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ABSTRACT 

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

(ApS) fiir intact c.dr.i:ent-year f ~ l i a ~ e  of' fi.vre tree species :.I,-,w- YY G I  L 

de te rmined  from 4 0 0  - 710 nm by C 0 2  exchange a n a l y s i s .  The 

b l u e  (400 - 500 nm) peak of  APS a c t i v i t y  f o r  t h e  g r e e n  b road  

l e a f  o f  a l d e r  was reduced  t o  a p l a t e a u  f o r  t h e  g r e e n  n e e d l e  

l e a v e s  o f  D o u g l a s - f i r  and S i t k a  s p r u c e ,  a s h o u l d e r  f o r  t h e  b l u e -  

g r e e n  n e e d l e s  o f  Colorado s p r u c e ,  and a reduced  s h o u l d e r  f o r  t h e  

b lue -whi t e  n e e d l e s  of Blue  s p r u c e .  These d i f f e r e n c e s  were  due  

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

p h o t o r e s p i r a t i o n  n o r  t o  t h e  d i f f e r e n t i a l  p r e s e n c e  o f  a non- 

p l a s t i d  s c r e e n i n g  p igment .  The c o n i f e r s  had v e r y  s imi lar  

c a r o t e n o i d / c h l o r o p h y 1 1  r a t i o s  w i t h  40 - 5 0 %  more c a r o t e n o i d  

r e l a t i v e  t o  t h e  c h l o r o p h y l l  as compared t o  a l d e r .  Blue  l i g h t  

a b s o r p t i o n  and  low e f f i c i e n c y  of e n e r g y  t r a n s f e r  by t h e  c a r o t -  

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

group compared t o  a l d e r .  R e f l e c t a n c e  s p e c t r o m e t r y ,  s c a n n i n g  

e l e c t r o n  microscopy,  and C 0 2  exchange d a t a  showed t h a t  t h e  b l u e  

c o l o u r  and  low APS a c t i v i t i e s  o f  Colorado and Blue  s p r u c e  

r e s u l t s  f rom t h e  enhanced s e l e c t i v e  r e f l e c t i o n  o f  b l u e  l i g h t  

which i s  a secondary  " c a r r y  over1 '  e f f e c t  o f  t h e  UV s c a t t e r i n g  

p r o p e r t i e s  o f  t h e  n e e d l e  bloom. From t h e s e  r e s u l t s  i t  i s  con- 

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

and c o n i f e r  p l a n t s  a r e  t h e  same. 

(iii) 
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A COMPARATIVE STUDY OF THE PHOTOSYNTHETIC 

A C T I O N  SPECTRA FOR A DECIDUOUS AND 

FOUR CONIFEROUS TREE SPECIES. 

GENERAL I N T R O D U C T I O N  

It h a s  been shown f o r  some c o n i f e r s  t h a t  b lue  l i g h t  sus-  

t a ins  r e l a t i v e l y  l e s s  pho tosyn thes i s  t h a n  f o r  b road leaf  p l a n t s  

(Burns 1942, G a u d i l l e r e  and Cos tes  1971, Linder  1971) .  It i s  

n o t  known whether t h i s  p e c u l i a r i t y  i s  p r e s e n t  on ly  i n  t h e  r e -  

p o r t e d  c o n i f e r  s p e c i e s  o r  i f  i t  i n d i c a t e s  g e n e r a l  group d i f -  

f e r e n c e s  i n  pho tosyn thes i s  between t h e  c o n i f e r s  and t h e  broad- 

l e a f  p l a n t s .  The l e s s  e f f i c i e n t  u t i l i z a t i o n  o f  b lue  l i g h t  must 

be r e l a t e d  t o  e i t h e r  (1) d i f f e r e n c e s  i n  t h e  c o n i f e r s 1  b a s i c  

p h o t o s y n t h e t i c  appa ra tus ,  o r  ( 2 )  species-dependent  d i f f e r e n c e s  

i n  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  c o n i f e r s r  need le - type  l e a v e s .  

The evidence f avour s  t h e  second p o s s i b i l i t y .  Poskuta 

(1968a)  r e p o r t e d  t h a t  r e s p i r a t i o n  du r ing  pho tosyn thes i s  (photo-  

r e s p i r a t i o n )  was s e l e c t i v e l y  s t i m u l a t e d  by b l u e  l i g h t  i n  whi te  

spruce .  However, Bul ley,  Nelson and Tregunna (1969)  and 

Voskresenskaya e t  a l .  (1970) were unable  t o  demonstra te  a 

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

o f  herbaceous b road lea f  p l a n t s ,  t h e r e f o r e  t h e  n e t  C02 up take  

du r ing  pho tosyn thes i s  f o r  whi te  spruce  could  p o s s i b l y  be 

reduced by p h o t o r e s p i r a t i o n  a s  compared t o  t h e  up take  i n  such 

b road lea f  p l a n t s .  For two p i n e  s p e c i e s ,  t h e  reduced photo- 

s y n t h e t i c  a c t i v i t y  under b lue  l i g h t  was a t t r i b u t e d  t o  absorp-  



t i o n  by p h o t o s y n t h e t i c a l l y  i n a c t i v e  pigments  u urns 1942, 

Linder  1971) .  

These r e p o r t s  do n o t  p rov ide  s u f f i c i e n t  evidence however, 

t o  r e j e c t  e i t h e r  one o r  t h e  o t h e r  p o s s i b i l i t y .  Only Burns 

(1942) made a d i r e c t  comparison o f  t h e  two l e a f  t y p e s  ( p i n e  and 

wheat)  under t h e  same exper imenta l  c o n d i t i o n s .  Secondly,  any 

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

t h e  l e a f  s u r f a c e  was not  cons idered .  

The purpose o f  t h i s  s tudy  t h e n  i s  t o  f i r s t  determine t h e  

r e l a t i o n s h i p  between pho tosyn thes i s  and t h e  wavelength o f  l i g h t  

( a c t i o n  spectrum) f o r  s e v e r a l  c o n i f e r  and a broadleaf  s p e c i e s  

on a c o n s i s t e n t  and comparable b a s i s  ( p a r t  I ) .  Any r e l a t i v e  

d i f f e r e n c e s  noted w i l l  be t e s t e d  t o  determine i f  t hey  could  

have a r i sen  frcn spcz l zs -depende i i t  dl f fe re r lces  i n  t h e  fo l lowing  

pho tosyn thes i s - sc reen ing  mechanisms: 

metabol ic  s c r een ing  by s t i m u l a t i o n  of  r e s p i r a t i o n  du r ing  

pho tosyn thes i s  ( p a r t  11) , 

a b s o r p t i o n  s c r e e n i n g  by p h o t o s y n t h e t i c a l l y  i n a c t i v e  pig-  

ments ( p a r t  111), 

p h y s i c a l  s c r een ing  by l i g h t  f i l t e r i n g  a t  t h e  l e a f  s u r f a c e  

( P a r t  I V ) .  

On t h e  b a s i s  o f  t h e s e  r e s u l t s ,  it can  be determined whether o r  

no t  t h e  b a s i c  pho tosyn the t i c  a p p a r a t u s  of  c o n i f e r s  i s  t h e  same 

as f o r  b road leaf  p l a n t s .  



3.  

PART I 

THE PHOTOSYNTHETIC ACTION SPECTRA FOR A 

DECIDUOUS AND FOUR CONIFEROUS TREE SPECIES 

INTRODUCTION 

For a l igh t -dependent  b i o l o g i c a l  p roces s  such a s  photo- 

s y n t h e s i s ,  t h e  a c t i o n  spectrum i s  a p l o t  of  t h e  r a t e  o f  photo- 

s y n t h e s i s  as  a f u n c t i o n  o f  wavelength f o r  e i t h e r  a c o n s t a n t  

i r r a d i a n t  f l u x  d e n s i t y  ( i n c i d e n t  l i g h t  i n t e n s i t y ,  Heath 1969) 

o r  quantum f l u x  d e n s i t y  ( ~ o r k  and Amesz 1969) .  The most p r e f e r -  

a b l e  b a s i s  f o r  quantum y i e l d  s t u d i e s  i s  a  c o n s t a n t  number of  

quanta  absorbed by t h e  p h o t o a c t i v e  molecules  ( ~ a b i n o w i t c h  and 

Govindjee 1969) .  By comparing t h e  a c t i o n  spectrum w i t h  t h e  

a b s o r p t i o n  spectrum f o r  t h e  same c e l l s  o r  p l a n t  organ,  conclu- 

s i o n s  as  t o  which pigments a r e  concerned and t h e i r  r e l a t i v e  

e f f i c i e n c i e s  i n  t h e  p roces s ,  can  be drawn. Whatever t h e  t ype  

of a c t i o n  spectrum, it i s  e s s e n t i a l  t h a t  t h e  q u a n t i t y  of  l i g h t  

be t h e  r a t e - l i m i t i n g  f a c t o r  s o  t h a t  t h e  v a r i a t i o n s  i n  t h e  

p h o t o s y n t h e t i c  r a t e  a r e  due s p e c i f i c a l l y  t o  t h e  a b s o r p t i o n  

c h a r a c t e r i s t i c s  o f  t h e  pigments.  

S ince  t h e  a b s o r p t i o n  o f  l i g h t  energy by molecules  i s  a 

quantum p roces s  and because t h e  energy p e r  quantum v a r i e s  wi th  

t h e  wavelength,  t h e  pho tosyn the t i c  r a t e  depends on t h e  t o t a l  

energy o f  a  l i g h t  beam only i n s o f a r  as  t h e  energy con ten t  d e t e r -  

mines t h e  number of  quanta ,  The r e p r e s e n t a t i o n  o f  a n  a c t i o n  



spectrum a s  a  f 'unction of  i s o e n e r g e t i c  beams t h e r e f o r e  does not  

t a k e  i n t o  cons ide ra t ion  t h e  mechanisms respons ib le  f o r  t h e  

absorp t ion  of l i g h t  energy. The r e l a t i v e  e f f e c t i v e n e s s  of 

photons from t h e  s h o r t e r  wavelengths i s  reduced i n  a n  isoener-  

g e t i c  a c t i o n  spectrum because t h e  quantum energy i s  inver se ly  

p ropor t iona l  t o  t h e  wavelength of t h e  l i g h t .  For tunate ly  f o r  

comparative purposes, only t h e  r e l a t i v e  photosynthe t ic  e f f e c t i v e -  

ness  of d i f f e r e n t  wavelengths i s  requi red  under s tandardized  

l i g h t  condi t ions .  The r e l a t i v e  ease of measuring l i g h t  i n  

energy u n i t s  and of ob ta in ing  i s o e n e r g e t i c  l i g h t  b, ~a rns  a s  com- 

pared t o  t h e  d i f f i c u l t i e s  involved i n  measuring t h e  number of 

absorbed quanta a t  each wavelength ( ~ e a t h  1969) j u s t i f i e s  t h e  

expression of t h e  photosynthe t ic  a c t i o n  s p e c t r a  i n  t h i s  study 

on a n  equal  inc iden t  energv bas is :  

The experimental  cond i t ion  w i l l  be such t h a t  t h e  only 

v a r i a b l e  i s  t h e  p l a n t  m a t e r i a l s  used. Any r e l a t i v e  d i f f e r e n c e s  

between t h e  a c t i o n  s p e c t r a  w i l l  t h e r e f o r e  be due t o  e i t h e r  

(1) species-  dependent p l a n t  f a c t o r s  se rv ing  t o  mask t h e  e f f e c t s  

of d i f f e r e n t  wavelengths of l i g h t  before reaching t h e  s i t e  of 

a c t i o n  w i t h i n  t h e  photochemical appara tus ,  o r  ( 2 )  bas ic  d i f -  

fe rences  i n  t h e  photochemical appara tus .  

MATERIALS 

TREES 

Seedl ings of t h e  fo l lowing types  were obtained ( p l a t e  1): 

( a )  Two-year o l d  Douglas-f i r  ( ~ s e u d o t s u g a  menzies i i  ( ~ i r b .  ) 



Pla t e  1. Typical examples of t h e  t r e e  seedl ings  used i n  t h i s  

study. 

