
Pre-amplif i e r  
Solanoid s t e p  switch 
Thermocouples. (p lan t  chamber temperature,  r o o t  

temperature and Re la t ive  Humidity 
of t h e  a i r  stream.) 





Figure  A2. 

Closed-c i r cu i t  Infra-Red Carbon Dioxide Analyser and 14c02 
monitoring system. 

F igure  A3. 

Seedl ing dur ing  14c02 feeding pe r iod .  





Figure B1. 

Open cold-frame, Forestry Pathology Laboratory, Maple, 
Ontario. 

Figure B2. 

Arrangement of seedlings in open cold-frame. 





Figure C1. 

Seedl ings i n  cold-frame with p r o t e c t i v e  (temperature and 
p r e c i p i t a t i o n )  styrofoam s t r i p s  i n  p l a c e .  

Figure C 2 .  

Seedl ings i n  cold-frame with styrofoam p r o t e c t i o n  s t r i p s  
removed. Cavi ty  beneath is temperature c o n t r o l l e d  t o  
maintain a roo t  temperature of 18-lg•‹C and an R.H.  of 
85-9%. 





Figure D. 

Typical examples of high (HM) and low (LM) soil moisture 
grown seedlings five months after commencement of treatment 
in the open cold-frame. 

Note the difference in the extent of new needle 
development. 

Figure E . 

Measurement of Bio-potentials . (Beckman Model G pH meter 
used as a portable 0-1400 mV potentiometer) 





P A R T  I 

Physiology of Pinus s t robus  L .  Seedl ings Grown under 

High o r  Low S o i l  Moisture Condit ions.  



INTRODUCTION 

I n  t h e  course of our i n v e s t i g a t i o n s  i n t o  t h e  physiology 

of c o n i f e r s ,  we have observed a  seasonal  p a t t e r n  of t r a n s -  

l o c a t i o n  of r ecen t  photosynthate from shoots  t o  r o o t s  of white 

p ine  seed l ings  (Shiroya e t  a l . ,  1966) .  For a  s h o r t  per iod i n  

t h e  sp r ing ,  and f o r  a  longer per iod  i n  t h e  l a t e  summer and 

autumn, t r a n s l o c a t i o n  of r ecen t  photosynthate from shoots  t o  

r o o t s  is r e l a t i v e l y  h igh .  For a s h o r t  per iod  i n  t h e  l a t e  

sp r ing  o r  e a r l y  summer, and during t h e  win te r ,  t r a n s l o c a t i o n  

from shoots  t o  r o o t s  is low o r  non-exis tent .  

Kursanov (1961) suggested t h a t  t h e  l e v e l  of r o o t  

metabol ic  a c t i v i t y  a f f e c t s  t h e  degree of t h e  ' p u l l '  of 

a s s i m i l a t e s  t o  t h e  r o o t s .  I f ,  t h e r e f o r e ,  t h e  reduced r o o t  

growth i n  t h e  l a t e  sp r ing  o r  e a r l y  summer is a r e s u l t  of t h e  

low soi l -mois ture  condi t ions  c h a r a c t e r i s t i c  of th i s  t ime of 

t h e  season,  as has  been suggested by  Turner (1936) and Reed 

(1939),  then growing.plants  under low s ~ i l - m o i s t u r e  condi t ions  

throughout t h e  growing season should r e s u l t  i n  cont inuous ly  

low l e v e l s  of t r a n s l o c a t i o n  t o  t h e i r  r o o t s .  On t h e  o the r  hand, 

p l a n t s  grown under cons tant  opt imal  o r  near optimal l e v e l s  of 

s o i l  moisture  might be expected t o  show continuous r o o t  growth 

and t r a n s l o c a t i o n  of photosynthate from shoots  t o  r o o t s  

throughout t h e  whole season.  



There have been s e v e r a l  r e p o r t s  i n  t h e  l i t e r a t u r e  on 

t h e  b i o - e l e c t r i c  phenomena i n  t r e e s .  Par r  (1943) observed 

c o r r e l a t i o n s  between t h e  stem p o t e n t i a l s  and s u s c e p t i b i l i t y  

t o  i n s e c t  a t t a c k .  Wilner (1961) found a r e l a t i o n s h i p  between 

t h e  e l e c t r i c a l  r e s i s t a n c e  of t h e  wood and f r o s t  hard iness  i n  

var ious  v a r i e t i e s  of app le - t r ees .  Fensom (1955 and 1963) 

observed seasonal  changes i n  r e s i s t a n c e ,  conductance, and 

p o t e n t i a l  d i f f e r e n c e s  i n  s e v e r a l  t r e e  spec ies  and found t h a t  

seasona l  p a t t e r n s  a r e  inf luenced by  temperature,  r a i n f a l l ,  

and by some f a c t o r s  inherent  i n  t h e  l iv ing .  t r e e  i t s e l f ,  such 

a s ,  f o r  example, t h e  growth-regulator l e v e l s .  A s  Fensom 

(1963) wrote,  ' ...an empi r i ca l  s tudy  of e l e c t r i c a l  p r o p e r t i e s  

i n  such complex t i s s u e  a s  a l i v i n g  t r e e  may be va luable  t o  

b i o l o g i s t s ,  not  only  a s  a r e s e r v o i r  of information t o  s u s t a i n  

advancing theory ,  b u t  a l s o  a s  was electro-cardiography,  a 

phenomenon u s e f u l  i n  i ts  own r i g h t  t o  throw l i g h t  upon t h e  

i n t e r n a l  funct ioning ,of t h e  organism, once t h e  p a t t e r n s  of 

normal i ty  have been e s t a b l i s h e d .  ' 

The experiments r epor ted  below were c s r r i e d  out  t o  

a s c e r t a i n :  ( a )  whether t h e  maintenance of cons tant  moisture 

condi t ions  i n  t h e  s o i l  a t  e i t h e r  high o r  low l e v e l s ,  would 

e l imina te  t h e  seasonal  p e r i o d i c i t y  of t r a n s l o c a t i o n  from 

shoots  t o  r o o t s  a s  observed normally; (b) whether t h e  magni- 

tude  of t r a n s l o c a t i o n  of photosynthate from shoots  t o  r o o t s  
* 

was high i n  p l a n t s  grown under h igh  s o i l  moisture ,  a s  
I 

compared wi th  those  grown under low s o i l  moisture;  and (c)  

t 



whether t h e r e  was any c o r r e l a t i o n  between t h e  seasonal  

changes i n  t h e  b i o - e l e c t r i c  p o t e n t i a l s  i n  t h e  stem and any 

of t h e  phys io log ica l  c h a r a c t e r i s t i c s  measured. 

MATERIALS AND METHODS 

White pine seed l ings ,  Pinus s t robus  L . ,  were used a s  

experimental  m a t e r i a l .  The seed l ings  were grown f o r  2 years  

i n  open seedbeds a t  t h e  Department of Lands and F o r e s t s  

Nursery, Midhurst, Ontar io .  I n  l a t e  A p r i l ,  immediately a f t e r  

. t h e  ground thawed, a number of t h e s e  seed l ings  were 

t r ansp lan ted  i n t o  ind iv idua l  p o t s  f i l l e d  with t h e  same sandy- 

loam s o i l  taken from t h e  o r i g i n a l  seedbeds.  The p o t s  were 

placed i n  a s p e c i a l  cold-frame a t  t h e  Laboratory of Fores t  

Pathology, Maple, Ontar io .  The cons t ruc t ion  of t h i s  cold-  

frame w a s  such t h a t  t h e  p o t s  were e a s i l y  removed f o r  t h e  

maintenance of t h e i r  soi l -moisture  regime, while being 

covered, and t h e r e f o r e  p ro tec ted  from r a i n f a l l ,  b y  s t r i p s  of 

styrofoam shee t  through which only  t h e  shoots  protruded.  A 

wide t r ansparen t  polythene canopy was placed 8 f t  overhead, 

p r o t e c t i n g  t h e  p l a n t s  from a l l  bu t  near h o r i z o n t a l  storm- 

dr iven  r a i n .  Po t - so i l  and' crown l e v e l  a i r  temperatures were 

cont inuously recorded and were found never t o  vary by more 

than  2 O  C from comparable measurements made i n  t h e  ad jacen t  

open seedbeds. 



The seed l ings  were divided i n t o  two groups: one was 

maintained under t h e  condi t ions  of high s o i l  moisture a t  an 

average of 15 ' 3 2 3  -5  per  c e n t ,  and t h e  o the r  under low s o i l  

+ moisture a t  an average of 9-3-2'0 per  c e n t .  The s o i l -  

moisture  l e v e l s  were maintained by weighing ind iv idua l  p o t s  

wi th  seed l ings  every day and adding s u f f i c i e n t  water t o  

a t t a i n  t h e  predetermined weight of each po t t ed  seed l ing .  

This  weight was ad jus ted  every 7 t o  10  days t o  c o r r e c t  f o r  

t h e  inc rease  i n  t h e  seed l ing  weight due ' t o  its growth. 

Severa l  p o t s  conta in ing  only  s o i l  were in te r spe r sed  wi th  ' 

t h e  po t t ed  seed l ings .  The water l o s s  from t h e s e  p o t s  gave 

t h e  magnitude of evaporat ion from t h e  p o t s  themselves and 

permit ted c a l c u l a t i o n  of t h e  water l o s s  from a po t t ed  

seed l ing  v i a  t h e  seed l ing  a lone ,  i . e .  t r a n s p i r a t i o n .  

Seven seed l ings  from each high o r  low moisture- level  

group were a l l o c a t e d  f o r  t h e  determinat ion of changes i n  

t h e i r  b i o - e l e c t r i c  p o t e n t i a l s .  These seed l ings  were i n t e r -  

spersed  i n  t h e  cold-frame with t h e  o the r  experimental  

seed l ings .  Two s i l v e r - s i l v e r  c h l o r i d e  wire  e l e c t r o d e s  were 

introduced i n t o  each seed l ing .  One e l e c t r o d e  w i s  i n s e r t e d  

through t h e  base  of t h e  stem 3 t o  5 rnm above t h e  emergence 

o f ' t h e  f i r s t  l a t e r a l  r o o t  and t h e  o t h e r  through t h e  t o p  of  

t h e  same stem d i r e c t l y  below t h e  dormant a p i c a l  bud. The 

d i s t a n c e  between t h e s e  two e l e c t r o d e s  va r i ed  i n  d i f f e r e n t  

seed l ings  from 8 t o  10  cm. The wires  ou t s ide  of each ' seed-  



l i n g  were insu la ted  by p lac ing  p l a s t i c  c a t h e t e r  tubing over 

them. The p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s  was 

measured every 2 t o  3 days,  p r i o r  t o  t h e  d a i l y  so i l -mois ture  

adjustment ,  by means of a Beckmann pH meter,  l abora to ry  

model t y p e  ' G ' .  