Back row (1- r )  : Alder, Douglas -fir, Colorado spruce. 

Front row (1-r) : Blue spruce and S i t ka  spruce. 



Two "blue"  forms of  spruce ,  f i ve -yea r  o l d  Colorado spruce  

( ~ i c e a  pungens Engelm.) and a  two-year o l d  blue-whi te  

v a r i e t y  o f  Colorado spruce  g r a f t e d  s tock ,  h e r e a f t e r  

r e f e r r e d  t o  a s  Blue spruce  ( ~ i c e a  pungens v a r .  h o o p s i i )  , 

both from a l o c a l  ornamental  t r e e  nu r se ry ,  

Two-year o l d  r e d  a l d e r  ( ~ l n u s  rub ra  Bong.) from Burnaby 

Mountain. 

The p a r t i c u l a r  t r e e  m a t e r i a l s  were s e l e c t e d  t o  p rov ide  

comparisons between t h e  e f f e c t s  of  l e a f  form (b road  v s  n e e d l e )  

11 and c o l o u r a t i o n  ( g r e e n  v s  b lue" )  and t h e i r  r e l a t i o n s h i p  t o  t h e  

r e s p e c t i v e  pho tosyn the t i c  a c t i o n  s p e c t r a .  The l o c a l  b road lea f  

deciduous t r e e ,  r ed  a l d e r ,  was chosen as being somewhat i n t e r -  

mediate  between t h e  annua l  herbaceous broad l e a f  and t h e  

evergreen  c o n i f e r  need le  l e a f .  S i m i l a r l y ,  t h e  f o l i a g e  of 

11 Douglas - f i r  f i l l s  t h e  green,  f l a t  needle"  gap between S i t k a  

spruce  and a l d e r .  

To ensure  t h a t  t h e  pho tosyn the t i c  t i s s u e s  were o f  comparable 

p h y s i o l o g i c a l  ages ,  t h e  exper iments  were conducted wi th  c u r r e n t -  

y e a r  f o l i a g e  from mid-summer onwards by which t ime  t h e  h igh  

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

expansion should have d e c l i n e d  t o  r e l a t i v e l y  low and s t a b l e  

l e v e l s  ( ~ o u r d e a u  1959, Cla rk  1961, Ludlow and J a r v i s  1971a) .  

The s e e d l i n g s  o f  a l l  s p e c i e s  were tagged and p o t t e d  ou t  
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Gas s s c h a n ~ e  a e a s u r e m n t  s :.;ere m d e  ori a t t ~ c h e d  cur ren t -  

y e z r  shoo t s  and lea-,-es i n  a  c l o s e d  c i r c u i t  system (F'igure 1.1) 

c o n s i s t i n g  of t h e  pho tosyn thes i s  chamber ( ~ u v e t t e )  , a  Eechna:i 

215 I n f ~ a - r e d  ( C O ~ )  g 2 s  a n a l y s e r  ( I R G A )  , floivmeter ($:atheson 

=30 j) , C2 monitor ( ~ h e r n t r o n i c  s )  , g a s  c i r c u l a t i o n  pump (Neptune 

~ ~ n a - ~ u n l p )  and i n t z r c o n n e c t i n g  g l a s s  ar_d tygon tub ing .  During 

any one s e r i e s  o f  gas  eschangz measurements made over  s e v e r a l  

days,  t h e  p l a n t s  were r e t u r n e d  each evening t o  t h e  f i e l d  p l o t s  

t o  i ~ ~ ~ l n t a i n  t h e i r  normal p h o t o p e r i o d i c i t y .  

The I R G A ,  e q u i ~ p e d  ~ ~ i t l n  2. R i  lcn71 r)o_nskl SF-J? ~ c t c z t l c -  

me t r i c  (12 nlv) r eco rde r ,  :ias us2d cn t h c  0 - 600 ppn (v/ \T) 

C0,- s e a l s .  Standal-ti ~ a .  :s, o b t ~ i n e d  f r o n  Xatheson of  Canada., 

ive1-e crass-checked z g a l n s t  s p e c i a l  ga s  mixing p m p s  from H. 

X6sthoff  3 .  H .  G .  Germny ( s e r i e s  NA 18 , /2~?)  be fo re  be ing  

used f o r  ISGA c a l i b ~ a t i o n .  The I R G A  monitored t h e  change o f  

CC2 c o n c e n t r a t i o n  ~ i t h  t ime  i n s i d e  t h e  c l c sod  s y s t e a .  S ince  

r 2 s p i r a t o r y  processzs  a r e  s t i l l  i n  p ro&r?s s  w i t h i n  t.he t i s s u e s  

'3 . - ~ - n  F a  dur ing  p l ~ o t o s y n t h e s i s ,  t h e  r a t e  cf change of C02 conce : l t~a -  

I I t i o n  i s  a  meascre of t h e  apperen t"  ra-Le of pho tosyn thes i s  

(AFS)  . AFS x t e s  ai-e p o s i t i v e  on ly  l,:.hen t h e  i n c i d e n t  l i g h t  



F i g u r e  1.1 Genera l  d iagram o f  t h e  a p p a r a t u s  used  f o r  t h e  measure- 

ment o f  changes  i n  C02 c o n c e n t r a t i o n  w i t h  t i m e  f o r  

the d e t e r m i n a t i o n  of t h e  r a t e s  o f  p h o t o s y n t h e s i s  and 

r e s p i r a t i o n  ( n o t  t o  s c a l e )  

C u v e t t e  0 

C02 a b s o r b e r  P 

D i c r o l i t e  h e a t  f i l t e r  R 

Flowmet e r  S 

Gas a n a l y z e r  ( IRGA) T 

Heat f i l t e r  (15  cm H20) X 

O2 a n a l y z e r  w i t h  p robe  

C i r c u l a t i o n  pump 

R e c o r d e r s  

Serum c a p  

Tele- thermometer  x i t h  p r o b s  

Xenon lamp and  h o u s i n g  



enclosed p lan t  t i s s u e ;  conversely,  a  r i s i n g  C02 concen t ra t ion  

i n d i c a t e s  a  n e t  C02 evolut ion.  

The r a t e  of  apparent  photosynthesis  i n  pg C02 min-I u n i t  

- 1 p l a n t  t i s s u e  was c a l c u l a t e d  from t h e  fol lowing formula: 

44 x l o 3  I J ~  C O a  A C O 2  ( P P ~ )  V ml 
= A time (min) P P ~  22.4 m l  ~ 1 . 0 9 5  Z (dmd o r  g) 

where: 

APS = r a t e  of apparent  photosynthesis  a s  n e t  C O 2  exchange 

"02 = r a t e  of change of COB concent ra t ion  i n  ppm min-I , 
h t  ime 

= conversion from ppm t o  whole u n i t s ,  
PPm 

44 lo3 '02 = molar volume of pure C02 a t  760 mm Hg 
22.4 m l  

and 0  C ( STP) , 

1.095 = c o r r e c t i o n  f a c t o r  f o r  molar volum? of  a  gas from 

STP t o  t h e  s tandard  experimental  condi t ions  of 

750 mm and 22 C ,  

V = volume of t h e  closed system, 266 m l  f o r  a l d e r  and 

305 m l  f o r  t h e  c o n i f e r s ,  

Z = amount of enclosed p l a n t  t i s s u e  ( l e a f  a rea ,  one s i d e  

only,  i n  dm2 f o r  a l d e r  and branch ovendry weight, 

ODW-24 hours a t  80 C ,  i n  g  f o r  t h e  c o n i f e r s ) .  

Although t h e  a l d e r  ODW was not determined, t h e  s p e c i f i c  l e a f  

a r e a  (cm2 g-I oDW) o f  177 (Krueger and Ruth 1970) o r  220 - 240 

( ~ i l l i a m s ,  personal  communication) provides an  approximate 

conversion f a c t o r  f o r  t h e  a l d e r  APS r a t e s  from a  l e a f  a r e a  t o  

a  l e a f  weight b a s i s .  

Var ia t ions  i n  t h e  C02 concent ra t ion  i n  t h e  system during 



pho tosyn thes i s  measu rmzn t s  were h e l d  between 325.0 and 275.0 

ppm. The r e l a t i o n s h i p  between pho tosyn thes i s  and C02 supply 

was assumed t o  be l i n e a r  over  t h i s  range  ( ~ a c k s o n  and Volk 

1970, Ludlow and J a r v i s  1971a) ,  hence a l l  r a t e s  o f  photosynthe- 

s is  a r e  quoted a t  300 ppm, t h e  mean va lue .  A t  lower l i g h t  

i n t e n s i t i e s ,  when t h e  C 0 2  compensation p o i n t  (CCP;  APS = z e r o )  

approached 300 ppm, a cor respondingly  sma l l e r  range o f  C02 con- 

c e n t r a t i o n  was used  i n  t h e  c a l c u l a t i o n .  Other u s e f u l  i n fo rma t ion  

no t  s p e c i f i c a l l y  r e q u i r e d  f o r  t h e  c a l c u l a t i o n s ,  i s  t h e  gas  flow 

r a t e  (approx.  2 .5  1 min-l) i n d i c a t i n g  t h a t  t h e  g a s  i n  t h e  system 

was be ing  r e c i r c u l a t e d  s e v e r a l  t imes  a minute, ensu r ing  adequa te  

C02 supply and tu rbu lence  over  t h e  t i s s u e .  

THE LIGHT SOURCE 

The p l a n t  m a t e r i a l  i n  t h e  pho tosyn thes i s  chamber was 

i l l u m i n a t e d  by a Hanovia 5,000 watt xenon a r c  lamp ( p l a t e  2 ) .  

The beam was focussed  wi th  a q u a r t z  l e n s  through 15 cm of  

wate r  and a D i c r o l i t e  h e a t  f i l t e r  b e f o r e  e n t e r i n g  t h e  photo- 

s y n t h e s i s  chamber. The q u a l i t y  o f  t h e  l i g h t  was modif ied by 

i n t r o d u c i n g  d i f f e r e n t  narrow-bandpass i n t e r f e r e n c e  f i l t e r s  

.( Schott-Depal  and Balzer  F i 1 t r a f l e x ; a v e r a g e  h a l f  band wid ths  - 

16 nrn and 11 nm, r e s p e c t i v e l y )  i n t o  t h e  beam be fo re  t h e  l i g h t  

e n t e r e d  t h e  chamber ( p l a t e  3 ) .  The l i g h t  i n t e n s i t y  was con- 

t r o l l e d  wi th  Balzer  n e u t r a l  d e n s i t y  f i l t e r s  and measured u s i n g  

a Yellow Spr ings  Ins t rument  Company ( Y S I )  r ad iometer  - model 

65, wi th  t h e  probe housed i n  a b r a s s  h e a t  s i n k  t o  reduce base- 

l i n e  d r i f t .  The h e a t  s i n k  was designed t o  s l i p  on to  t h e  f i l t e r  



Plate  2. Hanovia 5,000 watt xenon arc  lamp i n  Oriel  Optics 

housing complete w i t h  focussing lens  and spherical  

rear  re f lec tor .  

Note: Adaptors and cooling f i n s  on each bulb terminal, 

ax ia l  flow, h igh  capacity fan i n  base of lamp 

housing (replacing squirrel-cage fan) .  These 

modifications increased vent i la t ion  and pro- 

longed the bulb l i f e .  



7 - Pla te  3 .  Details  of l igh t - t ra in :  (from 1 - r)  

Continuous flow 15 cm water heat f i l t e r  (HF) 

Dicrol i te  heat f i l t e r  ( D )  

Interference f i l t e r  ( IF) . During actual  measurement 

of l i g h t  intensi ty  and experiments, these f i l t e r s  

a r e  positioned a s  close a s  possible t o  the  radio- 

meter face and the  t i s s u e  cuvette. 

Brass heat sink w i t h  radiometer probe ( R )  



ho lde r  i n  a manner sucll t h a t  a l l  l i g h t  i n t e n s i t y  measurements 

were consisteniiy made a t  t h e  c e n t r e  of t h e  l i g h t  beam ( p l a t e  

3 ) .  Darkness i n  t h e  chamber was ach ieved  by p l a c i n g  a meta l  

p l a t e  i n t o  t h e  f i l t e r  ho lde r  t o  b lock  t h e  l i g h t  beam. 

PLANT CUVETTES 

Two c u v e t t e s ,  each c o n s i s t i n g  of  two main p a r t s ,  were 

designed t o  hold  t h e  d i f f e r e n t  p l a n t  m a t e r i a l s .  One, c o n s t r u c t e d  

of  p l s x i g l a s s ,  was used f o r  t h e  e s s e n t i a l l y  two- dimensional ,  

small a l d e r  l e a v e s  and t h e  o t h e r ,  mostly o f  b r a s s ,  was f o r  u s e  

w i t h  t h e  c o n i f e r  twigs .  Because t h e  l i g h t  beam i l l u m i n a t e d  a 

c i r c u l a r  a r e a  o f  only  9 .6  em2, both  c u v e t t e s  were c i r c u l a r  i n  

f a c e  view wi th  an i n t e r n a l  d iameter  o f  3 .5  cm. They d i f f e r e d  

b a s i c a l l y  only  i n  t h e i r  i n t e r n a l  dep ths ,  4 tlc 5 fcr  t h e  1';'i;lI' 

chamber v e r s u s  4 .5  cm f o r  t h e  c o n i f e r  chamber, and i n  t h e  p o i n t  

of ~ t n t r y  f o r  t h e  "a t t ached"  exper imental  m a t e r i a l .  

The a l d e r  l e a f  chamber ( p l a t e  4 ~ )  was i n t e g r a t e d  i n t o  t h e  

main p l e x i g l a s s  body and a f t e r  t h e  l e a f  p e t i o l e  had been s e a l e d  

i n t o  i t s  s l o t  wi th  Apiezon Q s e a l i n g  compound, t h e  t r a n s p a r e n t  

f a c e p l a t e  complete wi th  O-ring was tw i s t - l ocked  i n t o  p o s i t i o n  

s imul taneous ly  forming t h e  f r o n t  w a l l  of t h e  chamber and s e a l i n g  

it. The s e a l e d - i n  l e a f  was mainta ined i n  t h e  c e n t r a l  p l ane  o f  

t h e  chamber by f i n e  suppor t  w i r e s  i n  t h e  body and t h e  face-  

p l a t e ,  such t h a t  t h e  t h r e e  incoming a i r  s t reams  were s p l i t  by 

t h e  l e a f  edge t o  pas s  over  both t h e  f r o n t  and back l e a f  s u r f a c e s  

( p l a t e  4 B ) .  To exclude room l i g h t  a l l  t h e  c u v e t t e s '  s u r f a c e s  



14a.  

P l a t e  4 A .  Alder l e a f  cuvet  Le. 

P l a t e  4B. Composite c r o s s  s e c t i o n  o f  Alder  l e a f  c u v e t t e .  

( X  - Z - d e t a i l  c o n s t r u c t i o n  of t h e  gas  i n f low and 

ou t f low p o r t s )  

Y - Z - d e t a i l  c o n s t r u c t i o n  of t empera ture  probe 

p o r t  ) 

CS - c u v e t t e  suppor t  

PS - p e t i o l e  s l o t  

92 - C-yi-irr 
b 

FP - f a c e p l a t e  

TP - t empera ture  probe p o r t  

I - gas  in f low p o r t  ( 3  sub-por t s )  

0 - gas  outf low p o r t  ( 3  sub-por ts  ) 

W - l e a f  suppor t  w i r e s  

FA - f a c e p l a t e  anchor  p o s t s  

L - l e a f  

c - gas  flow p a t t e r n  

TH - t h e r m i s t o r  probe 



P l a t e  4B 



t empera ture  c o n t r o l l e d  but  p r o v i s i o n  was made t o  r eco rd  l e a f  

t empera tures  ( p l a t e  4B). 

The c o n i f e r  c u v e t t e  c o n s i s t e d  o f  a  two-piece b a s e p l a t e ,  

one f i x e d  t o  t h e  support  rod,  t h e  o t h e r  f r e e  ( p l a t e  5), and a  

b r a s s  b a r r z l  w i th  a p l e x i g l a s s  f ace ,  gas  s t ream l e a d s ,  and 

tempera ture  c o i l  ( p l a t e  6 ) .  A f t e r  removal o f  a  few need le s ,  

t h e  a t t a c h e d  twig  was p laced  i n  t h e  s l o t  i n  t h e  f i x e d  p o r t i o n  

of t h e  b a s e p l a t e  and t h e  o t h e r  b a s e p l a t e  h a l f  was i n s e r t e d  and 

secured  i n t o  p o s i t i o n  wi th  screws.  The t w i g  was s e a l e d  i n t o  

t h e  b a s e p l a t e  and t h e n  t h e  l i g h t l y  greased  O-ring was s l i d  

over  t h e  tw ig  t o  i t s  s e a t  on t h e  b a s e p l a t e  fol lowed by t h e  

c u v e t t e  b a r r e l ,  a g a i n  s e a l e d  i n  a t w i s t - l o c k  manner ( p l a t e  6 ) .  

The whole assembly was t h e n  p l aced  i n  f r o n t  o f  t h e  l i g h t  beam 

i n  p r e p a r a t i o n  f o r  gas  exchange measurements ( p l a t e  7 )  . 
Because t h e  c o n i f e r  tw ig  was i l l u m i n a t e d  a l o n g  i t s  apex- 

t o -base  a x i s ,  a f a s h i o n  d i c t a t e d  p r i m a r i l y  by t h e  small d i a -  

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

beyond which s u c c e s s i v e  need le s  r e c e i v e  very l i t t l e  o r  no 

d i r e c t  l i g h t  from t h e  beam by v i r t u e  o f  t h e  h e l i c a l  arrangement 

of  t h e  need le s  on t h e  twig. A f t e r  complet ion of 1 t o  2 h e l i c e s  

from t h e  t i p ,  most o f  t h e  l i g h t  has  been removed from t h e  beam 

by t h e  p reced ing  need le s ,  l e a v i n g  t h e  succes s ive  f o l i a g e  i n  

shade.  Therefore ,  f o r  optimum l i g h t  u t i l i z a t i o n  and gas  exchange 

on ly  t h a t  l e n g t h  of twig  sub tending  s u f f i c i e n t  need le s  t o  simu- 

l a t e  t h e  p l ane  l i g h t - a b s o r b i n g  s u r f a c e  of  a  broad l e a f  when 



P l a t e  6. Baseplate  w i t h  
c o n i f e r  t w i g  s ea led  i n  
and ready t o  couple t o  
c u v e t t e  b a r r e l .  

TK - t he rmis to r  probe 
I - gas  inf low o r  out- 

flow p o r t  
CC - copper cool ing  c o i l  
RA - basepla te  anchor 

1 P l a t e  5. Conifer c u v e t t e  base- 
p l a t e .  

B - .beveled edge t o  exel-t 
p ressu re  and seal O-ring 

TP - 'temperature probe p o r t  
OR - O-ring 
05 - O-ring s e a t  
C S  - c u v e t t e  support  rod 

p o s t s  

I P l a t e  7. Complete cuve t t e  and 
l i g h t - t r a i n  assembly i n  
opera t ing  pos i t ion .  



viewed from t h e  d i r e c t i o n  of i ll~urnina t ion, .::zs cn,-' UI ILLV13b~ r . n c A  In  tile 

c u v e t t e .  It was f ~ u n d  t h a t  a chamber depth o f  4 . 5  cm s a t i s f i e d  

t h e s e  cond i t i ons .  

Recent ly ,  Ludlow and J a r v i s  (1971a) i l l u m i n a t e d  t h e i r  

S i t k a  spruce  tw igs  i n  a  s i m i l a r  f a s h i o n  but  t o  overcome some 

o f  t h e  d i f f i c u l t i e s  mentioned above, t h a y  l i n e d  t h e  walls o f  

t h e i r  chamber wi th  a h igh ly - r e f  l e c t i n g  a lumin ized  s h e e t .  The 

machined-brass walls o f  my chamber, by c o n t r a s t ,  a r e  e s s e n t i a l l y  

n o n - r e f l e c t i n g .  

The c o n i f e r  c u v e t t e  b a s e p l a t e  a l s o  conta ined  two p o s i t i o n -  

a d j u s t a b l e  t empera ture  probe p o r t s  des igned wi th  t w i s t - l o c k  

s e a l s ,  c o n s i s t i n g  of a  small O-ring on a  c o n i c a l  s e a t  com- 

p re s sed  by t h e  screw t o  s e a t  a g a i n s t  t h e  c o n i c a l  base ,  t h e  

screw base  and e v e n t u a l l y ,  t h e  t h e r m i s t o r  probe ( p l a t e  4B). 

I n  t h i s  manner, t h e  probe i s  no t  only  s e a l e d ,  but  i s  a l s o  

f i x e d  i n  p o s i t i o n  wi th  a  s l i g h t  t w i s t  o f  t h e  screw and i s  

complete ly  independent of t h e  o t h e r  s e a l s  around t h e  p e t i o l e  

o r  tw ig  and t h e  O-ring s e a l  between t h e  two major p a r t s  of  each 

c u v e t t e .  S i m i l a r l y ,  t h e  p o s i t i o n  of  t h e  probe i s  complete ly  

a d j u s t a b l e  by a s l i g h t  backing-off  o f  t h e  screw and r e t i g h t e n -  

i n g  wi thout  a f f e c t i n g  t h e  main c u v e t t e  s e a l .  

TEMPERATURE CONTROL AND MEASUREMENT 

A l l  exper iments  were c a r r i e d  ou t  a t  a n  a i r  t empera ture  o f  

22 k 0.5C wi th  t h e  tempera ture  being cont inuous ly  recorded  from 

a YSI Model 47 Scanning Tele-thermometer. A YSI #52O 

I m p l a n t a t i o n  t h e r m i s t o r  probe was found t o  be most u s e f u l  



probes  had i d e n t i c a l  t emperat.ui-e responses ,  g i v i n g  i n v e r s e  

l i n e a r  r e l a t i o n s h i p s  ke txeen  tempera ture  ( 0  - 5 0 ~ )  and m i l l i -  

v o l t  (0 - 100 mv) o u t p u t .  A s m l l  r e f r i g e r a t o r  c o i l  i~nmersed 

i n  a Haake c o n s t a n t  t empera ture  ba th  provided adequa te  temperz- 

t u r s  c o n t r o l  5etween 1 C C  and 50C f o r  th2 c o n i f e r  cham5er. 

Under most c o n d i t i o n s ,  t h e  tel.lperatu.re remzined c o n s t a n t  t o  

0.5C> t h e  maximix o t - senred  t e n p e r a t u r e  i n c r e a s e  o f  1 . O C  

a c c o m p n i e d  t h e  change fro:n darkness  t o  whi te  l i g h t  when o n l ~ ~  

t h e  n e u t r a l  d e n s i t y  f i l t e r s  were used.  

The a c t i o n  sgect l -a  foi- t h e  f i v e  s p e c i e s  were deterniinzd 

from APS v e r s u s  l i g h t ,  i n t e n s i t y  measurments  f o r  19 narro!e 

wavebands between !COO and 710 run, i i i t h  t h e  r a t e  i n  whi te  l i g h t  

g iven  t o  i n d i c a t e  tile r e l a t  i l ~ e  e f f e c t  iveness  of l i g M  ener.-v t > ~  

fro111 t h e  va r ious  rial-I-cw wavebands t o  s u s t a i n  pho tosyn thes i s  a s  

compared t o  t h e  more n a t u r a l  c o n d i t i o n s  of  i l l u m i n a t i o n  wi th  



l i g h t  i n t e n s i t y  and t h e  p h o t o s y n t h e t i c  r a t e  a t  each wavelength 

f o r  eacn s p e c i e s  a t  normal O2 (217%) and C02 (300 ppm) concen- 

t r a t i o n s  a s  sugges ted  by Brown (1968) .  I n  g e n e r a l ,  t h e  r a t e  o f  

APS was measured a t  s e v e r a l  i n t e n s i t i e s  f o r  each waveband from 

i n t e n s i t i e s  above l i g h t  s a t u r a t i o n  when p o s s i b l e  and down th rough  

a range of lower i n t e n s i t i e s ,  where APS was p r o p o r t i o n a l  t o  l i g h t  

i n t e n s i t y ,  t o  darkness .  