A t  approximately three-weekly i n t e r v a l s  two or  t h r e e  

seed l ings  from each group were brought t o  t h e  l abora to ry  a t  

Queen ' s  Univers i ty .  ' T h e  shoot  of each seed l ing  w a s  enclosed 

s e p a r a t e l y  i n  a p l a s t i c  chamber connected t o  a c losed  system 

conta in ing  an in f ra - red  gas a n a l y s e r ,  a Geiger tube and a 

pump. A f t e r  a 1 1/2 h induct ion  per iod  i n  t h e  l i g h t  a t  2500 

f .c. ,  a known amount of 14c02 was re l eased  i n t o  t h e  system. 

The seed l ing  was allowed t o  t ake  t h i s  up t o  completion. A t  

t h e  end of 1 h t h e  l i g h t s  were turned  o f f  f o r  a per iod  of 

15min .dur ing  which t ime t h e  r a t e  and s p e c i f i c  a c t i v i t y  of 

t h e  C 0 2  r e s p i r e d  by  t h e  shoot were determined. This r a t e  

represented  t h e  . i n i t i a l  r e s p i r a t i o n  r a t e  of t h e  shoot .  The 

l i g h t s  were then  turned on again  f o r  a f u r t h e r  7-h pe r iod ,  

wi th  t h e  seed l ing  remaining i n  t h e  c losed  system. A t  t h e  

end of a t o t a l  of 8 h from t h e  t ime of 14c02 r e l e a s e ,  t h e  

l i g h t s  were again  turned  o f f  and a second determinat ion of 

t h e  shoot  r e s p i r a t o r y  r a t e  was made. This  r a t e  represented  

t h e  f i n a l  r e s p i r a t i o n  r a t e  of t h e  shoot .  The seed l ing  was 

then  removed from t h e  chamber and d ik ided  i n t o  i ts  shoot ,  

b a s a l  (ou t s ide  of t h e  photosynthesis  chamber) p a r t  of t h e  

s t e m ,  and t h e  r o o t s .  Following separa t ion  of r o o t s  from 



t h e  s o i l ,  t h e  roo t  r e s p i r a t i o n  r a t e  was a l s o  determined. 

The shoot ,  b a s a l  p a r t  of t h e  stem, and r o o t s  were then 

weighed, k i l l e d ,  and e x t r a c t e d  s e p a r a t e l y  i n  b o i l i n g  80 

per  cen t  e thano l .  Aliquots  of t h e  e thano l  e x t r a c t s  were 

p l a t e d  and counted t o  determine t h e  d i s t r i b u t i o n  of "C 

throughout t h e  seed l ing .  Previous experiments have i n d i -  

ca ted  t h a t  t h e  e thanol - insoluble  14c of such seed l ings  

accounts  f o r  about 1 2  per  cen t  of i ts  t o t a l  14c. 

Throughout t h e  .experimental  per iod  of 8 h ,  tempera- 

t u r e s  of t h e  shoots  and r o o t s  were maintained a t  25k2OC 

and 19t1•‹c  r e s p e c t i v e l y .  The l i g h t  source w a s  two S i l v a n i a  

Photo Floods ( type R.30, 3,400•‹ K colour  temperature)  which 

provided an experimental  l i g h t  i n t e n s i t y  of 2,500 f t - c  

(160 x 10' ergs/crn2/sec.) a f t e r  F i l t r a t i o n  through 20 cm. 

of water .  

These experimental  procedures and techniques were 

descr ibed  i n  d e t a i l  by L i s t e r  e t  a l .  (1961) , Shiroya and 

S lank i s  e t  a l .  (1962) and Shiroya and L i s t e r  e t  a l .  (1966) . 

RESULTS 

The r e s u l t s  obtained f o r  both  High Moisture Grown 

(HMG) and Low Moisture Grown (LMG) s eed l ings  a r e  e s s e n t i a l l y  

s i m i l a r  and t h e y  a r e  given i n  F igs .  1, 2 ,  3, and 5 .  F ig .  4  

p resen t s  d a t a  on t h e  a i r  and s o i l  temperature condi t ions  

under which seed l ings  were grown i n  t h e  cold-frame. 



A s  is  seen  i n  F i g .  1A, t h e  leader-s tem e l o n g a t i o n  

precedes  i n  t ime t h a t  of t h e  new need le s  and i s  e s s e n t i a l l y  

completed by t h e  t ime t h e  new need le s  have a t t a i n e d  about 

h a l f  of  t h e i r  f i n a l  l e n g t h .  Stem e l o n g a t i o n  t a k e s  p l a c e  

over  a p e r i o d  of 35-40 days  as compared t o  t h e  85-95 day 

pe r iod  of need le  e l o n g a t i o n .  Although t h e  growth pe r iod  of  

t h e  new shoot  is  e s s e n t i a l l y  t h e  same f o r  bo th  HMG and LMG 

s e e d l i n g s ,  t h e  rates of growth and t h e  f i n a l  l e n g t h  of bo th  

t h e  l e a d e r  s t e m  and t h e  new need le s  a t t a i n e d  by the,LMG 

s e e d l i n g s  are somewhat lower t han  t h o s e  o f  t h e  HMG s e e d l i n g s .  

The b a s a l  s t e m  growth, F i g .  l B I  measured i n  terms of  

b o t h  f r e s h  weight and d i ame te r ,  h a s  two p e r i o d s  of  r e l a t i v e l y  

h i g h  r a t e s :  one i n  t h e  s p r i n g  and t h e  o t h e r  i n  t h e  autumn, ' 

w i t h  a minimum dur ing  e a r l y  o r  mid-summer. 

The r a t e  of  appa ren t  pho tosyn thes i s  of  t h e  s h o o t ,  F i g .  

l C ,  i n c r e a s e s  throughout  t h e  season ,  reach ing  a peak i n  

l a t e  September o r  e a r l y  October ,  a f t e r  which t h e  w i n t e r  de- 

c l i n e  b e g i n s .  

The rate of shoo t  r e s p i r a t i o n ,  F i g .  l D ,  rises t o  a 

maximum i n  e a r l y  June  and t h e n  d e c l i n e s  s t e a d i l y  throughout  

t h e  remainder of  t h e  growing season .  

The t o t a l  f r e s h  weight o f  t h e  r o o t ,  F i g .  2A,  f o l l ows  

e s s e n t i a l l y  t h e  s a m e . p a t t e r n  as t h a t  o f  t h e  b a s a l  s tem, F i g .  

1 B .  The r o o t  growth-ra te  h a s  maxima i n  t h e  s p r i n g  and e a r l y  

autumn and a minimum i n  t h e  e a r l y  o r  mid-summer. 



The f a c t  t h a t  the  h ighest  r a t e s  of t he  roo t  growth a r e  

a t  t he  beginning and a t  the  end of t he  season, while t h a t  of 

t he  shoot is  in  t he  ea r ly  summer, r e s u l t s  i n  t he  root/shoot 

r a t i o ,  Fig. 2B, being high i n  t he  spr ing,  decreasing or  . 

remaining constant during the  summer, and then increasing 

again through the  autumn. 

The r e sp i r a t i on  r a t e  of t he  roo t s ,  Fig. 2C,  approximately 

p a r a l l e l s  t h a t  of t he  roo t  growth, Fig.  2A. I t  is highest  

during the  periods of ac t i ve  roo t  growth i n  t h e  spr ing and 

e a r l y  autumn and a t  a minimum i n  the  mid-summer. 

The pa t t e rn  of t rans loca t ion  of recent  photosynthate 

from shoots t o  roo t s ,  Fig. 2D,  is s imi la r  t o  t h a t  of roo t  

growth and r e sp i r a t i on .  I t  is bimodal, having a small peak 

i n  t he  spring,  an ea r ly  summer minimum, and a l a rge  peak i n  

the  autumn. 

Transpirat ion per seedl ing per week, Fig. 3A, increases 

s t ead i ly ,  reaching i t s  f i r s t  and main peak i n  mid-July and 

the  secondary peak i n  e a r l y  ~ep tember i  This pa t t e rn  of 

t r ansp i r a t i on  r i s e  and f a l l  follows seasonal changes i n  t he  

crown a i r  and s o i l  temperatures, Figs.  4A and 4B., On the  

other  hand, va r i a t i ons  i n  t h e  r a t e  of t r a n s p i r a t i o n  per u n i t  

needle surface  a rea ,  Fig. 3B, follow only approximately t he  

temperature data ,  t he  summer peak preceding the  highest  a i r  

temperatures i n  Ju ly  and t h e  September peak lagging behind 

the  high a i r  temperatures i n  l a t e  August. 

The b io -e l ec t r i c  po t en t i a l  d i f ference  between t h e  top 



and t h e  base  of t h e  main stem, F i g .  SA, beg ins  w i th  low 

p o s i t i v e  va lues  e a r l y  i n  t h e  s eason .  It goes up,  reach ing  

h i g h  p o s i t i v e  va lues  l a t e  i n  June  o r  e a r l y  i n  J u l y .  Th i s  

i s  fol lowed by a s h a r p  d e c l i n e  t o  n e g a t i v e  v a l u e s ,  a f t e r  

which t h e  p o t e n t i a l  d i f f e r e n c e  a l t e r n a t e s  f o r  t h e  remainder 

o f  t h e  season wi th  much s m a l l e r  ampl i tude  of  v a r i a t i o n .  

F i g .  5B shows t h e  s p e c i f i c  a c t i v i t y  of  t h e  14c02 res- 

p i r e d  by  t h e  shoot  a t  t h e  end of t h e  exper iment ,  o r  7h a f t e r  

t h e  up take  o f  14c02. expressed  as a percen tage  of  t h a t  

r e s p i r e d  a t  t h e  beginning o r  s h o r t l y  a f t e r  t h e  uptake o f  

14c02.  From t h e  examinat ion o f  t h i s  f i g u r e  it i s  c l e a r  

t h a t  t h i s  percen tage  i s  n o t  c o n s t a n t  du r ing  t h e  s eason .  I t  

beg ins  w i t h  a r e l a t i v e l y  low va lue  i n  May, goes up i n  June  

and J u l y ,  d e c l i n e s  u n t i l  t h e  end of  August,  and t h e n  goes 

up a g a i n  i n  September and October .  T h i s  s e a s o n a l  p e r i o d i c i t y  

h a s  a remarkably c l o s e  i n v e r s e  r e l a t i o n s h i p  t o  t h e  t r a n s -  

l o c a t i o n  of  r e c e n t  photosyntha te  from shoo t s  t o  r o o t s ,  F i g .  

3 B .  



Figure 1. 

Seasonal changes i n  t h e  length  of t h e  new shoot and 
needles  ( A ) ,  diameter and t h e  f r e s h  weight of t h e  
b a s a l  p a r t  of t h e  stem ( B ) ,  apparent  photosynthesis  
(C) and r e s p i r a t i o n  (D) of t h e  shoot of P .  s t robus  L .  
s eed l ings  grown under e i t h e r  high (HMG) or  low (LMG) 
s o i l  moisture cond i t ions .  Each po in t  is an average of 
two o r  t h r e e  seed l ings .  
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Figure 2 .  