The r e s u l t s  were graphed s o  t h a t  t h e  a p p r o p r i a t e  l i g h t  

i n t e n s i t y  could  be chosen a s  de sc r ibed  below. The r a t e  of APS 

a t  t h i s  i n t e n s i t y ,  p l o t t e d  a g a i n s t  t h e  cor responding  wavelength 

produces  a n  i s o e n e r g e t  i c  a c t i o n  spectrum. I n  choos ing  a n  appro- 

p r i a t e  l i g h t  i n t e n s i t y ,  i t  i s  impor tan t  t h a t  t h e  r a t e  of APS be 

n e a r l y  p r o p o r t i o n a l  t o  t h e  l i g h t  i n t e n s i t y  f o r  each wavelength 

used so  t h a t  t h e  shape of t h e  a c t i o n  spectrum does n o t  c h a n g ~  

a p p r e c i a b l y  w i t h  t h e  v a l u e  o f  t h e  chosen i n t e n s i t y  ( ~ o r k  and 

Amesz 1969) .  

Because each APS v e r s u s  l i g h t  i n t e n s i t y  cu rve  was s l i g h t l y  

c u r v i l i n s a r  i n  t h e  r e g i o n  between t h e  l i g h t  compensation and 

l i g h t  s a t u r a t i o n  i n t e n s i t i e s ,  t h e  c o n s t a n t  i n t e n s i t y  wzs chosen 

which s u s t a i n e d  a s t a n d a r d i z e d  r a t e  of APS approximately  $ of  

t h e  l i g h t  s a t u r a t e d  r a t e  i n  t h e  waveband wi th  t h e  g r e a t e s t  

l i g h t - l i m i t e d  APS r a t e s .  Th is  was done t o  u s e  t h e  g r e a t e s t  

a b s o l u t e  v a l u e s  p o s s i b l e  f o r  APS and l i g h t  i n t e n s i t y ,  wh i l e  

s imul taneous ly  ma in t a in ing  t h e  e f f e c t i v e  p r o p o r t i o n a l  r e l a t i o n -  

s h i p  between them. For t h e  a l d e r ,  Doug la s - f i r  and S i t k a  spruce ,  

t h e  i n t e n s i t y  f i t t i n g  t h i s  c r i t e r i o n  was 0 . 4  x l o 5  e r g s  



- 1 sec  whi le  f o r  t h e  b l u e  sp ruces  t h e  i n t e n s i t y  was 0 . 8  x  10" 

e r g s  em-' s e c - l .  

The r e s u l t s  p r e s e n t e d  h e r e  were o b t a i n e d  from one con t inu-  

ous  s e r i e s  o f  de t e rmina t ions  on one sample o f  t i s s u e  f o r  each 

s p e c i e s .  Due t o  t h e  complexi ty  oP t h e  t o t a l  system, b i o l o g i c a l  

and mechanical ,  t h i s  proved t o  be t h e  excep t ion  r a t h e r  t h a n  

t h e  r u l e  dur ing  t h e  t h r e e  seasons  over  which t h e  i n v e s t i g a t i o n  

was conducted.  R e p l i c a t e  s u b - s e c t i o n s  o f  d a t a  over  t h e  

whole l i g h t  spectrum o b t a i n e d  from de t e rmina t ions  on d i f -  

f e r e n t  t i s s u e s  from t h e  same o r  d i f f e r e n t  t r e e s  have y i e l d e d  

r e s u l t s  which can  be superimposed on t h e  d e t a i l e d  a c t i o n  

s p e c t r a  curves  p r e s e n t e d  h e r e ,  r e i n f o r c i n g  t h e  conf idence  i n  

t h e  v a l i d i t y  and r e p r o d u c i b i l i t y  o f  t h e  demonstrated r e l a t i o n -  

sh ips  $zts ;zzn  l lgh< ~ i - ~ d  ra tes .  

I n  o r d e r  t o  approximate  t h e  a c t i o n  spectrum o f  a g iven  

s p e c i e s  a s  q u i c k l y  a s  p o s s i b l e ,  t h e  f i l t e r s  were d iv ided  i n t o  

t h r e e  equa l  groups each spanning most o f  t h e  v i s i b l e  spectrum, 

t o  approximate  a very  f u l l  day'  s measurements i f  no t e c h n i c a l  

o r  o t h e r  t r o u b l e s  developed du r ing  t h a t  t ime .  The r e s u l t s  from 

t h e  s u c c e s s i v e  d a y ' s  measurements u s i n g  t h e  nex t  group o f  

f i l t e r s  cou ld  be back-checked and compared t o  t h e  f i r s t  d a y ' s  

r e s u l t s  by r e p e a t i n g  determinations a t  two o r  t h r e e  o f  t h e  

wavebands used t h e  p rev ious  day. Any changes i n  t h e  p l a n t  

response  were t h e r e f o r e  d e t e c t e d  and c o r r e c t e d  f o r ,  provided 

t h e  change was r e l a t i v e l y  small ( <15$). 



RESULTS AND DISCUSSION 

The a c t i o n  spectrum of n e t  C02 uptake ( A P S )  by a l d e r  

l e a v e s  a t  300 ppm C O P ,  21% O2 and a cons t an t  i n c i d e n t  energy 

- 1 of  0 .4  x l o 5  e r g s  cm-' sec  i s  g iven  i n  F igu re  1 . 2 .  The r a t e  

o f  APS shows a peak o f  a c t i v i t y  i n  t h e  b lue  r e g i o n  a t  about  455 

nm. Between 455 nm and 550 nm t h e r e  i s  a  23.5. r e d u c t i o n  i n  

a c t i v i t y  a t  500 nm t o  520 nm compared t o  t h e  peak r a t e  a t  455 

nm. The r a t e  of  APS t h e n  i n c r e a s e s  w i t h  i n c r e a s i n g  wavelength,  

t o  a broad peak i n  t h e  r ed  from 620 nm t o  665 nm and t h e n  de- 

c r e a s e s  r a p i d l y  a t  wavelengths above 680 nm. The r a t i o ,  r e d /  

blue, of  peak r a t e s  a t  equal  i n c i d e n t  e n e r g i e s  o f  red  and b lue  

l i g h t  was 1.00/0.71. For comparison t o  o t h e r  u n i t s  of l i g h t  

I !  measurement, wh i t e  l i g h t "  (400 - 700 nm) wi th  a n  i n t e n s i t y  of  

- I 0.42 x 10" e r g s  em-' sec  i s  approximately  equ iva l en t  t o  

1,000 foo t - cand le s  ( Z e l i t c h  1971) .  

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

F igu re  1.3. I n t e r g e n e r i c  and i n t e r s p e c i f i c  comparison of  t h e  

a c t i o n  s p e c t r a  a r e  f a c i l i t a t e d  by "normal iz ing"  t h e  curves .  

This  i s  accomplished by assuming t h e  APS r a t e  a t  619 nm from 

t h e  smoothed a c t i o n  spectrum curve  t o  be 100 u n i t s  f o r  each 

s p e c i e s  and t h e n  exp res s ing  t h e  remainder of t h e  d a t a  as a 

percen tage  o f  t h e  r a t e  a t  619 nm (F' igure 1 . 4 ) .  

The most s t r i k i n g  f e a t u r e  of F igu re  1 . 4  i s  t h e  d i f f e r i n g  

c o n t r i b u t i o n s  by b lue  (400 - 500 nm) l i g h t  t o  APS a c t i v i t y  

( ~ i ~ u r e  1 . 4 ~ )  a t t e n d e d  by a p a r a l l e l  dec rease  i n  r e l a t i v e  APS 

a c t i v i t y  i n  wh i t e  l i g h t  ( ~ i g u r e  1 . 4 ~ ) .  The b lue  peak of  APS 
I 



Figure  1 . 2  A .  The a c t i o n  spectrum of  apparen t  pho tosyn thes i s  

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

i n c i d e n t  l i g h t  energy of 0.4 x l o 5  e rgs  cm-2 

- 1 sec  a t  22C, 300 ppm CO, and 21% 02. 

B. The r z t c  sf z p p z r z n t  p h e t c a y ~ t h z a i s  Ii2 ~ h l t e  

l i g h t  o f  0.4 x l o 5  e r g s  sec- '  i n t e n s i t y  

a t  22C, 300 ppm C02 and 21% 02.  
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Figure 1.3 A.  The a c t i o n  spec t ra  of apparent  photosynthesis  

f o r  a t t ached  branches of four  c o n i f e r  spec ies  

a t  22C, 300 ppm C 0 2 ,  21% O2 and a cons tant  l i g h t  

inc iden t  e n e r a  of 0.4 x l o 5  e rgs  cm-* see-'  f o r  

Douglas-fir  and S i t k a  spruce,  and 0 . 8  x 10' e rgs  

- 1 ~ r n - ~  see f o r  Colorado and Blue spruce.  

B. The r a t e  of apparent  photosynthesis  f o r  each 

spec ies  i n  white  l i g h t  of equiva lent  i n t e n s i t y  

under t h e  same experimental  condi t ions .  
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Figure  1 . 4  A .  The normalized a c t i o n  s p e c t r a  o f  appa ren t  

pho tosyn thes i s  of  f i v e  t r e e  s p e c i e s .  

The APS r a t e  a t  619 nm i s  made equa l  t o  100%. 

Other exper imental  cond i t i ons :  300 ppm CO,, 

21% O2 and a n  i n c i d e n t  l i g h t  i n t e n s i t y  of 0.4 

- 1 x l o 5  e r g s  s ec  f o r  a l d e r ,  Douglas - f i r  

and S i t k a  spruce ,  and 0 . 8  x l o 5  e r g s  sec- l  

f o r  Colorado and Blue spruce .  

B. The normalized APS r a t e  i n  whi te  l i g h t  f o r  each 

s p e c i e s  under t h e  sams exper imenta l  c o n d i t i o n s  

a s  i n  A .  





a c t i v i t y  f o r  a l d e r  i s  reduced t o  a p l a t e a u  f o r  ' ~ o u g l a s - f i r  and 

S i t k a  spruce ,  a shoulder  f o r  Colorado' sp ruce  and a reduced 

shou lde r  f o r  Blue spruce .  The fo l lowing  t a b l e  summarizes t h e  

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

v i s u a l  l e a f  d i f f e r e n c e s  wi th  a s  few l e a f  f a c t o r s  a s  p o s s i b l e  

changing between t h e  v a r i o u s  l e v e l s  o f  comparison. 

Level  of  Example APS a c t i v i t y  V i sua l  l e a f  
Comparison Spec i e s  i n  b lue  l i g h t  c h a r a c t e r i s t i c s  

I n t e r -  
d i v i s i o n  

I n t e r -  
g e n e r i c  

I n t e r -  
spec i f  i c  

I n t r a -  
spec i f  i c  

Alder  1 I peak" 

Douglas- " P l a t e a u  I" 
f i r  

Dark g reen  broad- lea f  

Br igh t  g r een  f l a t  need le  

S i t k a  " p l a t e a u  11" Yellow-green f l a t  need l e  
sp ruce  

II Colorado Shoulder  I" Blue-green 4- s i d e d  
sp ruce  n e e d l e  

Blue " shou lde r  11" Blue-white 4- s i d e d  
sp ruce  n e e d l e  

The a c t i o n  s p e c t r a  f o r  Colorado and Blue sp ruce  have 

v a l u e s  o f  ze ro  APS a t  wavelengths  above 400 nm, meaning t h a t  

t h e  l i g h t  compensation p o i n t  ha s  been reached i n  t h e s e  s p e c i e s  

simply by changing t h e  wavelength o f  t h e  i n c i d e n t  l i g h t .  For 

- 1 a  c o n s t a n t  i n c i d e n t  l i g h t  energy of  0 .8  x l o 5  e r g s  sec  , 

Colorado spruce  shows p o s i t i v e  APS r a t e s  on ly  a t  wavelengths 

g r e a t e r  t h a n  425 nm, whi le  i n  Blue sp ruce ,  p o s i t i v e  APS r a t e s  

a r e  r e s t r i c t e d  t o  wavelengths g r e a t e r  t h a n  520 nun. Below 

t h e s e  wavelengths ,  both  s p e c i e s  have n e g a t i v e  APS r a t e s  ( ~ 0 2  

- 1 e v o l u t i o n )  i n  t h e  l i g h t  a t  0 . 8  x l o 5  e r g s  sec  . 