Seasonal changes i n  t h e  t o t a l  f r e s h  weight of t h e  r o o t  
and t h e  r a t e  of roo t  growth ( A ) ,  root/shoot r a t i o  ( B ) ,  
r o o t  r e s p i r a t i o n  (C) and t r a n s l o c a t i o n  of r ecen t  
photosynthate from shoot  t o  t h e  r o o t  (D) of P .  s t robus  L . 
seed l ings  grown under e i t h e r  high (HMG) or  low (LMG) s o i l  
moisture  cond i t ions .  D - ~ * c  recovered i n  t h e  r o o t  a s  
percentage of t h a t  absorbed by  t h e  shoot .  Each po in t  is 
an average of two o r  t h r e e  seed l ings .  
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Figure 3 .  

Seasonal 
L. seed1 - 
s o i l  moi 

changes i n  t h e  t r a n s p i r a t i o n  r a t e  of P .  s t robus  
ings grown under e i t h e r  high (HMG) o r  low (LNG) 
s t u r e  condit ions.  Expressed per seedl ing  ( A )  o r  

per dcm2 of needle stomata1 sur face  area  (N.S.S.A.) (8) .  
Each po in t  i n  A is  an average f o r  twenty-five seedl ings ;  
i n  B an average f o r  two o r  t h r e e  seedl ings .  





Figure 4 .  

Seasonal changes i n  t h e  temperature of t h e  crown a i r  
(A)  and pot  s o i l  (B) of P .  s t robus  L .  s eed l ings  grown 

under hiqh (HMG) o r  low (LMG) s o i l  moisture  cond i t ions .  
B - sens ing  'element 10 cm. below s o i l  s u r f a c e .  





Figure 5 .  

Seasonal changes i n  t h e  b i o - e l e c t r i c  p o t e n t i a l s ,  apex 
t o  base ( A ) ,  and i n  t h e  r a t i o  of t h e  s p e c i f i c  a c t i v i t i e s  
of 14c02 r e s p i r e d  by t h e  shoot (B) of P .  s t robus  L .  
s eed l ings  grown under e i t h e r  high (HMG) o r  low (LMG) 
s o i l  moisture cond i t ions .  Each po in t  i n  A is  an average 
value f o r  seven seed l ings  and i n  B fpz  two or  t h r e e  
s e e d l i n g s .  B- S p e c i f i c  a c t i v i t y  of C 0 2  r e s p i r e d  by 
t h e  shoot a t  t h e  end of an experiment s percentage of 
t h a t  immediately a f t e r  t h e  uptake of 12C02.  V e r t i c a l  
b a r s  i n  F ig .  5A., denote extreme maximum and minimum 
observat ions .  





DISCUSSION 

Maintenance of cons tant  so i l -mois ture  cond i t ions ,  a t  

e i t h e r  h igh  o r  low l e v e l s ,  d i d  no t  m a t e r i a l l y  change va r ious  

seasonal  p a t t e r n s ,  a s  compared t o  those  observed i n  seed l ings  

grown under normal, v a r i a b l e  condi t ions  (Shiroya e t  a l . ,  1966; 

Kienholz, 1934; Stevens,  1931).  This  was t r u e  f o r  t h e  growth 

of t h e  new shoots ,  apparent  photosynthesis  of t h e  shoot ,  

r e s p i r a t i o n  of  t h e  shoot  and r o o t ,  and t r a n s l o c a t i o n  of 

r e c e n t  photosynthate from shoot  t o  r o o t .  

Seasonal v a r i a t i o n s  i n  t h e  r a t e s  of apparent  photosyn- 

t h e s i s  and shoot  r e s p i r a t i o n  of t h e  IMG seed l ings  were 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  from those  of t h e  HMG seed l ings ,  a s  

one might have expected from t h e  r e p o r t s  of o t h e r  workers 

(McGregor, 1958; Bormann, 1953; Bordeau, 1954; Negisi  and 

Satoo, 1954; Kozlowski, 1949) .  A s o i l  moisture  of 9 '3  per  

c e n t  is a t ,  o r  j u s t  below, t h e  permanent w i l t l n g  po in t  f o r  

sunflower i n  a  sandy loam s o i l  (Kramer, 1949) .  Although 

p ines  have been shown t o  su rv ive  a t  t h e s e  and even lower 

so i l -mois ture  l e v e l s  (Fowells and Kirk,  1945; Stone e t  a l . ,  

1950; and Stone, 1957) , reduct ion  i n  t h e i r  photosynthe t ic  

r a t e s  h a s  been recorded even a t  much h igher  moisture  l e v e l s ,  

That t h e  M G  seed l ings ,  compared wi th  t h e  HMG ones,  

were d e f i n i t e l y  water  s t r e s s e d  can be  seen ' f rom t h e  

r e t a r d a t i o n  of t h e i r  growth and markedly lower t r a n s p i r a t i o n  

r a t e s ,  F ig .  3A. I n  s p i t e  of t h i s  stress t h e  seasonal  

t r a n s p i r a t i o n  p a t t e r n  of  bo th  IMG and HMG seed l ings  remained 

very s i m i l a r .  



During J u l y ,  August and September p a r a l l e l  experiments 

were c a r r i e d  out  on a  small  group of seed l ings ,  which had 

t h e i r  so i l -mois ture  l e v e l  maintained even lower, between 7 

and 8 per  c e n t .  The r e s u l t s  obtained from these  seed l ings  

were not  d i s t i n g u i s h a b l e  from those  descr ibed above f o r  t h e  

LMG seed l ings .  A t  t h i s  t ime we can o f f e r  no explanat ion  

f o r  t h e s e  apparen t ly  anomalous r e s u l t s .  

The low moisture  l e v e l s  i n  t h e  s o i l  r educed ' the  growth- 

r a t e s  of t h e  new stem and needles ,  f r e s h  weight and diameter 

of t h e  o l d  stem, and a l s o  t h e  f r e s h  weight of t h e  r o o t s .  

The r a t e s  of roo t  growth were h igh  i n  May, dropped t o  low 

values  e a r l y  i n  June, and then  exh ib i t ed  a  second peak i n  

t h e  autumn. However, a t  t h e  high moisture l e v e l  t h e  low 

r a t e s  reached a f t e r  t h e  sp r ing  peak began t o  inc rease  again  

without any pause, while a t  t h e  low moisture l e v e l  t h e y  

remained low f o r  some t ime.  A s  a  consequence, t h e  oncoming 

of  t h e i r  autumn peak was much more ab rup t .  

The h igh  t r a n s p i r a t i o n  r a t e s  achieved i n  mid-summer 

approach 25 m l  of water per  day per  seed l ing ,  which is 

equiva lent  t o  one t o  two t imes t h e  t o t a l  volume of t h e s e  

seed l ings .  A t  t h i s  t ime of t h e  year more than  99 per cent  

of  t h e  t o t a l  r o o t  s u r f a c e  is suber ized  and s t i l l  such r o o t s  

must be capable of h igh  water-uptake r a t e s .  Hayward e t  a l . ,  

(1942) and Kramer (1946 and 1965) have repor ted  r a t e s  of 

water movement v i a  suberized r o o t s  two t o  s i x  t imes g r e a t e r  



t han  t h o s e  v i a  unsuber ized ones .  The r e p o r t s  of  Chapman and 

Parker  ( l 9 4 2 ) ,  Reed and MacDougal (1937) ,  and Reed (1939) 

i n d i c a t e  t h a t  t r e e s  a r e  a b l e  t o  o b t a i n  adequate  amounts of  

wate r  independent ly  of  whether t h e  r o o t s  are o r  are n o t  

a c t i v e l y  growing and producing new unsuber ized r o o t  t i p s .  

Although,  a s  shown i n  F i g s .  3 and 4 ,  t h e  h i g h e s t  

s e a s o n a l  t r a n s p i r a t i o n  r a t e  pe r  s e e d l i n g  is  approximately  

c o r r e l a t e d  i n  t i m e  w i t h  t h e  maximal crown a i r  and s o i l  

t empera tu re s ,  t h e  h i g h e s t  t r a n s p i r a t i o n  r a t e  p e r  u n i t  need le  

s u r f a c e  a r e a  is n o t .  The mid-summer peak o f  t r a n s p i r a t i o n  

p e r  u n i t  need le  s u r f a c e  precedes  t h e  h i g h e s t  a i r  and s o i l  

t empera tures  by about  3 weeks. T h i s  might be  e i t h e r  because 

new s h o o t s  r e q u i r e  i nc reased  t r a n s l o c a t i o n  of  e s s e n t i a l  

mine ra l  n u t r i e n t s  from t h e  r o o t s ,  o r  because new need le s  

l a c k  e f f i c i e n t  c o n t r o l  of  water  l o s s .  Ladefoged (1963) a l s o  

observed h i g h  rates of  t r a n s p i r a t i o n  dur ing  t h e  p e r i o d  of maximal 

new shoot  growth. 

The autumn peak of t r a n s p i r a t i o n  expressed  p e r  need le  

s tomata1  s u r f a c e  area occurs  2-3 weeks af ter  t h e  maximal 

au  tumr, : and s o i l  t empera tu re s .  It  is dur ing  t h i s  p a r t i c u l a r  

p e r i o d  of  h igh  t r a n s p i r a t i o n  r a t e s  t h a t  t h e  m a j o r i t y  o f  t h e  

p rev ious  y e a r ' s  need le s  are l o s t .  These make up from one- 

t h i r d  t o  one-half  of  t h e  t o t a l  need le  weight i n  a th ree -yea r  

o l d  wh i t e  p i n e  s e e d l i n g ,  and it is  p o s s i b l e  t h a t  du r ing  t h e  

f i n a l  s t a g e s  of  senescence t h e y  l o s e  t h e i r  c o n t r o l  of  t r a n s -  



p i r a t  ion l o s s .  

A s  is seen i n  F i g .  2 D  t h e r e  is  no pronounced sp r ing  

peak i n  t h e  t r a n s l o c a t i o n  of r ecen t  photosynthate t o  r o o t s  

i n  LMG seed l ings  a s  repor ted  previous ly  by Shiroya e t  a l .  

(1966) . This  might be due e i t h e r  t o  t h e  e f f e c t  of t h e  low 

soi l -mois ture  l e v e l s  a s  such o r  t o  t h e  slow recovery from 

t h e  shock given t o  t h e  experimental  p l a n t s  during t h e i r  

removal from t h e  nursery  beds and t r a n s p l a n t a t i o n  i n t o  po t s  

i n  l a t e  A p r i l .  

Two poss ib le  explanat ions  may be given f o r  t h e  low 

t r a n s  l o c a t  ion of r ecen t  photosynthate  from shoots  t o  r o o t s  

observed i n  mid-summer. According t o  t h e  one, t h i s  is 

caused by a  block o r  d i s c o n t i n u i t y  i n  t h e  conducting system, 

which occurs a t  t h i s  time of t h e  growing season.  The r e s u l t s  

of Abbe and C r a f t s  (1939) and A l f i e r i  and Evert  (1965) i n d i -  

c a t e  t h a t  i n  l a t e  spr ing  o r  e a r l y  summer t h e r e  may be l i t t l e  

o r  even no f u n c t i o n a l  phloem i n  t h e  vascular  bundles of  a t  

l e a s t  some t r e e s .  

According t o  t h e  second explanat ion ,  s i n c e  t h e  per iod  

of low t r a n s l o c a t i o n .  from shoots  t o  r o o t s  co inc ides  with t h e  

maximal growth of t h e  new shoots  and needles ,  t h e r e  might be 

a  c l o s e  r e l a t i o n s h i p  between t h e s e  two. During t h i s  per iod  

of  maximal new shoot growth t h e  hormone l e v e l  i n  t h e  seed l ing  

may be increased t o  such an ex ten t  t h a t  it begins t o  suppress 

t h e  r o o t  growth, thus  reducing t h e  demand f o r  t h e  photosyn- 

t h a t e  by t h e  r o o t  and, a s  a consequence, leaving t h i s  



photosyntha te  i n  t h e  s h o o t .  The r e s u l t s  of  R u t t e r  (1957) and 

Newirth (1959) i n d i c a t e  t h a t  s u b s t r a t e s  a r e  a t  a  premium 

dur ing  t h e  pe r iod  of  r a p i d  shoot  growth i n  t h e  s p r i n g .  

I t  was shown by Fensom (1956) t h a t ,  a s  p r e d i c t e d  from 

t h e  e l e c t r o k i n e t i c  t h e o r y  of t r a n s p o r t ,  when water  is  drawn 

up through t h e  wood, p o s i t i v e  p o t e n t i a l  d i f f e r e n c e s  a r e  

gene ra t ed  from apex t o  b a s e .  These are known a s  t h e  s t ream- 

ing  p o t e n t i a l s .  S ince  t h e  h i g h e s t  s e a s o n a l  b i o - e l e c t r i c  

p o t e n t i a l s  observed i n  t h e  p r e s e n t  i n v e s t i g a t i o n  occur red  a t  

t h e  same t ime o f  t h e  season  as t h e  h i g h e s t  t r a n s p i r a t i o n  

r a t e s  p e r  u n i t  need le  area and s i n c e  t h e  stem apex w a s  

p o s i t i v e  w i t h  r e s p e c t  t o  t h e  b a s e ,  such p o t e n t i a l s  a r e  

p robably  t h e  s t reaming  p o t e n t i a l s  due t o  t h e  t r a n s p i r a t i o n  

s t r eam f low.  On t h e  o t h e r  hand,  p o t e n t i a l s  observed a t  

o t h e r  t i m e s  o f  t h e  season  a r e  probably a  mix ture  o f  bo th  

reduced s t reaming p o t e n t i a l s  and t h o s e  genera ted  by  o t h e r  

p h y s i o l o g i c a l  a c t i v i t i e s ,  such as phloem t r a n s p o r t  and 

e l ec t ro -osmot i c  phenomena (Fensom, 1963) .  

I n  t h e  cou r se  of our  exper iments  cover ing  s e v e r a l  

y e a r s ,  t h e  p r e c i s e  t iming  of  t h e  t r a n s l o c a t i o n  maxima and 

minima v a r i e d  somewhat no t  o n l y  from one year  t o  a n o t h e r ,  

b u t  a l s o  from one p l a n t  t o  a n o t h e r .  I t  is v e r y  d e s i r a b l e ,  

however, t o  t ime t h e  o n s e t  and t h e  end of  t h i s  pe r iod  of  

low t r a n s l o c a t i o n .  

From a comparison of  F i g s .  2 D  and 5 B  one can s e e  t h a t  



t h e r e  is a  remarkable c l o s e  inverse  r e l a t i o n s h i p  between t h e  

seasona l  changes i n  t h e  t r a n s l o c a t i o n  of r ecen t  photosynthate 

from shoots  t o  r o o t s  and t h e  drop during t h e  8 h of t h e  

experiment i n  t h e  s p e c i f i c  a c t i v i t y  of t h e  14c02 r e s p i r e d  by 

t h e  shoot .  When t r a n s l o c a t i o n  of r ecen t  photosynthate from 

shoot  t o  r o o t  is low, t h e  s p e c i f i c  a c t i v i t y  of 14c02 r e s p i r e d  

by t h e  shoot during t h e  8 h of t h e  experiments remains h igh ,  

i n d i c a t i n g  t h a t  t h e  r e l a t i v e  c o n t r i b u t i o n  of recent  photo- 

syn tha te  towards r e s p i r a t i o n  remains about t h e  same during 

t h e  whole 8 h of t h e  experiment. When t r a n s l o c a t i o n  from shoots  

t o  r o o t s  is  h igh ,  t h e r e  is a  sha rp  decrease  i n  t h e  s p e c i f i c  

a c t i v i t y  of t h e  14c02 r e s p i r e d  by t h e  shoot during t h e  8 h of 

t h e  experiment, i n d i c a t i n g  t h a t  t h e  r e l a t i v e  con t r ibu t ion  of 

r e c e n t  photosynthate towards r e s p i r a t i o n  is  decreas ing .  

The time when P .  s t robus  seed l ings  a r e  i n  t h e  s t a g e  of 

low t r a n s l o c a t i o n  can be determined, t h e r e f o r e ,  i n  t h e  follow- 

ing four  ways . 
1. By permi t t ing  shoots  t o  c a r r y  on photosynthesis  i n  

14c02 and observing when t h e  percentage of 1 4 ~  t r a n s l o c a t e d  

t o  r o o t s  i s  t h e  lowest.  

2 .  By observing t h e  growth-rates of t h e  leader  stem 

and t h e  new needles .  Trans loca t ion  r a t e s  a r e  a t  a minimum 

when t h e  e longat ion  of t h e  l eader  stem is e s s e n t i a l l y  complete 

while  t h a t  of t h e  needles  is  s t i l l  cont inuing .  

3 .  By permi t t ing  a  shoot t o  c a r r y  on photosynthesis  i n  

14c02 f o r  8 h and observing t h e  magnitude . . of t h e  drop i n  t h e  



14 s p e c i f i c  a c t i v i t y  of C02 r e s p i r e d  by t h e  shoot  by t h e  end 

of  t h e  exper iment ,  as compared t o  t h a t  immediately a f t e r  t h e  

uptake of  14c02.  

4. By observing t h e  b i o - e l e c t r  i c  p o t e n t i a l  d i f f e r e n c e  

between t h e  b a s e  and t o p  of  t h e  s e e d l i n g .  T r a n s l o c a t i o n  is  

a t  a minimum when low p o s i t i v e  v a l u e s  beg in  t o  i n c r e a s e  

r a p i d l y .  



The Growth and Phys io logy  of  P inus  s t r o b u s  - L .  S e e d l i n g s  

as A f f e c t e d  b y  Var ious  N u t r i t i o n a l  Leve l s  o f  N i t rogen  

and Phosphorus.  



INTRODUCTION 

The e s t ab l i shmen t  of  a mycor rh iza l  r e l a t i o n s h i p  between 

a h ighe r  p l a n t  and a fungus has  been shown t o  depend t o  a 

l a r g e  e x t e n t  on t h e  physiology of t h e  h ighe r  p l a n t ,  which is 

i n  t u r n  r e l a t e d  t o  i t s  environment,  (Bjgrkman, 1942, 1944, 

and 1949; Harley and Wade, 1955; Wenger, 1955) .  ~ j 6 r k m ~ n  

h a s  a l s o  shown tha t  t h e  i nc idence  of mycorrhizae is  r e l a t e d  

t o  t h e  l e v e l s  of ca rbohydra tes  a v a i l a b l e  i n  t h e  r o o t s  o f  

trees. Although the r o l e  of  a t  l e a s t  p a r t  of  the s o l u b l e  

carbohydra te  i n  t h e  r o o t s  as a n  energy sou rce  f o r  the fungus 

seems e s t a b l i s h e d ,  it has  become appa ren t  t h a t  o t h e r  f a c t o r s  

a r e  a l s o  involved .  

C o r r e l a t i o n s  between t h e  amounts of macro-nut r ien ts  e .g . 
n i t r o g e n  (N)  , phosphorus (P) , potass ium and calc ium,  i n  t h e  

s o i l  and t h e  development of  mycorrhizae on t r e e  r o o t s  has  

been r e p o r t e d  by a number of  workers ( ~ j z r k m a n ,  1942; Hatch,  

1937, and M i t c h e l l  e t  a l l  1937) .  These workers observed 

t h a t  low s o i l  f e r t i l i t y  r e s u l t e d  i n  on ly  a few mycorrh iza l  

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

though s t i l l  below op t ima l ,  t h e  number of  mycorrhizae 

p r e s e n t  was much h i g h e r ,  When s o i l  f e r t i l i t y  w a s  i nc reased  

f u r t h e r  t o  op t imal  o r  even supra-opt imal  va lues  t h e  number 

of  mycor rh iza l  a s s o c i a t i o n s  decreased  o r  t h e y  were t o t a l l y  

a b s e n t .  S l a n k i s ,  1964, h a s  p r e v i o u s l y  r e p o r t e d  on t h e  d i s -  

appearance of mycorrhizae i n  t h e  presence  of  h igh  N l e v e l  

i n  t h e  growth medium. 



The l e v e l  of a v a i l a b l e  n u t r i e n t s  might be expected t o  

a f f e c t  t h e  type and/or t h e  amounts of t h e  compounds present  

i n  t h e  r o o t s .  This  i n  t u r n  may lead  t o  q u a n t i t a t i v e  and 

q u a l i t a t i v e  changes i n  t h e  compounds exuded from t h e  r o o t s  

i n t o  t h e  rhizosphere and thus  a f f e c t  mycorrhizal  development. 