In conclusion, th3ce are obvious disparities between the 

2 c f r ~ ~  Y r - C - V L W  ~ n n n + r ^  (*." - 4  UII -I 1 ~ ~ = ~ 3  - -I uln ca~~parison ~ r o m  inter-division 

to intra-specific, even under standardized illumination condi- 

tions. The subsequent sections will therefore determine if any 

of the differences in APS activity at the different levels can 

be related to specific leaf characteristics by testing the 

three photosynthesis-screening mechanisms outlined earlier. 



PART I1 

THE EFFECTS OF LIGHT QUALITY AND OXYGEN CONCENTRATION 

ON PHOTOSYNTHESIS AND PHOTORESPIRATION IN ATTACHED 

SHOOTS OF SITKA AND COLORADO SPRUCE. 

INTRODUCTION 

Many recent studies have demonstrated that dark respira- 

tion is curtailed in photosynthesizing leaves and is replaced 

in some species by photorespiration, a biochemically different 

C02 evolution process specifically associated with substrates 

produced during current photosynthesis ( see review by Jackson 

and Volk 1970). A brief history of the work which lead to the 

r ~ ~ ~ g i l l t l u ~ i  or photorespiration has been given by Decker (l970), 

a pioneer in this area. The immediate re-oxidation of some 

photosynthetic products (up to 50$ of gross C O Z  assimilation, 

Zelitch 1971) seems to confer little or no benefit to the plants. 

How such an apparently wasteful process could evolve in a highly 

competitive world has been discussed by Goldworthy (1969). 

The photosynthetic action spectrum for each species (part 

I), determined under conditions where the C O 2  uptake in the 

light is partially counterbalanced by the simultaneous C02 

evolution due to photorespiration, is potentially a composite 

action spectrum for two opposing processes, each of which could 

have its own photoactive pigments (~ulley et al. 1969). Thus, 

the lower relative rate of APS for Sitka spruce in blue light 



compared t o  t h a t  f o r  a l d e r  cou ld  r e s u l t  from a  g r e a t e r  b l u e  

I l g h t  ~ t l ~ u l h t i ~ r ~  01 pi-10~0r espiraiur.~ Cu2 e v o l u t i o n  i n  S i t k a  

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

would be g r e a t e r  i n  Colorado sp ruce  and g r e a t e s t  i n  Blue 

spruce  i f  t h i s  mechanism were t o  account  f o r  t h e  d i f f e r e n c e s  

i n  t h e  a c t i o n  s p e c t r a  f o r  t h e  f i v e  s p e c i e s  i n  P a r t  I. 

The o b j e c t  of t h i s  s tudy  was t o  determine whether photo- 

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

need le s ,  p a r t i c u l a r l y  i n  spruce  s p e c i e s  (Poskuta  1968a) ,  t o  a 

g r e a t e r  degree  t h a n  i n  b road lea f  s p e c i e s  where no b lue  l i g h t  

e f f e c t  has  been demonstrated ( ~ u l l e y  e t  a l .  1969, 

Voskresenskaya e t  a l .  1970) . Poskuta '  s (1968a) b a s i c  exper i -  

mental  regime of  l i g h t - d a r k  c y c l e s  was fol lowed.  I n  a d d i t i o n  

t o  C02 compensation p o i n t  ( C C P )  d a t a ,  t h e  pos t -  i l l u m i n a t i o n  

b u r s t  o f  G O 2  (PIB) measured h s r e  provided a n  independent and 

s imul taneous e s t i m a t e  of  t h e  r a t e  of  p h o t o r e s p i r a t i o n  ( ~ u d l o w  

and J a r v i s  l 9 7 l b ) .  The p o s t - i l l u m i n a t i o n  b u r s t  of COz, now 

widely accep ted  a s  r e p r e s e n t i n g  t h e  momentary c o n t i n u a t i o n  of  

t h e  high r a t e  o f  C02 e v o l u t i o n  i n  t h e  preced ing  l i g h t  p e r i o d  

is .  p h o t o r e s p i r a t i o n  ( ~ e c k e r  1955, 1957, Tregunna, Nelson 

and Krotkov 1961, 1964, 1966, Semenenko 1964, Moss 1966, 

Egle and Fock 1967) was t h e  on ly  o t h e r  index  o f  p h o t o r e s p i r a t o r y  

a c t i v i t y  compat ible  wi th  Poskuta s ( 1968a) regime. 

It h a s  been shown t h a t  t h e  r a t e  o f  p h o t o r e s p i r a t i o n  i n  whi te  

spruce  i s  s t r o n g l y  dependent on t h e  O2 c o n c e n t r a t i o n  whi le  t h e  

r a t e  of  dark  r e s p i r a t i o n  ( D R )  remains e s s e n t i a l l y  u n a f f e c t e d  



from 1% t o  100% O2 (Poskuta  1968b) .  Dark r e s p i r a t i o n  i n  S i t k a  

spruce  i s  i n h i b i t e d  only by very low ( c a .  O$) O2 c o n c e n t r a t i o n s  

( ~ u d l o w  and J a r v i s  l 9 7 l a ) .  

This  i n v e s t i g a t i o n  will t h e r e f o r e  determine t h e  r e l a t i v e  

e f f e c t s  of  whi te ,  r e d  and b lue  l i g h t  on  t h e  r a t e s  of C02 

exchange before  and a f t e r  " l i g h t - o f f "  i n  a s e r i e s  o f  l i g h t - d a r k  

c y c l e s  wi th  f o l i a g e  of  S i t k a  and Colorado spruce  under 

p h o t o r e s p i r a t i o n - p e r m i t t i n g  (21% 0,) and i n h i b i t i n g  ( 2  - 4% 02) 

c o n d i t i o n s  u s i n g  t h e  PIB r a t h e r  t h a n  t h e  CCP a s  a  measure of 

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

MATERIALS AND METHODS 

Using t h e  c l o s e d  c i r c u i t  measuring and c o n t r o l  system 

desc r ibed  i n  P a r t  I, t h e  r a t e  o f  apparzn t  pho tosyn thes i s  ( A P S ) ,  

t h e  C02 compensation p o i n t  ( C C P )  and t h e  i n s t a n t a n e o u s  r a t e  o f  

C02 e v o l u t i o n  i n  t h e  dark  f o r  5 t o  10 min a f t e r  " l i g h t - o f f "  were 

determined a t  normal (21$) and low ( 2  - 4%) O2 c o n c e n t r a t i o n s ,  

The exper imental  s e r i e s  were designed t o  c o n s i s t  o f  two p a r t s :  

S e c t i o n  I. I s o v n e r g e t i c  i r r a d i a t i o n  (approx.  0.8 x  l o 5  e r g s  em-* 

- 1 sec  ) from whi te ,  r ed  (619 nm) and b l u e  (450 nm) wavebands 

a t  both 21% and 2 - 4% O2 f o r  both s p e c i e s  was used t o  

determine t h e  r e l a t i v e  r a t e s  of  p h o t o r e s p i r a t i o n  under t h e  

same c o n d i t i o n s  a s  t h e  p h o t o s y n t h e t i c  a c t i o n  s p e c t r a  were 

measured, 

S e c t i o n  11. The r e l a t i v e  l i g h t  i n t e n s i t i e s  were a d j u s t e d  t o  pro- 

duce equa l  APS r a t e s  i n  each waveband f o r  S i t k a  spruce 



under p h o t o r e s p i r a t i o n - p e r m i t t i n g  c o n d i t i o n s  (21% 0 2 )  

(Pcs,l<ut.,z 1~5.2~) +--fp-e +he 5, ccnz~nt~atlon  as lo.del-ed. 

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

t h e  r e s u l t i n g  i n h i b i t i o n  of p h o t o r e s p i r a t i o n  should 

s e l e c t i v e l y  enhance t h e  APS r a t e  i n  b lue  l i g h t  a s  compared 

t o  t h o s e  i n  whi te  and red  l i g h t .  

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

c y c l e s  fol lowed i d e n t i c a l  p r o t o c o l s .  The dec rease  i n  C02 con- 

c e n t r a t i o n  i n  t h e  c l o s e d  c i r c u i t  was recorded down t o  t h e  C02 

compensation p o i n t ,  t h e n  t h e  f o l i a g e  was darkened f o r  5 t o  10 

minutes ,  a f t e r  which t h e  system was opened, f l u s h e d  wi th  t h e  

a p p r o p r i a t e  gas  mix ture  ( e i t h e r  room a i r  o r  a  2% 0, i n  N2 wi th  

0.03% C02 mix ture )  t h e n  c l o s e d  a g a i n  and t h e  c y c l e  r epea t ed .  

An example o f  t h e  da t a  a v a i l a b l e  f o r  a n a l y s i s  i s  shown i n  

F igure  2 .1 .  While under low O 2  c o n d i t i o n s  t h e  G O 2  c o n c e n t r a t i o n  

i n  t h e  c i r c u i t  cou ld  be r a i s e d  by hypodermic i n j e c t i o n  through 

a serum s toppe r  o f  C02 gene ra t ed  i n  a  f l a s k  from NaHC03 and 

d i l u t e  HN03 o r  lowered by means of  a  C02 sc rubber  ( A s c a r i t e  

a b s o r b e r )  which could  be d i a l e d  i n t o  and ou t  of  t h e  system 

by means o f  a  4-way s topcock.  An O2 e l z c t r o d e  was used a s  a 

monitor t o  ensu re  t h a t  c o n s t a n t  O 2  l e v e l s  p r e v a i l e d  du r ing  

t h e  "low 0," exper iments .  The a d d i t i o n  o r  removal o f  C02 gave 

r i s e  t o  a  p r e s s u r e  and O 2  c o n c e n t r a t i o n  change of  l e s s  t h a n  

0.03% which was cons idered  n e g l i g i b l e .  

The i n s t a n t a n e o u s  r a t e  of C02 e v o l u t i o n  a t  d i f f e r e n t  t imes  

dur ing  t h e  dark  pe r iod  was c a l c u l a t e d  from t h e  average  r a t e  of 



Figure 2 . 1  An example of t h e  carbon d ioxide  exchange da ta  a v a i l -  

a b l e  f o r  a n a l y s i s .  
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change of C02 concent ra t ion  with 

as d s l  i n ~ a t n c j  by the r ? ~ l &  zk2l-t 

assumed t h a t  t h e  r a t e  of C02 evolu t ion  was cons tant  w i t h i n  

each C02 i n t e r v a l ,  t hus  t h e  c a l c u l a t e d  r a t e s  of C02 evolu t ion  

were p l o t t e d  a g a i n s t  t h e  time corresponding t o  t h e  mid-point 

of each C02 i n t e r v a l  a f t e r  t h e  l a g  period.  The data  from 

Figure 2 .1  i s  p l o t t e d  i n  Figure 2 .2 ,  curve #1. 

RESULTS A m  DISCUSSION 

SECTION I 

The r e s u l t s  descr ibed here  were obtained from Colorado 

and S i t k a  spruce under cond i t ions  s i m i l a r  t o  those  f o r  t h e  

a c t i o n  spec t ra  determinat ions,  t h a t  i s ,  t h e  i n t e n s i t i e s  of 

7 - F  t h e  r p i i  a n d  h l i ~ n  light ~ z r z  ~ d j . ~ z t ~ d  to ~pp i - f i ; i l i i i ~ t e iy  6.6 x _LU- 

- 1 e rgs  ern-* sec before t h e  r a t e  of  APS was measured. 