Severa l  workers have analyzed r o o t  exudates i n  a t tempts  t o  

i s o l a t e  compounds, which have e i t h e r  a  s t imula to ry  o r  

i n h i b i t a r y  e f f e c t  on mycorrhizal  fungi  (Melin, 1960) . Slank i s  

e t  a l ,  (1964) recovered 35 r a d i o a c t i v e  compounds from t h e  

medium surrounding t h e  r o o t s  of p ine  seed l ings ,  which had 

f ixed  14c02 pho tosyn the t i ca l ly  f o r  6 days p r i o r  t o  t h e  a n a l y s i s  

of t h e  medium. Haskaylo (1960) suggested t h a t  t h e r e  must be 

some r e l a t i o n s h i p  between t h e  amount of N and P a v a i l a b l e  t o  

a p l a n t  and t h e  f a t e  of i t s  photosynthate ,  and t h a t  decreased 

t r a n s l o c a t i o n  of sugars  t o  r o o t s  must a f f e c t  s e c r e t i o n  o f  

organic  m a t e r i a l s  i n t o  t h e  rh izosphere  t h a t  promote t h e  

development of mycorrhizae . 
The experiments r epor ted  below were c a r r i e d  out  i n  order  

t o  observe t h e  f a t e  of r ecen t  photosynthate and t h e  e x t e n t  of 

mycorrhizal  development i n  p ine  seed l ings  grown a t  d i f f e r e n t  

l e v e l s  of N and P .  

MATERIALS AND METHODS 

White p ine  seed l ings ,  Pinus s t robus  - L . ,  were grown i n  

open seed-beds f o r  3 years  a t  t h e  Department of Lands and 

F o r e s t s  Nursery, Midhurst, Ontar io .  From t h e  o r i g i n a l  group 

of  approximately 1,000 s e e d l i n g s ,  200 were s e l e c t e d  on t h e  



b a s i s  of  t h e i r  uniform s i z e .  I n  t h e  Spr ing  of t h e i r  f o u r t h  

year  of  growth,  t h e s e  s e l e c t e d  s e e d l i n g s  were t r a n s p l a n t e d  

i n t o  i n d i v i d u a l  5 i nch  c l a y  p o t s  w i t h  800 m l .  of g r a n i t i c  

g r a v e l  ( p a r t i c l e  s i z e  1.19-2.00mm.), which had been washed 

r e p e a t e d l y  f i r s t  w i th  t a p  and t h e n  d i s t i l l e d  wa te r .  A f t e r  

t r a n s p l a n t i n g ,  s e e d l i n g s  were t r a n s f e r r e d  t o  t h e  Labora tory  

o f  F o r e s t  Pathology,  Maple, O n t a r i o ,  where t h e y  were k e p t  

u n t i l  used f o r  t h e  two s e r i e s  of fo l lowing  exper iments .  I n  

t h e  s e r i e s  A ,  s e e d l i n g s  were k e p t  ou tdoors  i n  a s p e c i a l  c o l d  

frame and i n  t h e  s e r i e s  B ,  i n  c o n t r o l l e d  environment chambers. 

S e r i e s  A 

The s e e d l i n g s  f o r  t h e s e  exper iments  were t r a n s p l a n t e d  on 

22nd June ,  and immediately p l aced  i n  a s p e c i a l  open c o l d  

frame, which had a wide roo f  of  l a t h e  and t h i n  p l a s t i c  s h e e t ,  

8 f e e t  overhead,  t o  p reven t  r a i n  from f a l l i n g  on t h e  s e e d l i n g s .  

The t o p s  of  t h e  p o t s  were covered w i t h  s tyrofoam s h e e t  through 

which o n l y  s h o o t s  p ro t ruded .  T h i s  provided a second b a r r i e r  

t o  r a i n  and a l s o  s e rved  t o  i n s u l a t e  t h e  p o t s  from d i r e c t  sun- 

l i g h t .  The l i g h t  i n t e n s i t y  a t  crown l e v e l  was approximate ly  

5% of  t h e  f u l l  s u n l i g h t .  These s e e d l i n g s  were used i n  

exper iments  a f t e r  13  weeks of  growth a t  v a r i o u s  l e v e l s  o f  

n i t r o g e n  and phosphorus. 

S e r i e s  B 

The s e e d l i n g s  f o r  t h e s e  exper iments  were t r a n s p l a n t e d  

on 25 A p r i l ,  and were subsequen t ly  grown i n  c o n t r o l l e d  

environmental  charribers under t h e  fol lowing c o n d i t i o n s .  The 



l i g h t  i n t e n s i t y  was 2,200 f t - c  a t  crown l e v e l  provided by 

a combination of f luorescen t  (cool  white)  and incandescent 

lamps. A photoperiod of 16 hours was maintained during 

which t h e  crown a i r  temperature was 24 - 25O C .  and t h e  pot  

temperature 18  - 19 C . Temperature3 during t h e  dark per iod  

were 20 - 21•‹ C .  a t  crown l e v e l  and 18 - 19O C .  i n  t h e  p o t s .  

Re la t ive  humidity was maintained a t  75%. These seed l ings  

were used i n  experiments a f t e r  per iods  of 5 and 7 weeks of 

growth a t  var ious  l e v e l s  of N and P .  

Nu t r i en t  S a l t  So lu t ion  

The composition of t h e  n u t r i e n t  s a l t  s o l u t i o n  was 

s i m i l a r  t o  t h a t  used by Bjorkrnan (1942) . The i n i t i a l  pH 

was between 6.3 and 6 .4 .  The f i n a l  n u t r i e n t  s o l u t i o n s ,  a s  

app l i ed  t o  t h e  d i f f e r e n t  groups of seed l ings  w a s  prepared 

by a d d i t i o n s  and/or d e l e t i o n s  of  var ious  n i t rogen and 

phosphorus containing compounds i n  t h e  b a s i c  s o l u t i o n .  

Thei r  compositions a r e  presented i n  Table I .  . 

Applicat ion of t h e  Nutr ien t  S a l t  Solu t ion  

Seedl ings i n  both  s e r i e s  A and B were suppl ied with 

f r e s h  n u t r i e n t  s a l t  s o l u t i o n  every second day.. Accumulation 

of s a l t s  i n  t h e  po t s  ,through t r a n s p i r a t i o n  and evaporat ion 

was prevented by f lush ing  each p o t ,  p r i o r  t o  t h e  a p p l i c a t i o n  

of t h e  s a l t  s o l u t i o n  with two a l i q u o t s  of 150 m l .  of d i s -  

t i l l e d  water .  Af te r  dra inage  each pot  was f lushed with 200 

m l .  of f r e s h  sa l t  s o l u t i o n  and allowed t o  d r a i n .  



The procedures and techniques f o r  tagging t h e  seed l ings  

wi th  14c,  determinat ion of t h e  magnitude of t r a n s l o c a t i o n  

and of t h e  r a t e s  of r e s p i r a t i o n  and photosynthesis  a r e  out-  

l i n e d  below. The s e l e c t i o n  of seed l ings  f o r  use i n  i so tope  

tagging experiments was i n i t i a l l y  made on a  morphological 

b a s i s  wi th in  each experimental  group immediately p r i o r  t o  

tagging with 14c. , Secondly, on t h e  b a s i s  of t h e  ind iv idua l  

seed l ing  having r a t e s  of C 0 2  uptake and output  c l o s e  t o  t h e  

average f o r  t h a t  p a r t i c u l a r  group under t h e  s tandard  exper i -  

mental  condi t ions  . 
A t  t h e  beginning of each experiment t h e  shoot of each 

seed l ing  was enclosed s e p a r a t e l y  i n  a  p l a s t i c  chamber, which 

was a p a r t  of a  c losed  gas -c i rcu la t ing  system connected t o  

an Infra-Red C 0 2  Analyzer (IRGA) and a Geiger tube .  Af te r  

a  1 1/2 hour induct ion  per iod  a t  2,500 f t - c ,  a  known amount 

of 14c02 was re l eased  i n t o  this  system. Following complete 

uptake of t h e  14c02 by t h e  shoot t h e  l i g h t s  were turned  o f f  

and t h e  r e s p i r a t i o n  r a t e  of t h e  shoot was determined. The 

l i g h t s  were then turned on again  f o r  a f u r t h e r  7 hours ,  wi th  

t h e  seedl ing  remaining i n  t h e  c losed  system. A t  t h e  end of 

t h e  t o t a l  of 8 hours from t h e  time of t h e  14c02 r e l e a s e ,  

t h e  l i g h t s  were again  turned  o f f  and a  second determinat ion 

of t h e  r e s p i r a t o r y  r a t e  of t h e  shoot was made. The seedl ing  

was then  removed from t h e  chamber and i t s  shoot c u t  of f  a t  

s o i l  l e v e l .  Following separa t ion  of r o o t s  from t h e , s o i l ,  



t h e  roo t  r e s p i r a t i o n  r a t e  was determined. Throughout t h e  

experimental  per iod of 8 hours .  t h e  temperatures of t h e  

shoot  and r o o t s  were maintained a t  25 2 2 O  C and 1 9  + 1 0  C 

r e s p e c t i v e l y .  The l i g h t  source was two S i lvan ia  Photoflood 

lamps ( type R .30. 3 ,400•‹K colour  temperature) which provide 

an  experimental  l i g h t  i n t e n s i t y  of 2,500 f t - c  (180 x l o 3  

ergs/crn.2/sec .) a f t e r  f i l t r a t i o n  through 20 cm. of water .  

'The shoot and r o o t s  were then weighed, c u t  i n t o  small  

p ieces  and e x t r a c t e d  s e p a r a t e l y  i n  b o i l i n g  80% e thano l .  

Aliquots  of t h e  e x t r a c t s  were p l a t e d  and counted. The 80% 

e thanol -so luble  e x t r a c t  of t h e  r o o t s  was separa ted  i n t o  

amino a c i d ,  organic  a c i d  and sugar  f r a c t i o n s  using r e s i n  

columns. as descr ibed by  Shiroya and S lank i s  e t  a l .  (1962) . 
Each f r a c t i o n  was f u r t h e r  resolved by two dimensional 

ascending paper chromatography a t  20•‹C. The sugar and 

amino a c i d  f r a c t i o n s  were separa ted  f u r t h e r  using 8% 

phenol with 0.3% ammonium hydroxide (0.88 s p .  g r  .) by 

volume i n  t h e  f i r s t  d i r e c t i o n ,  followed by n-propanol: e t h y l  

a c e t a t e :  water.  7:1:2 V/V developed twice i n  t h e  second 

d i r e c t i o n .  The organic  acids were separa ted  f u r t h e r  using 

e thano l  (95%) :water: ammonia (0.88 s p .  g r  .) (35: 13: 2 V/V) 

followed by  e t h y l  a c e t a t e : a c e t i c  a c i d  ( g l a c i a l )  :water 

(50: 28: 25 V/V) p lus  sodium a c e t a t e  ( c r y s t a l s .  120 mg/ml of 

t h e  s o l v e n t )  i n  t h e  second d i r e c t i o n .  The chromatograms 

were d r i e d  and 14~-con ta in ing  compounds were loca ted  by 



rad ioau tography .  Areas con ta in ing  i n d i v i d u a l  14c l a b e l l e d  

compounds were c u t  from t h e  chromatograms and assayed  f o r  

t h e i r  14c con ten t  i n  a n  au toma t i c  methane f low c o u n t e r . ,  

V i s u a l i z a t i o n  f o r  i d e n t i f i c a t i o n  of  t h e  r e so lved  compounds 

w a s  accomplished by  sp ray ing  r e p l i c a t e  chromatograms wi th  

benzedine-TCA reagen t  t o  r e v e a l  t h e  s u g a r s ,  n inhydr in  r e -  

a g e n t  f o r  t h e  amino a c i d s  and a b u f f e r e d  (pH 8)  a l c o h o l i c  

s o l u t i o n  of  methyl r e d  f o r  t h e  o rgan ic  a c i d s .  Shikimic  

a c i d  w a s  l o c a t e d  b y  sp ray ing  s u c c e s s i v e l y  w i th  sodium 

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

These exper imenta l  p rocedures  were d e s c r i b e d  i n  d e t a i l  

b y  L i s t e r  e t  a l .  (1961) ,  Shiroya and S l a n k i s  e t  a l .  (S962),  

and Shi roya  and L i s t e r  e t  a l .  (1966) . 
A l l  v a l u e s  recorded  i n  t h e  fo l lowing  t a b l e s  a r e  mean 

r e p l i c a t e - v a l u e s  from two o r  t h r e e  s e e d l i n g s  ana lyzed  

s e p a r a t e l y .  
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RESULTS AND D I S C U S S I O N  

The e f f e c t s  of var ious  n u t r i t i o n a l  l e v e l s  of n i t rogen  ( N )  

and phosphorus (P )  on Pinus s t robus  L .  s eed l ings  grown f o r  13 

weeks i n  cold  frames ( s e r i e s  A)  a r e  shown . in  t a b l e s  I1 - I X .  

Table I1 shows t h a t  t h e  h ighes t  weight of t h e  whole seed l ing  

occurred a t  t h e  in termedia te  l e v e l s  of both N and P (N-53 mg/l, 

P-173 mg/l) . A t  each P l e v e l  with increas ing  N t h e r e  was, a s  

a  r u l e ,  an inc rease  i n  t h e  shoot f r e s h  weight and i n  t h e  

average length  of t h e  new needles  (Tables I11 and I V )  . However, 

a t  t h e  same l e v e l  of N an inc rease  i n  P r e s u l t e d  f i r s t  i n  an 

enhanced shoot  f r e s h  weight and then  i n  an i n h i b i t i o n .  These 

r e s u l t s  a r e  i n  genera l  agreement with those  of Mi tche l l  e t  a l .  

(1937) and Mi tche l l  (1939) who found t h a t  f o r  t h e  white  p ine  

seed l ings  t h e  optimal concent ra t ion  f o r  N was approximately 

300 m g / l  and f o r  P I  350 mg/l. 

The h ighes t  weight of  r o o t s  (Table V) and t h e  h ighes t  

root/shoot r a t i o  (Table VI) a l s o  occurred a t  t h e  in termedia te  

l e v e l s  of N and P .  Mi tche l l  (1939) found t h a t  t h e  root/shoot 

r a t i o  was d i r e c t l y  p ropor t iona l  t o  t h e  P concent ra t ion  up t o  

t h e  i n h i b i t i n g  l e v e l s  and i n v e r s e l y  p ropor t iona l  t o  t h e  N 

concent ra t ion  above 30 mg/l. He a l s o  showed, however, t h a t  

t h e  shoots  show a g r e a t e r  response t o  an inc rease  i n  N than  

do r o o t s ,  while  t h e  s i t u a t i o n  was reversed  with r e spec t  t o  P .  

One might t h e r e f o r e  expect b e s t  ove r -a l l  p l a n t  growth a t  some 

in termedia te  l e v e l  of both N and P ,  a s  is  i l l u s t r a t e d  i n  

t a b l e s  I1 and VI and p l a t e  I .  



P l a t e  I ,  shows t h e  over -a l l  appearance of seed l ings  under 

va r ious  n u t r i t i o n a l  l e v e l s  and t h e  proport ion of main r o o t s  t o  

secondar ies .  A t  h igh concent ra t ions  of N and e s p e c i a l l y  of P 

t h e  number of secondary r o o t s  decreases  and t h e  main r o o t s  a r e  

somewhat s h o r t e r  and t h i c k e r .  Mi tche l l  (1939) found s i m i l a r  

changes and a l s o  noted a  p a r a l l e l  reduct ion  i n  t h e  number of 

r o o t  h a i r s .  

Table V I I ,  shows t h e  r e l a t i v e  abundance of mycorrhizae on 

t h e  r o o t s  of experimental  s e e d l i n g s ,  Mycorrhizae were p resen t  

on a l l  s eed l ings  r ece iv ing  below opt imal  l e v e l s  of N and P ,  

bu t  were more abundant on seed l ings  r ece iv ing  in termedia te  

l e v e l s  of both N and P .  A l a r g e  inibalance between N and P 

suppl ied  r e s u l t e d  i n  a  decreased incidence of mycorrhizae 

independent of whether it was N o r  P t h a t  was d e f i c i e n t .  

Mi tche l l  a t  a l .  (1937) r epor ted  s i m i l a r  observat ions and 

observed t h e  h ighes t  frequency of mycorrhizae t o  be on those  

seed l ings  which had t h e  h ighes t  root/shoot r a t i o s ,  H e  con- 

cluded t h a t  t h e i r  r e s u l t s  agreed i n  every respec t  with t h e  

Stahlian-Hatch theory  of t h e  r e l a t i o n s h i p s  between mineral  

sal ts  and mycorrhizal  formation. 

The h ighes t  r a t e s  of apparent  photosynthesis  (Table V I I I )  

were observed a t  t h e  in termedia te  l e v e l s  of both N and P .  

There was no d i sce rnab le  e f f e c t s  of t h e  l e v e l s  of N & P 

n u t r i t i o n  on t h e  r e s p i r a t i o n  of e i t h e r  r o o t s  or  shoo t s .  

Trans loca t ion  of t h e  r ecen t  photosynthate from shoots  t o  

r o o t s  tended, on t h e  whole, t o  be t h e  h ighes t  a t  t h e  i n t e r -  



mediate l e v e l s  of both N & P (Table I X )  . A t  t h e  same l e v e l  

of N an  inc rease  i n  P always decreased t r a n s l o c a t i o n  t o  r o o t s .  

The e f f e c t  of an inc rease  i n  N depended on t h e  l e v e l  of 

a v a i l a b l e  P, a t  high P  l e v e l s  t h e r e  was an inc rease  and a t  

in termedia te  o r  low P 'a decrease .  

Since it was found from previous experiments t h a t  between 

85-90% of 14c t r a n s l o c a t e d , f r o m  shoots  t o  r o o t s  i n  8 hours was 

p resen t  i n  t h e  ethanol-soluble  f r a c t i o n  (Shiroya e t  a l . ,  1966) ,  

14 
d i s t r i b u t i o n  of C compounds i n  t h e  r o o t s  has  been examined 

i n  t h i s  f r a c t i o n  only ,  

Table X shows d i s t r i b u t i o n  of 14c among t h e  sugar ,  amino 

a c i d  and organic  a c i d  f r a c t i o n s .  A r i s e  i n  t h e  l e v e l s  of N a t  

a l l  P l e v e l s  increased t h e  percentage of 14c recovered i n  both  

amino and organic  a c i d s  and decreased t h e  percentage i n  t h e  

sugars .  Since t h e  r e l a t i v e  amounts of sugars  w e r e  l a r g e ,  and 

those  of amino a c i d s  and organic  a c i d s  smal l ,  even a small 

decrease  i n  t h e  percentage of sugars  (from 99 t o  95%) r e s u l t e d  

i n  a  very l a r g e  inc rease  i n  t h e  abso lu te  amounts of amino and 

organic  a c i d s .  Thus a t  0  mg/l of P an increase  i n  t h e  l e v e l  

of  N n u t r i t i o n  brought about an  inc rease  i n  t h e  amino a c i d  

f r a c t i o n  from 1.31 t o  1.50 or  by 15%; a t  173 mg/l of  P  from 

0  .O8 t o  1.47 o r  by 1,800"/, and a t  692 mg/l of P from 0.05 t o  

2.10 o r  by 4,20Vk. A s i m i l a r  e f f e c t  is observed a l s o  f o r  t h e  

organic  a c i d  f r a c t i o n .  

The d i s t r i b u t i o n  of 14c among t h e  var ious  compounds of 

t h e s e  three f r a c t i o n s  is shown i n  Tables X I ,  X I I ,  and X I I I .  



A s  i s  seen from Table X I ,  sucrose was always t h e  main sugar 

found i n  r o o t s .  It was' r epor ted  e a r l i e r  by Shiroya and 

L i s t e r  e t  a l .  (1962) t h a t  i n  white  p ine ,  sucrose was t h e  

main compound i n  which pho tosyn the t i ca l ly  a s s imi la ted  carbon 

is  t r a n s l o c a t e d  from shoots  t o  r o o t s .  Table X I  a l s o  shows 

t h a t  an increase  i n  N a t  a l l  P l e v e l s  r e s u l t e d  i n  an 

increased  hydro lys i s  of sucrose .  A t  t h e  same l e v e l  of N an 

inc rease  i n  t h e  l e v e l  of P n u t r i t i o n  r a i s e d  t h e  recovery of 

14c i n  sucrose.  The h i g h e s t  amounts of 14c i n  r a f f i n o s e  

were found a t  zero  P .  

Table XI1 presen t s  da ta  on t h e  d i s t r i b u t i o n  of 14c i n  

t h e  e thanol -so luble  amino a c i d s  found i n  t h e  r o o t s .  R-Alanine, 

a s p a r t i c  a c i d ,  glutamine, glutamic a c i d  + s e r i n e ,  g lyc ine  and 

t y r o s i n e  and/orp-amino b u t y r i c  a c i d  were t h e  main r e c i p i e n t s  

of 1 4 C .  High N increased  recovery of 14C i n  some compounds 

e .g .  i n  g lyc ine ,  b u t  decreased it i n  o t h e r s  e .g .  i n  a s p a r t i c  

and glutamic + s e r i n e ,  t y r o s i n e  and/or/j-amino b u t y r i c .  High 

l e v e l s  of N no t  only increased t h e  recovery of 14c i n  t h i s  

f r a c t i o n  b u t  a l s o  increased  t h e  t o t a l  amount of f r e e  amino 

a c i d s  p resen t ,  whether l a b e l l e d  o r  no t .  For example, t h e  

amounts of Arginine (+) increased  t e n f o l d  while  only i n  one 

ins tance  were they  found t o  con ta in  14c. The inc reases  

observed among some components of t h e  amino a c i d  f r a c t i o n  

a r e  s i m i l a r  t o  those  found by Cocking and Yernrn (1961) t o  be 

t y p i c a l  of t h e  metabolism of r o o t s  of p l a n t s  grown under h igh  

N l e v e l s .  



The l e v e l s  of P n u t r i t i o n  had no c l e a r  e f f e c t s  on t h e  d i s -  

t r i b u t i o n  of carbon wi th in  t h i s  f r a c t i o n .  