The e f f e c t  of l i g h t  q u a l i t y  and oxygen concen t ra t ion  on 

t h e  magnitude of t h e  P I B  i n  Colorado spruce i s  shown i n  

Table 2 . 1  and Figure 2.2 ( A  and B) . Under normal 02 concen- 

t r a t i o n s  and fol lowing " l i g h t - o f f "  t h e r e  i s  a  l a g  period of  

about 6 see (maximum time f o r  t h e  gas i n  t h e  chamber t o  be 

c a r r i e d  t o  t h e  I R G A  i s  2 t o  3 see )  a f t e r  which t h e  r a t e  of 

CO, evo lu t ion  inc reases  r ap id ly  t o  a  maximum a t  30 t o  35 sec 

from t h e  onset  of darkness,  t h e n  decreases  t o  t h e  r e l a t i v e l y  

s teady r a t e  observed from 1 . 5  t o  2 . 0  min onwards. The t r a n s i e n t  

r a t e  of C02 evolu t ion  corresponds t o  t h e  f i r s t  pos t - i l lumina t ion  

burs t  of Tregunna e t  a l .  (1961, 1964) ,  while t h e  s teady r a t e  



Table 2 . 1  The r a t e  of appa ren t  p h o t o s y n t h e s i s  and t h e  COP con- 

cen t  r a t  i o n  a t  t h e  carbon d iox ide  compensation p o i n t  

f o r  Colorado spruce  branches  a t  21% and 2% oxygen 

under red o r  b l u e  l i g h t .  

F igu re  2 . 2  The r a t e  of  C02 e v o l u t i o n  i n  t h e  dark  by Colorado 

spruce  branches  a t  21% and % oxygen fo l l owing  

r ed  ( A )  o r  b lue  ( B )  l i g h t  of  approx imate ly  equa l  

i n t e n s i t y .  
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Coi:lre,-ing t i l e s s  r e s u l z  s t o  t h o s e  of a  s i m i l a r  esperiment. 

conducted under Icic ( 2  - 45) O2 conceiztra-:.ions ( ~ i g u r e  2 .2  A 

and B), t h e  c!oet ?bTrious d l f fe r -ence  i s  t l~a ' ,  t h e  FIT3 s een  a t  

215 02 is not  p r e sen t  under t h e  IOY osygen c o n d i t i o n s .  ~ i m ' i l a ~  

r e s u l t s  :&:ere c b t a i n t d  independent o f  l i e h t  q u a l i t y .  The low O2 

c o n ~ e n ~ ~ * a t - i o n s  t h u s  had s e l r e r a l  e f f e c t s  on t h e  gas  exchange 

c h a r a c t e i - l s t i c s  of  Colorado sp ruce  a s  compared t o  nornlzl 0, con- 

cen t r aT ions :  ( a )  t h e  APS r a t e  x a s  erhanced i n  both  r e d  and 

b l u e  l i g h t ,  ( b )  t h e  CCP was s i g n i f i c a n t l y  lowered i n  a l l  c a s e s ,  

( c )  t h e  PI3 was i n h i b i t e d ,  and ( d )  t h e  subsequent ave rage  r a t e  

of dark  r e s p i r a t i o n  was e s s e n t i a l l y  una f f ec t ed  by 0, coneen- 

Th 0 t r a t i o l ~  f o ~ ,  p p i - i n d ~  nf 11p tc 1Q niF1? 2fte:- i l l y ! n 9 ~ ~ : 5 e ~ .  ,,,, 

7 - r e d u c ~ d  k S  a t  215 0, fo l l owing  b l u e  l i g h t  i l l m i n a t i o n  could  

be due t o  a n  i n c r e a s e d  a c t e m z t i o n  o f  b lue  l i g h t  compared t o  

r e d  l i g h t  be fo re  r each ing  t h e  chl  o r o p l a s t s  r e s u l t  i n s  i n  a  1o :se~  

r a t e  o f  A'S and a ~ s d u c e d  pool  o f  s u b s e r s t e  f o r  p h o t o r e s p i r a t i o n .  

T h s  measureincil',~ wcre r epea t ed  s i t h  S i t k a  spruce ,  

i l l u m i n s t z d  w i th  approsi lnate ly  equa l  i n t z n s i t i z s  of r e d  and 

n b l u e  l i g h t  a t  215 and 2 - 4;: O2 concentra t . ions .  ~ h e s e  measure- 

m e n t , ~ ,  m ~ d ~  n z a r  t h e  end of June,  a r e  r epo r t ed  f o r  app r sx i -  
- _  - 

mately  0 . 6  s 10" 21,~;s cm ' szc I l lur: l in2tion t o  give a p p r e c i a b l e  



from J u l y  t o  November (3ourdeau 1959, Cla rk  1961, Ludlow and 

jaiqVis i.37Ta j . 
The r e s u l t s  o f  t h e  FIB measurements f o r  S i t k a  sp ruce  

 a able 2 . 2  and F igu re  2 . 3 )  a g r e e  wi th  t h o s e  p r e s e n t e d  f o r  

Colorado spruce .  The major obse rvab le  d i f f e r e n c e  i s  t h a t  t h e  

r a t e  of  C02 e v o l u t i o n  a t  21% O2 i n  t h e  f i r s t  1 . 5  min of  dark- 

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

both  r e d  and b l u e  l i g h t  as compared t o  t h e  d i s t i n c t  b u r s t  f o r  

Colorado spruce  e s p e c i a l l y  a f t e r  r e d  l i g h t .  The e f f e c t  o f  low 

O2 c o n c e n t r a t i o n s  i s  s i m i l a r  i n  both  s p e c i e s  f o r  both  r e d  and 

b l u e  l i g h t .  

In  conc lus ion ,  it a p p e a r s  t h a t  t h e  r a t i o  o f  p h o t o r e s p i r a -  

t i on /da rk  r e s p i r a t i o n  r a t e s  i s  g r e a t e r  i n  Colorado sp ruce  t h a n  

i n  S i t k a  sp ruce .  This  may be due t o  t h e  younger f o l i a g e  used 

f o r  S i t k a  spruce .  There i s  no evidence however, o f  a  s e l e c t i v e  

s t i m u l a t i o n  of p h o t o r e s p i r a t i o n  by b lue  l i g h t  compared t o  r e d  

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

mine l i g h t  q u a l i t y  e f f e c t s  on p h o t o r e s p i r a t i o n  i s  t o  a d j u s t  t h e  

l i g h t  i n t e n s i t i e s  t o  ach i eve  equa l  APS r a t e s  under red  and b l u e  

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

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

s p e c i e s .  The r e s u l t s  from t h e s e  exper iments  a r e  r e p o r t e d  i n  

S e c t i o n  11. 

SECTION I1 

Table  2.3 and F igu re  2 . 4  ( c ,  D and E )  p r e s e n t  t he  r e s u l t s  

f o r  t h e  APS r a t e s ,  CCP' s and P I B 1  s of' S i t k a  spruce  t i s s u e  a t  



Table  2 . 2  The r a t e  of apparen t  pho tosyn thes i s  and t h e  C02 con- 

c e n t r a t i o n  a t  t h e  carbon d iox ide  compensation p o i n t  

f o r  S i t k a  spruce  branches  a t  21% and 2% oxygen under 

r ed  o r  b lue  l i g h t .  

F igu re  2 .3  The r a t e  of C02 e v o l u t i o n  i n  t h e  dark  by S i t k a  spruce  

branches  a t  21% and 2% oxygen fo l lowing  r e d  ( A )  o r  

b l u e  ( B )  l i g h t  o f  equal  i n t e n s i t y .  



Red 0.82~10~ 

Blue 0.84~10~ 

21 23.9a.8 Figure 2.3A 98.3 

2 48.1A.2 Figure  2.3A 31.2 

21 9.5K). 8 Figure 2.3B 173.3 

2 23.8XL.5 1 Figure  2.3B 63. c 

TIME AFTER LIGHT - OFF (MIN) 



Table 2 . 3  The r a t e  o f  appa ren t  pho tosyn thes i s  and t h e  C02 con- 

c e n t r a t i o n  a t  t h e  carbon d iox ide  compensation p o i n t  

f o r  S i t k a  spruce  branches a t  21% and 8 oxygen under 

l i g h t  of d i f f e r e n t  q u a l i t i e s  and i n t e n s i t i e s .  

F igu re  2 .4  The r a t e  o f  C02 e v o l u t i o n  i n  t h e  dark by S i t k a  spruce  

branches  a t  21% and 2% oxygen fo l lowing  whi te  ( A )  

and red ( B )  l i g h t  of maximum a v a i l a b l e  i n t e n s i t i e s .  

The r a t e  o f  C02 e v o l u t i o n  i n  t h e  dark  by S i t k a  spruce  

branches  a t  21% and 2% oxygen fo l lowing  whi te  ( c ) ,  
r ed  ( D ) ,  o r  b lue  ( E )  l i g h t  of  i n t e n s i t i e s  a d j u s t e d  t o  

a t t a i n  equa l  APS r a t e s  (page  37c ) . 



L i g h t  I n t e n s i t y  Oxyger 
Qual i ty  ergs c m - 2  see $ 

1 Blue 1 1 . 7 0 ~ 1 0 ~  

pg C 0 2  m i n - '  g-l ODW 
APS 2 % ~ .  1 P I B  and DK 

2 5 . 2 i l . 3  
33.2*3.4 

1 8 . 7 a . 4  
27.9@.9 

Figure  2.4A 
Figure 2.4A 

l 0 . 8 a . 4  
1 7 . 0 a . 9  

104.5 
52. E, 

Figure  2.4B 
Figure  2.4H 

9 . 1 ~ 1 . 6  
1 8 . 4 a . 5  

@ RED 

' 2 1  

0 
I / 

/ 

109. 8 
57 .1  

Figure  2.4C 
Figure  2.4C 

9 . 6 a . 8  
1 9 . 2 d . 9  

TIME AFTER LIGHT- OFF (MIN) 

148.5 
77.0 

Figure  2.4D 
Figure  2.4D 

157.0, 
67.0 

Figure  2.4E 
Figure  2.4E 

160.3  
80. 0 
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9 
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9 
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TIME AFTER LIGHT- OFF (MIN) 



21% 0, under o r  fol lowirlg i l l u m i n a t i o n  w i t h  whi te ,  red  o r  b lue  

I i g i ~ ~  wnose i n t e n s i t y  was a d j u s t e d  t o  r e s u l t  i n  approximately  

equa l  APS r a t e s .  I n  a d d i t i o n ,  t h e  r e s u l t s  from i l l u m i n a t i o n  

~ i t h  maximum a v a i l a b l e  i n t e n s i t i e s  of r ed  and wh i t e  l i g h t  a r e  

g iven  i n  F igure  2,4 ( A  and B) t o  check t h e  e f f e c t  of l i g h t  

i n t e n s i t y  on t h e  s i z e  of t h e  P I B .  

There does no t  appear  t o  be a d e t e c t a b l e  enhancement o f  

p h o t o r e s p i r a t i o n  i n  S i t k a  spruce  a t  h igh  l i g h t  i n t e n s i t i e s  

( F i g u r e  2 . 4 ,  compare A and B w i th  C ,  D and E ) ,  no r  i s  t h e r e  

any evidence o f  a s e l e c t i v e  s t i m u l a t i o n  of p h o t o r e s p i r a t i o n  by 

b lue  l i g h t  as compared t o  r ed  o r  wh i t e  l i g h t .  I n  a l l  c a se s ,  

t h e  PIB of  S i t k a  spruce  under t h e s e  c o n d i t i o n s  a g r e e s  very w e l l  

wi th  t h o s e  i n  S e c t i o n  I. Low 0, c o n c e n t r a t i o n s  a g a i n  i n h i b i t e d  

t h e  PIB wh i l e  having no e f f e c t  on t h e  mtr o f  Gark r e s p i r a t i o n .  