1 4  Table X I 1 1  shows d i s t r i b u t i o n  of C wi th in  t h e  organic  

a c i d  f r a c t i o n  i n  t h e  r o o t s .  Approximately 5@% of 14c was 

found among t h e  "12 compounds", which have remained un iden t i -  

f i e d .  The e f f e c t s  of changing n u t r i t i o n a l  l e v e l s  of N and P 

on t h e  d i s t r i b u t i o n  of 14c among var ious  organic  a c i d s  were. 

v a r i a b l e .  With increas ing  l e v e l s  of e i t h e r  N o r  P some 

compounds showed an increase  i n  t h e i r  14c con ten t ,  e .g .  

g l y c o l i c  a c i d ,  o t h e r s  a decrease ,  e .g .  malic  and s u c c i n i c  

a c i d s .  

The d a t a  obtained from t h e  s e r i e s  B ,  bo th  a f t e r  5  and 7 

weeks of growth i n  a  growth chamber, was s i m i l a r  t o  those  

descr ibed  above f o r  t h e  s e r i e s  A ( seedl ings  grown f o r  13 

weeks i n  cold  f rames) .  The main d i f f e r e n c e  w a s  t h a t  t h e  

t r e n d s  descr ibed above were l e s s  pronounced. A s  is  shown 

i n  P l a t e  1 1 ,  shoot growth increased  under t h e  inf luence  of 

increas ing  N n u t r i t i o n ,  and t h e  r o o t s  possessed fewer secondary 

r o o t s  even a f t e r  5  weeks on t rea tment .  The maximum r e l a t i v e  

abundance of mycorrhizae was again  observed on seed l ings  

r ece iv ing  in termedia te  l e v e l s  of N and P ,  which c o r r e l a t e d  

wi th  t h e  seed l ings  having t h e  h ighes t  root/shoot r a t i o s .  

I t  is  of i n t e r e s t  t o  compare t h e  observed range of so lub le  

compounds found i n  t h e  r o o t s  with those  exuded i n t o  t h e  growth 

medium from t h e  r o o t s  of white pine seed l ings ,  a s  repor ted  by 

S lank i s  e t  a l .  (1964) . The last  i n v e s t i g a t o r s  found 35 



d i f f e r e n t  compounds exuded by t h e  pine r o o t s  and i d e n t i f i e d  

t h e  following: glucose,  a rabinose ,  asparagine,  glutamine, 

mal ic ,  o x a l i c ,  malonic, g l y c o l i c ,  shikimic and c i s - a c o n i t i c  

a c i d s .  Eriksson (1960) and Melin (1960) have a l s o  repor ted  

t h e  presence of vi tamins and s e v e r a l  amino ac ids ,  p a r t i c u -  

l a r l y  glutamic a c i d  and a s p a r t i c  a c i d ,  i n  p ine  r o o t  exudates .  

I n  t h e  p resen t  i n v e s t i g a t i o n ,  glucose,  glutamine, malic  and 

g l y c o l i c  a c i d s  not  only were found i n  t h e  r o o t s ,  b u t  judging 

14 
from t h e i r  h igh  C content  were very a c t i v e  metabol ica l ly .  

Asparagine, though p resen t ,  was apparent ly  l e s s  a c t i v e  

me tabo l i ca l ly .  Shikimic a c i d ,  p resen t  i n  considhrable amounts, 

14 
was seldom l a b e l l e d  wi th  C during t h e  8 hour experimentai  

per iod .  Malonic, o x a l i c  and c i s - a c o n i t i c  ac ids  and arabinose 

were no t  found. No c lea r -cu t  c o r r e l a t i o n  could be  observed 

between t h e  incidence of mycorrhizae on t h e  roo t s  and changes 

14 i n  t h e  C content  of any s i n g l e  sugar ,  amino ac id  o r  organic  

a c i d  brought about by d i f f e r e n t  l e v e l s  of N o r  P.  

The r e s u l t s  r epor ted  h e r e  a r e  i n  genera l  agreement wi th  

t h e  work and ideas  of both  Bjorkman and Hatch on t h e  formation 

of t h e  mycorrhizal  a s s o c i a t i o n .  Bjorkman (1942) found a c l o s e  

c o r r e l a t i o n  between t h e  carbohydrate l e v e l s  i n  t h e  r o o t s  and 

mycorrhizal  abundance. Both Bjorkman (1949) and Wenger (1955) 

showed t h a t  t h e  number of mycorrhizae increased wi th  t h e  

amount of l i g h t  t h e  h o s t  p l a n t  rece ived  and suggested t h a t  

increased  l i g h t  l eads  t o  increased  photosynthesis  and t r a n s -  



l o c a t i o n  of photosyntha te  t o  r o o t s .  Shiroya and L i s t e r  e t  

a l .  (1962) a c t u a l l y  have shown t h a t  whi te  p ine  s e e d l i n g s  grown 

under h i g h  l i g h t  i n t e n s i t y  t r a n s l o c a t e  more of t h e i r  r e c e n t  

photosyntha te  t o  t h e  r o o t s  t han  t h o s e  grown under low l i g h t .  

Hatch (1937) found t h a t  when t h e  h o s t  p l a n t  is moderate ly  

d e f i c i e n t  of N and P ,  t o  t h e  e x t e n t  t h a t  i t s  growth is some- 

what r e t a r d e d ,  t h e r e  is an  accumulat ion of carbohydrate  i n  

t h e  p l a n t  and many mycorrhizae a r e  found on i t s  r o o t s ,  I n  

t h e  p r e s e n t  i n v e s t i g a t i o n  mycorrhizae were a l s o  found t o  be 

most abundant a t  t h e  i n t e r m e d i a t e  l e v e l s  of  N and P n u t r i t i o n  

when t h e  suc rose  t r a n s l o c a t e d  from s h o o t s  t o  r o o t s  was meta- 

b o l i z e d  i n t o  a  v a r i e t y  of  v a r i o u s  subs t ances .  The re fo re ,  

among t h e  r o o t  m e t a b o l i t e s  of  h e a l t h y  vigorous  p l a n t s ,  t h e r e  

are probably compounds which are e s s e n t i a l  t o  t h e  mycor rh iza l  

f u n g i  and f o r  mycor rh iza l  fo rmat ion ,  as w e l l  as an  abundant 

supp ly  of s u g a r s .  Condi t ions  of  h i g h  P i n h i b i t  t h e  metabolism 

o f  t h e  t r a n s l o c a t e d  suga r s  t o  some e x t e n t  and bo th  t h e  t ype  

and amounts o f  compounds r e s u l t i n g  from such metabolism i s  

changed. High N i n c r e a s e s  t h e  u t i l i z a t i o n  of suga r s  b y  t h e  

h o s t  p l a n t  i t s e l f ,  r educ ing  t h e  amount a v a i l a b l e  t o  t h e  fungus 

as  w a s  found a l s o  by Bjorkman (1942) .  The h i g h  recovery  of 

14  
C r e p o r t e d  h e r e  i n  t h e  reduc ing  s u g a r s  under h igh  N condi-  

t i o n s  does  n o t  n e c e s s a r i l y  mean t h a t  t h e y  a r e  p r e s e n t  i n  

c o n s i d e r a b l e  amounts, on ly  t h a t  t h e  t u rnove r  is  bo th  r a p i d  and 

a t  t h e  expense o f  r e c e n t l y  t r a n s l o c a t e d  photosyntha te .  How- 

e v e r ,  no d e f i n i t e  c o r r e l a t i o n  h a s  been found between t h e  



number of  mycor rh iza l  a s s o c i a t i o n s  and t h e  concen t r a t i on  of 

any p a r t i c u l a r  subs tance  i n  a  r o o t .  It  is  p o s s i b l e ,  t h e r e f o r e ,  

t h a t  t h e  format ion of mycor rh iza l  a s s o c i a t i o n s  may be  d e t e r -  

mined n o t  by  t h e  c o n c e n t r a t i o n  of  any s i n g l e  subs tance  b u t  b y  

a group of them p r e s e n t  i n  d e f i n i t e  a b s o l u t e  and r e l a t i v e  

amounts . 
There  may a l s o  be  i n i t i a t e d  what can be  looked upon as 

feed-back systems.  For example, t h e  e f f e c t  of  P I  which 

M i t c h e l l  (1939) showed t o  have a g r e a t e r  e f f e c t  on r o o t s  t han  

s h o o t s ,  could w e l l  be  v i a  the inc reased  a b s o r p t i o n  c a p a c i t y  

o f  mycorrhiza f o r  P as observed by  McComb (1943) and McComb 

a t  a l .  (1946) . The i n c r e a s e  i n  a v a i l a b l e  P  r e s u l t s  i n  

enhanced r o o t  growth which i n  t u r n  i n c r e a s e s  t h e  number 

of  p o t e n t i a l  mycor rh iza l  s i t e s  and t h e  c i r c l e  i s  complete .  

A s imilar  b u t  r e v e r s e  e f f e c t  may t a k e  p l a c e  under c o n d i t i o n s  

of  h i g h  N which is  seen  t o  r e s u l t  i n  a r e d u c t i o n  of l a t e r a l  

r o o t s  and hence t h e  number of  p o t e n t i a l  mycor rh iza l  s i t e s .  

The d a t a  p re sen ted  h e r e  shows t h a t  t h e r e  is  a r e l a t i o n -  

s h i p  between a v a i l a b i l i t y  of  N and P  w i t h i n  t h e  p l a n t  and t h e  

d i s p o s i t i o n  of  t h e  pho tosyn tha t e .  T r a n s l o c a t i o n  of  r e c e n t  

photosyntha te  t o  t h e  r o o t s  is  i n h i b i t e d  by  h igh  P concent ra -  

t i o n s  b u t  t h i s  i n h i b i t i o n  can be  r e v e r s e d ,  w i t h i n  l i m i t s ,  by  

i n c r e a s i n g  t h e  N c o n c e n t r a t i o n ,  t h a t  i s  b y  reduc ing  t h e  i m -  

ba l ance  o f  n u t r i e n t s .  However, c o r r e l a t i o n s  of t h e  d a t a  w i t h  

t h e  r a t i o  o f  N t o  P cannot  be made due t o  t h e  i n f l u e n c e  t h a t  

i 



t h e  presence o r  absence of mycorrhizae may have on t h e  a v a i l a -  

b i l i t y  of n u t r i e n t s  t o  t h e  seed l ings .  