The r e g u l a r  p e r i o d i c i t y  of  t h e  v a r i a t i o n  i n  t h e  r a t e  o f  dark  

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

n e a r l y  cons t an t  r a t e s  o f  dark r e s p i r a t i o n  of both s p e c i e s  i n  

S e c t i o n  I, suggested t h a t  t h e  e f f e c t  was i n s t rumen ta l  i n  n a t u r e  

r a t h e r  t h a n  a  p h y s i o l o g i c a l  response  of t h e  exper imenta l  t i s s u e .  

When t h e  l i g h t  i n t e n s i t i e s  were a d j u s t e d  t o  g i v e  equal  APS 

r a t e s  i n  each waveband it was found t h a t  a l l  t h e  subsequent gas  

exchange c h a r a c t e r i  s t i c s  were e s s e n t i a l l y  i d e n t i c a l  i e .  begin- 

n i n g  x i t h  equa l  APS r a t e s ,  t h e  C C P 1 s  were t h e  same  a able 2 . 3 )  

a s  opposed t o  t h e  e l e v a t e d  C C P  r e p o r t e d  by Poskuta (196%) f o r  

blue l i g h t .  Moreover, when measurements were made under low 

oxygen c o n d i t i o n s ,  no adjustment  of t h e  r e l a t i v e  l i g h t  i n t e n s i -  



t i e s  i n  t h e  d i f f e r e n t  wavebands was r e q u i r e d  t o  m a i n t a i n  equa l  

APS r a t e s .  The APS r a t e s  i n c r e a s e d  t h e  same amount f o r  each 

waveband when t h e  change from 21$ t o  2 - 4% O2 was made 

 able 2 . 3 ) .  This  would no t  have been expected i n  b l u e  l i g h t  

s t i m u l a t e d  p h o t o r e s p i r a t i o n .  If it d id ,  a s  Poskuta (1968a)  

r e p o r t e d ,  t h e  switch t o  low 0, should  have r e s u l t e d  i n  a  

h i g h e r  APS r a t e  under b lue  l i g h t  by t h e  i n h i b i t i o n  of photo- 

r e s p i r a t i o n  as compared t o  r e d  o r  wh i t e  l i g h t .  

The conc lus ion  from t h e s e  r e s u l t s  i s  t h a t  p h o t o r e s p i r a t i o n  

i n  t h e s e  two spruce  s p e c i e s  i s  n o t  s e l e c t i v e l y  s t i m u l a t e d  by 

b l u e  l i g h t  which a g r e e s  w i t h  t h e  r e s u l t s  f o r  a  v a r i e t y  of 

b road lea f  herbaceous  s p e c i e s  ( ~ u l l e y  e t  a l .  1969, 

Voskresenskaya e t  a l .  1970) and a c o n i f e r  s p e c i e s  ( ~ i n d e r  1971) .  

The ci5ffex-exes 2 ~ t i i ~ ~ ~  th? i - e l z t i v e  AFS a c i i v i i i e s  r e p o r t e d  I n  

P a r t  I, t h e r e f o r e  a r e  n o t  due t o  a d i f f e r e n t i a l  b l u e  l i g h t  

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

s t u d i e d .  



Three poss i? . le  mechanisms which cou ld  account  f o r  t h e  

r e l a t i v e l y  low APS r a t e s  i n  b l u e  l i g h t  observed f o r  t h e  

c o n i f e r  s p 2 c i e s  as compared t o  a l d e r ,  were o u t l i n e d  e a r l i e r .  

I n  P a r t  11, t h e  f i r s t  of t h e s e  hypotheses  was i n v e s t i g a t e d  

and shown t o  be i n v a l i d .  

A t t e n t i o n  was  t . h ~ n  r l i . rnrtred t ~ )  the sec~)??C! h;';ctk7,8~1~, 

t h e  p ressnee  of  a n  i n t e r n z ~ l  w7:e leng th-se lec t ive  s c r e e n i n g  

system. E i t h e r  a  non -ch lo rop la s t  pigment as  r e p o r t e d  ky 

Burns (1942)  i n  :vhite p i n e  o r  a r e f i n e d  ch lo rophy l l  p ro t ec -  

t . ion  system i n v o l v i n g  p h o t o s y n t h e t i c a l l y  i n a c t i v e  caro-lenoids 

a s  proposed by Linder  (1971)  Tor Sco t s  p ine ,  could  e x p l e i n  

t h e  l o v  phc tosynthe tTc  e f f i c i e n c y  of b l u e  light f o r  con i fe r s .  

The d i f f e r e n c e s  between t h e  a c t i o n  s p e c t r a  c?i' t .he vai-io11.s 

t , r e e  s p 2 c i e s  inxres t igated nould  then  be a t t r i 5 ~ t a - ~ l e  t o  d i f -  

f e r e n t i a l  a m u n t s  o f  a s c r e e n i n g  p ignznt  being p r e s s n t .  One 

would pz-edic t  t h a t  t h e  two b l u e  sp ruce  t y p ~ s  ( co lo rado  and Bluz 

s p r u c e )  would c o n t a i n  z i t h e l -  (1) r e l a t i v e l y  more of  S u m s 1  type  

pigment than Dout; las- f i r  a n d  Sit!ia spruce  which i n  t u r n  :$auld 



c o n t a i n  more t h a n  a l d e r ,  o r  ( 2 )  d i f f e r i n g  c a r o t e n o i d  comple- 

ment s. 

Needle o r  l e a f  pigments o f  each s p e c i e s  were t h e r e f o r e  

e x t r a c t e d ,  r e so lved  i n t o  s e v e r a l  components and t h e i r  absorp-  

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

MATERIALS AJJD METHODS 

Ten need le s  were chosen a t  random from each o f  two randomly 

s e l e c t e d  examples of  each c o n i f e r  s p e c i e s  and weighed. In  t h e  

c a s e  o f  a l d e r  a n  e q u i v a l e n t  weight  of  l e a f  t i s s u e ,  i n c l u d i n g  

some mid r ib  and secondary v e i n s ,  was c u t  from t h e  midsec t ion  

o f  two randomly s e l e c t e d  l e a v e s .  A l l  t i s s u e s  were from t h e  

c u r r e n t  y e a r 1  s growth and were a t  t h e  approximately  90% f u l l y  

e x p a n d n d  s t a g o  in d n v n l ~ p r n e ~ t  I S  Y E S  t h e  t i s s u e  used thmughcut 

t h i s  s tudy .  The pigments were e x t r a c t e d  i n  80% aqueous ace tone  

du r ing  a 15 second homogenization a t  0 C i n  a Willems P o l y t r o n  

homogenizer. F i l t e r i n g  and washing t o  remove t h e  s o l i d  r e s i -  

due y i e l d e d  a  c l e a r  80% aqueous ace tone  pigment solutLon.  

Th i s  e x t r a c t  was t h e n  p a r t i t i o n e d  t h r e e  t imes  a g a i n s t  hexane, 

which i n  t u r n  was p a r t i t i o n e d  t h r e e  t imes  a g a i n s t  8% aqueous 

methanol.  

The con t inuous  a b s o r p t i o n  s p e c t r a  between 350 and 7x0 nm 

were determined by means of  a  Cary 1 4  double-beam r e c o r d i n g  

spec t rophotometer  on t h e  t o t a l  80% aqueous ace tone  e x t r a c t ,  

t h e  a c e t o n e  e x t r a c t  a f t e r  p a r t i t i o n i n g  a g a i n s t  hexane, t h e  

hexane f r a c t i o n  be fo re  and a f t e r  p a r t i t i o n i n g  a g a i n s t  80% 



aqueous methanol and t h e  80% aqueous methanol f r a c t i o n .  

T1-.-.r.r,-. 41.-..-. . .  . . 
vlu L l l ~ a ~  C O ~ ~ ~ % ~ - U J O U S  s p e c t r a ,  t h e  absorbance ( i n  a r b i t r a r y  

u n i t s )  a t  10 nm i n t e r v a l s  was a b s t r a c t e d  and c o r r e c t e d  f o r  

volume changes and weight of t h e  o r i g i n a l  sample. 

S i m i l a r  r e s u l t s  were ob ta ined  from t i s s u e s  i n v e s t i g a t e d  

over  two consecut ive  seasons .  

RESULTS AND DISCUSSION 

The a b s o r p t i o n  s p e c t r a  of t h e  t o t a l  ace tone  e x t r a c t s  f o r  

a l l  s p e c i e s  a r e  very similar and f o r  wavelengths g r e a t e r  t h a n  

500 nm a b s o r p t i o n  i s  due only  t o  c h l o r o p h y l l  pigments ( F i g u r e  

3.1) .  Th8 a c t i o n  s p e c t r a  of appa ren t  pho tosyn thes i s  f o r  a l l  

s p e c i s s  i n v e s t i g a t e d  a l s o  showed good agreement a t  wavelengths 

gr.  ea (, ihan  500 nm (Figure 1 . 4 ,  P a r t  I, p.  24b), t h u s  t h e  500 

t o  710 nm reg ion  can  be e l iminz t ed  from f u r t h e r  c o n s i d e r a t i o n .  

The a l d e r  t i s s u e  conta ined  approximately  t h r e e  t imes  t h e  chloro-  

p h y l l  con ten t  o f  t h e  c o n i f e r  t i s s u e  on a  p e r  u n i t  f r e s h  weight 

b a s i s ,  t h u s  e x p l a i n i n g  t h e  r e l a t i v e  dark  green  co lou r  of  t h e  

a l d e r  f o l i a g e .  

The a b s o r p t i o n  i n  t h e  remaining 350 t o  500 nm r e g i o n  

( F i g u r e  3 . 2 )  can  be convenien t ly  subdivided i n t o  two p o r t i o n s ,  

t h e  350 t o  400 nm r e g i o n  compris ing t h e  hexane washed ace tone  

f r a c t i o n  ( ~ i g u r e  3.3) and t h e  methanol washed hexane and 

methanol e x t r a c t s  ( ~ i g u r e  3 . 4  and 3 .5  r e s p e c t i v e l y ) .  This  

effectively s e p a r a t e s  t h e  remaining c h l o r o p h y l l  and ca ro t eno id  



Figu re  3.1 The a b s o r p t i o n  s p e c t r a ,  between 500 and 710 nm, of 

t h e  total 8% aqueous ace tone  pigrcent e x t r a c t  o f :  

A .  Alder  ( n - n ) ,  D o u g l a s - f i r  ( o - o ) and S i t k a  

sp ruce  ( n - A ) .  
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Figure  3 . 2  The absorp t ion  s p e c t r a ,  betvreen 350 and 500 nm, of  

t h e  t o t a l  8@ aqueous ace tone  pigment e x t r a c t  o f :  

A.  Alder ( o - ) ,  Douglas-f i r  ( o  - o ) and S i t k a  

sprucs  ( A - A ) .  

B. Colorado spruce ( o - o ) and Blue spruce 

( 0 - 0 ) .  
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Figure  3.3 The absorp t ion  s p e c t r a ,  between 350 and 500 nm, of 

t h e  8@ aqueous ace tone  pigment e x t r a c t  a f t e r  par-  

t it ioning  a g a i n s t  hexane 

A .  Alder ( - ) ,  Douglas - f i r  ( o - o ) and S i t k a  

spruce ( A - A ) 

B. Colorado spruce ( o - o ) and Blue spruce 

( 0 - 0 )  
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a b s o r p t i o n  r e g i o n  (400  - 500 nm) from t h e  a b s o r p t i o n  band below 

Q9 pirz dl- u-r 5 4-.-. v u  .-Ch--.- U V L ~ ~ L  , ~ ~ ~ - i - ~ ~ i ~ ~ i ~ ~ p ~ , j ~ ~ ~ - c a r ~ o ~ e r ~ o i ~  c e i i u l a y  

components. 