I t  would appear t h a t  t h e  l e v e l  of sugars  i n  t h e  p l a n t  is 

r e l a t e d  t o  t h e  r e l e a s e  of compounds i n t o  t h e  rhizosphere on 

two counts ,  f i r s t ,  by provis ion  of an energy source f o r  

metabolism and secondly, by p rov i s ion  of a  carbon ske le ton  

f o r  s y n t h e s i s  of a  v a r i e d  a r r a y  of organic  compounds. The 

changes brought about by t h e  d i f f e r i n g  a v a i l a b i l i t y  of N and 

P may be i n  p a r t  through t h e i r  e f f e c t  on promoting t h e  use  of 

t h e  sugars  wi th in  t h e  shoot  and hence reducing t h e  amount 

t r a n s l o c a t e d  t o  t h e  r o o t s ,  b u t  a l s o ,  and probably more import- 

a n t  wi th  r e s p e c t  t o  t h e  mycorrhizal  system, by determining t h e  

metabol ic  f a t e  of t h e  sugars  once they  have a r r i v e d  i n  t h e  

r o o t .  

The mycorrhizal  system appears  t o  be  one of l i m i t e d  

symbiosis and not  one of c o n t r o l l e d  pa ras i t i sm a s  suggested 

by Burgess (1936).  Under very i n f e r t i l e  condi t ions  n e i t h e r  t h e  

h igher  p l a n t  p a r t n e r  nor t h e  fungus su rv ives ,  when n u t r i t i o n a l  

condi t ions  a r e  i n  t h e  in termedia te  range,  a s  i n  t h e  major i ty  

of cases  i n  na tu re ,  both  surv ive  and t h e r e  may be  *a l i m i t e d  , 

symbiotic r e l a t i o n s h i p .  Under optimal condi t ions  f o r  t h e  

h igher  p l a n t ,  t h e  r e l a t i o n s h i p  i s  reduced, probably due t o  

t h e  changed metabolism of t h e  h igher  p l a n t .  

The reduct ion  i n  number o r  incidence of mycorrhizae 

under favourable  condi t ions  f o r  growth of t h e  h igher  p l a n t s ,  

e.g.  i n  f e r t i l e  a g r i c u l t u r a l  s o i l s ,  could be  due i n  p a r t  t o  

t h e  form of t h e  r o o t  of t h e  h igher  p l a n t .  I f  t h e  number of 



p o t e n t i a l  mycorrhizal  s i t e s  is  l i m i t e d  by a reduct ion i n  t h e  

occurrence of l a t e r a l  r o o t s ,  then  t h e  number of mycorrhizae 

w i l l  be lower and t h e  system i s  t h e r e f o r e  under t h e  c o n t r o l  

s o l e l y  of t h e  h igher  p lan t  p a r t n e r .  On t h e  othez hand, it 

may be found t h a t  t h e  percentage of p o t e n t i a l  mycorrhizal  

s i t e s  a c t u a l l y  occupied by  mycorrhizal  s t r u c t u r e s  is a l s o  

reduced, i n  which case  p a r t  of t h e  c o n t r o l  must be d i r e c t l y  

v i a  t h e  rhizosphere environment. 



TABLES I1 - IX 

The e f f e c t s  of  v a r i o u s  n u t r i t i o n a l  l e v e l s  of  n i t r o g e n  

and phosphorus on P . s t r o b u s  L . s e e d l i n g s  



TABLE 11. T o t a l  s e e d l i n g  f r e s h  w e i g h t .  ( y ) .  

L e v e l  o f  N L e v e l  of 

t r e a t m e n t  (mg/l) 

- - 

P t r e a t m e n t  ( m g / l )  

TABLE 111. S h o o t  f r e s h  w e i g h t .  ( g )  . 
L e v e l  of N 

t rea tment  (mg/l) 

0.0 

2.5 

53 .0  

265.0  
I 

L e v e l  of P t r ea tmen t  (mg/l) 

692  

' O o 5 ]  8 .7  
7 . 0  

} 10.0 
9 .5  

] 11 .5  
1 1 . 3  

17*' ) 15.2 
I 1 3 . 0  

0.0 

- 

- 

10.8 
11 .2  

11 .2  

1 7 3  

"*O 1 1 3 . 1  
15 .2  

8 * 2  } 10.1 
1 2 . 0  

17 .7  
18.0 ] 1 7 . 6  
1 7 . 1  

1 7 * 5 }  17 .9  
1 1 8 . 2  



TABLE I V .  Average new needle  l eng th  (cm). 

TABLE V. Root Fresh  weight.  ( g ) .  

Level  o f  N 

t r ea tmen t  (mg/l) 

0.0 

2.5 

53.0 

265.0 

1 Level  o f  N 
I 

t r e a tmen t  (mg/l) + 

Level  of P t r ea tmen t  (mg/l) 

Leve l  of P t r e a t m e n t  (mg/l) 

0 .0  

- 

- 

3.0 ] 3.8 
4.6 

**' 1 4.8 
5 .1  

173 

\ 4.2 
3.8 

3 - 4  ) 3.3 
3.2 

4.5 
4 .1  } 4.5 
5.0 

5 * 9  } 5.2 
4.4 

692 

3 - 9  ] 3.8 
3.7 

) 4.5 
4.6 

3 - 7 }  - 3.7 

} 5.3 
4.7 



TABLE V I .  ~ o o t / ~ h o o t  r a t i o  (on  f r e s h  w e i g h t  basis). 

TABLE V I I .  M y c o r r h i z a l  a b u n d a n c e  ( A r b i t a r y  u n i t s )  . 

L e v e l  o f  N 

t r e a t m e n t  (mg/l) 

0.0 

2.5  

53 .0  

(1)  - , n o t  d e t e r m i n e d  

(2 )  0, m y c o r r h i z a e  a b s e n t  

1 1 1.88)  1 1 - 5 3 ]  1 1 . 6 1 1  l.og 
265.0  1 .72  1 . 4 5  

1 .56  1 .37  0 .57 

L e v e l  of P t r e a t m e n t  (mg/l) 

L e v e l  of N 

t r e a t m e n t  (mg/l) 

0. 0 

2.5 

53 .0  

265 .0  

0.0 

- 

- 

2.22 
2.42 

L e v e l  of P t r e a t m e n t  (mg/l) 

1 7 3  

2 .23  

2056  } 2.70 
2 .75  

2.82 
2 .11  1 2.44 
2 .39 

692  

] 2.13 
2 .36 

0 0 6 7  \ 1 .19  
1 . 7 0  

l 4  
1.35 

1 - 2 8  

692 

++ 
2 

++ 

+ 

0 

0.0 

- (1)  

- 

-I- 

+ 

1 7 3  

+ + 

++++ 

+++ 

0 (2) 
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TABLE V I I I .  Apparent photosynthesis  (mgco2/hr/y. fr. w t  . ) 

Level of N 

t reatment  (mg/l) I-- 
Level of P t reatment  (mg/l) 

TABLE IX.  Trans loca t ion  

Level of N Level of P 

t rea tment  (mg/l) 

t rea tment  (mg/l) I 

The amount of 14c recovered i n  t h e  80% ethanol-soluble  
f r a c t i o n  of t h e  r o o t  a s  a  percentage of t h e  t o t a l  1 4 ~  
absorbed as 14c02 by t h e  seedl ing .  
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PLATE I 

The appearance of P .  s t r o b u s  L .  s e e d l i n g s  a f t e r  a pe r iod  of  

1 3  weeks growing i n  a c o l d  frame under v a r i o u s  l e v e l s  of  

n i t r o g e n  and phosphorus n u t r i t i o n .  

A ,  C ,  D and E ,  i l l u s t r a t e  the e f f e c t  of  i n c r e a s i n g  n i t r o g e n  

c o n c e n t r a t i o n  wi th  173 mg ~ /1 .  

B ,  D and F,  i l l u s t r a t e  t h e  e f f e c t  of  i n c r e a s i n g  phosphorus 

c o n c e n t r a t i o n  w i t h  53 mg N / 1 .  





PLATE I1 

The appearance of P .  s t r o b u s  L .  s e e d l i n g s  a f t e r  f i v e  and 

seven weeks i n  a growth chamber under low o r  h i g h  n i t r o g e n  

and c o n s t a n t  phosphorus n u t r i t i o n a l  l e v e l s .  

A . Af ter  f i v e  weeks on low N ( 0  mg N/1)  . 
B .  A f t e r  seven weeks on low N ( 0  mg ~ /1 )  . 
C .  A f t e r  f i v e  weeks on h i g h  N (265 mg ~ / 1 ) .  

D .  A f t e r  seven weeks on h igh  N (265 mg ~ / 1 )  . 

Phosphorus n u t r i t i o n a l  l e v e l  i n  a l l  c a s e s  was 173 mg ~ /1 .  
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EPILOGUE : 

~ i r e c t i o n s  f o r  Future Research 

The development and combination of var ious  techniques has  

evolved i n t o  a  b a s i c  experimental  system which has  f a c i l i t a t e d  

t h e  gaining of some increased i n s i g h t  i n t o  t h e  physiology of 

one spec ies  of c o n i f e r ,  Pinus s t robus  L. 

Basic  information of t h i s  type is  necessary before  d e t a i l e d  

s t u d i e s  on t h e  f a t e  of a s s imi la ted  carbon can be undertaken. 

in he na tu re  and metabolism of t h e  wide a r r a y  of compounds which 

make up wood a r e  of prime concern t o  t h e  Fores t  Products Indus t ry .  

Data a s  t o  how t h e  var ious  environmental f a c t o r s  may a f f e c t  t h e  

make up of wood could lead  t o  s e l e c t i o n  of timber from s p e c i f i c  

h a b i t a t s  f o r  use i n  spec ia l i zed  a p p l i c a t i o n s ,  thus  increas ing  

t h e  e f f i c i e n c y  of u t i l i s a t i o n .  

Information on t h e  movement of n a t u r a l  products throughout 

t h e  t r e e  is an e s s e n t i a l  p r e - r e q u i s i t e  t o  s t u d i e s  concerned with 

t h e  c o n t r o l  of t h e  many d i seases  and i n s e c t  p reda to r s  which 

r e s u l t  i n  such a  tremendous l o s s  o f ,  t imber a t  t h e  p resen t  t ime. 

Once t h e  pathways and c o n t r o l  sys tem(s)  of t h e  movement of 

n a t u r a l  products  i s  more c l e a r l y  understood, t h e  movement, 

d i s t r i b u t i o n  and metabolic f a t e  of s y n t h e t i c  p e s t  c o n t r o l  chemicals 

introduced i n t o  t r e e s  can be  d e f i n i t i v e l y  s tud ied .  

The a p p l i c a t i o n  of t h i s  b a s i c  experimental  system and t h e  

i n s i g h t s  gained i n  t h e  r a t h e r  l i m i t e d  n a t u r a l  environment of 

Southern Ontar io  could now be p r o f i t a b l y  appl ied  t o  t h e  s tudy of 

o the r  economically important s p e c i e s ,  not  only  on m a t e r i a l  grown , 

under con t ro l l ed  cond i t ions ,  bu t  a l s o  upon more mature t r e e s  i n  

t h e i r  complex and d i v e r s i f i e d  h a b i t a t s  of t h e  p a c i f i c  Northwest. 
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