S ince  t h e  p h o t o s y n t h e t i c  a c t i o n  s p e c t r a  were determined 

on ly  down t o  400 nm and t h e  f a c t  t h a t  t h e  hexane washed ace tone  

f r a c t i o n  essentially does n o t  a b s o r b  a t  wavelengths g r e a t e r  

t h a n  400 nril ( ~ i g u r e  3.3) , one must conclude t h a t  t h e  d i f f e r e n c e s  

i n  t h e  a c t i o n  s p e c t r a  o f  p h o t o s y n t h e s i s ,  i f  due t o  pigment o f  

t h e  Burns1 t y p e ,  must be due t o  a component i n  t h e  ch lo rophy l l -  

c a r o t e n o i d  f r a c t i o n s .  Th i s  conc lus ion  i s  suppor ted  by t h e  d a t a  

i n  F igu re  3.3 which shows n o t  on ly  t h a t  a t  wavelengths  g r e a t e r  

t h a n  400 nm i s  t h e  absorbance ze ro ,  bu t  a l s o  t h a t  a t  any g i v e n  

wavelength below 400 nm, t h e r e  i s  i n c r e a s i n g  absorbance by 

t h e  e x t r a c t s  i n  t h e  a scend ing  o r d ~ r  o f  Blue sp ruce  - Colorado 

spruce  - S i t k a  sp ruce  - Doug la s - f i r  and a l d e r .  T h i s  i s  e x a c t l y  

t h e  o p p o s i t e  o r d e r  t o  t h a t  p r e d i c t e d  by t h e  s c r e e n i n g  hypo thes i s  

based on t h e  a c t i o n  s p e c t r a  o b s e r v a t i o n s .  The re fo re ,  t h e r e  i s  

I 1  no unusual"  pigment p r e s e n t  i n  t h e  hexane washed a c e t o n e  

f r a c t i o n  similar t o  t h a t  r e p o r t e d  by Burns (1942) .  

The form of t h e  c h l o r o p h y l l  and c a r o t e n o i d  curves  f o r  a l l  

s p e c i e s  a r e  e s s e n t i a l l y  i d e n t i c a l  ( F i g u r e s  3 .4  and j.5), t h u s  

complete ly  r u l i n g  ou t  t h e  p re sence  o f  d i f f e r e n t i a l  amounts o f  

a Burns'  component a s  proposed by t h e  g e n e r a l  s c r e e n i n g  hypo- 

t h e s i s .  

There remain however, two p o s s i b l e  and i n t e r r e l a t e d  explana- 

t i o n s  which would suppor t  a  p igment - sc reen ing  hypo thes i s .  F i r s t ,  



Figu re  3 . 4  The a b s o r p t i o n  s p e c t r a ,  between 350 and 500 nm, of 

t h e  pigments i n  t h e  methanol washed hexane T r a c t i o n  

from a n  80% aqueous a c e t o n e  e x t r a c t  o f :  

A .  Alder  ( o - ) , Doug la s - f i r  ( o - o ) and S i t k a  

,-.,-,-.-7, n 7. \ 
U , L  ,,, ( a - a , . 

B. Colorado spruce  ( o - 0 ) and Blue sp ruce  

( a - a ) .  
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Figu re  3 .5  The a b s o r p t i o n  s p e c t r a ,  between 350 and 500 nm, of  

t h e  pigments p a r t i t i o n e d  i n t o  8% aqueous methanol 

from t h e  hexane p a r t i t i o n  f r a c t i o n  of t h e  80% aqueous 

ace tone  e x t r a c t  o f :  

A .  Alder  ( - ) ,  Doug la s - f i r  ( o - 0 ) and S i t k a  

spruce  ( A - A ) .  

B. Colorado spruce  ( o - o ) and Blue spruce  

( 0 - 0 )  
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t h e  p resence  of  d i f f e r e n t  amounts of t h e  c a r o t e n o i d s  and second, 

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

r e l a t i v e  e f f i c i e n c y  i n  energy t r a n s f e r .  Rabinowitch and 

Govindjee (1969,  p. 146-7) d i s cus sed  t h e  problem a s  fo l lows :  

"To e s t i m a t e  more p r e c i s e l y  t h e  r e l a t i v e  e f f i c i e n c y "  
11 ( t o  s u s t a i n  p h o t o s y n t h e s i s )  o f  t h e  s e v e r a l  pigments,  

one has  t o  c a l c u l a t e  t h e  r e l a t i v e  number o f  quanta  
absorbed by d i f f e r e n t  pigments o u t  o f  a  monochromatic 
beam t r a v e r s i n g  a  mix ture  of s e v e r a l  o f  them. This  
i s  a n  awkward problem. I n  t h e  f i r s t  p l a c e  we a r e  
no t  s u r e  whether t h e  s e v e r a l  pigments form a uniform 
mix ture ,  so  t h a t  none h a s  a f i r s t  c r a c k  a t  a b s o r p t i o n ,  

I! s had ing  t h e  o t h e r s "  . . . The a l l o c a t i o n  o f  absorbed 
quanta  t o  d i f f e r e n t  pigments i s  t h e r e f o r e  f r a u g h t  
w i t h  c o n s i d e r a b l e  u n c e r t a i n t i e s "  . . . However, . . . 
11 one can  d e f i n i t e l y  a s s e r t  from t h e  a n a l y s i s  o f  t h e  
a c t i o n  s p e c t r a ,  t h a t  d i f f e r e n c e s  between t h e  s e v e r a l  
pigments a r e  more s u b t l e  t h a n  s imple  e f f e c t i v e f  
o r  ' n o t  e f f e c t i v e 7 "  . . . " i f  t h e  b e s t  s e n s i t i z i n g  
e f f i c i e n c y  o f  c h l o r o p h y l l  - a i s  s e t  a t  1 0 0 % ~  t h a t  
of  t h e  c a r o t e n o i d s  v a r i e s ,  i n  d i f f e r e n t  p l a n t s ,  
between 20% and 5@". 

F i r s t  t hen ,  a r e  t h e r e  d i f f e r e n c e s  i n  t h e  amounts o f  

c a r o t e n o i d s ,  w i th  t h e i r  r e l a t i v e l y  low p h o t o s y n t h e t i c  e f f i -  

c i e n c i e s ,  p r e s e n t  i n  t h e  v a r i o u s  s p e c i e s ?  The d a t a  i n  F igu re  

3 . 5  and t h e  c a l c u l a t e d  caroten0id~~~/chlorophy11~~~ r a t i o s  

( a l d e r  - 0.38,  Doug la s - f i r  - 0 .54 ,  S i t k a  sp ruce  - 0.67, 

Colorado spruce  - 0.54 and Blue sp ruce  - 0.59)  show t h a t  

w h i l e  t h e r e  were r e l a t i v e l y  minor d i f f e r e n c e s  amongst t h e  

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

enoid  c o n t e n t  r e l a t i v e  t o  t h e  c h l o r o p h y l l  con t en t  was 40 - 5@ 

h i g h e r  t h a n  t h a t  o f  a l d e r .  Assuming t h a t  t h e  energy t r a n s f e r  

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

a p p e a r s  t h e r e f o r e  t h a t  t h e  p re sence  o f  r e l a t i v e l y  l e s s  ca ro t en -  



o i d  i n  a l d e r  a l l o w s  more l i g h t  t o  reach  t h e  c h l o r o p h y l l s  t o  be 

. . J  :7 . u i i i ~ z e d  d l r . e c t i y  i n  pho tosyn thes i s .  . Thus t h e  observed d i f -  

f e r ences  i n  pigment complements could  a t  l e a s t  p a r t i a l l y  account  

f o r  t h e  d i f f e r e n c e s  between t h e  a c t i o n  spectrum o f  photosyn- 

t h e s i s  of a l d e r  and t h o s e  of  t h e  c o n i f e r s ,  bu t  no t  f o r  t h e  d i f -  

f e r e n c e s  between t h e  a c t i o n  s p e c t r a  of t h e  v a r i o u s  c o n i f e r o u s  

spec i e  s. 

There a r e  p r e s e n t l y  no d e f i n i t i v e  answers t o  t h e  second 

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

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

change of t h e  p h o t o s y n t h e t i c a l l y  a c t i v e / i n a c t i v e  r a t i o  f o r  

c a r o t e n o i d s .  Thus t h e r e  remains t h e  p o s s i b i l i t y  t h a t  i n  t h e  

s e r i e s ,  a l d e r  - Douglas - f i r  - S i t k a  spruce  - Colorado sp ruce  - 

and Blue spruce ,  t h e r e  i s  an i n c r e a s i n g  s u b c e l l u l a r  s p a t i a l /  

s t r u c t u r a l  s e p a r a t i o n  of t h e  c h l o r o p h y l l  and c a r o t e n o i d  mole- 

c u l e s ,  t h e  l a t t e r  shading t h e  former o r  a s  Rabinowitch and 

Govindjee pu t  it, a l l owing  t h e  c a r o t e n o i d s  t o  have " f i r s t  c r a c k  

a t  absorbing"  t h e  l i g h t .  The observed low e f f i c i e n c y  of  u t i l i -  

z a t i o n  i n  pho tosyn thes i s  o f  l i g h t  energy absorbed  by c a r o t e n o i d s  

may be due t o  p a r t i c u l a r  c h a r a c t e r i s t i c s  of t h e  c a r o t e n o i d  

molecule  and/or a va ry ing  s p a t i a l  s e p a r a t i o n  between them and 

t h e  c h l o r o p h y l l  mol2cules i n  t h e  c h l o r o p l a s t  l a m e l l a e  membranes 

which d i c t a t e s  t h e  e f f i c i e n c y  of e n e r a  t r a n s f e r .  

It i s  g e n e r a l l y  accep t ed  t h a t  t h e  c a r o t e n o i d s  have a pro- 

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

Linder  (1971)  proposzd t h a t  t h e  lower c a r o t e n o i d  t o  c h l o r o p h y l l  



r a t p i n  c-?ssr~, -ed I n  !:is gr?enilocse grc-in Sco t s  p ine  conpered $.o 

f i e l d  grcxn p l a n t s  i s  2n z d a p t a t i o n  t o  d i f f e r e n t  e n ~ ~ i r o n m e n t a l  

co?ldiTicr,s o f  l i , gh t  and t e m p e r a t c r s .  It could  k s  t h a t  t h e  

c,zirotencid t o  c h l o r o p h y l l  con t en t  o f  coni5s1-s i s  g e n e r a l l y  

h i & e r  r.h211 i11 rlany other gr~7u .p~  of p lan+s ,  bu t  r f t . e r  r each ing  

a  s p e c i f i c  end r e l e t i v e l y  h igh  r a t i o ,  above i;.hich it cannot. 32 

i n c r e a s e d  f o r  s t r u c t u r a l  o r  what ever  i-easons, f u r t h e r  p r o t e c t  i o n  

from p h o t o d ? s t m c t  i o n  of c h l c r o p h y i l  i s  achieved by i n c r e a s i n g  

t h e  r e l a t i v e  amounts of  p h o t o s y n t h e t i c a l l y  Lnact ive  t o  a c t i v e  

c a r o t e n c i d s  l-y s p e c i f i c  s p a t i a l  s e p a r a t i o n  and o r i e n t a t i o n  of  

t h e  c a r o t e n o i d  and ch lo rophy l l  molecules .  Such a h y p o t h e t i c a l  

s t ~ a t e g y  could  have keen adopted by t h e  c o n i f e r  t y p e s  s t u d i e d  

and especially t h e  v a r i o u s  sp ruce  s p e c i e s .  I n  s p i t e o f  t h e  very  

7 2 . ^ . 2  L - -7 . , 
I L l i i l L z U  v i t ~ . l 2  LJ.  01 I!;& i e r i a l  i m 7 e s i i g a x e &  t h e r e  does appsa r  

t o  kz a  c o r r e l a t i o n  i-zt:<een t h e i r  d e c r e a s i n s  a b i l i t y  t o  

- -. u t i l l z e  r i u a  l i g h t ,  i n  p h o t o s y n t h e s i s  and the i l -  h a b i t a t  'ange 

wi th  ~ e s g e c t  t o  both h ighe r  a l t i t u d e s  and lower l a t i t u d e s .  

The esgosL:re t o  Inclaeased b lue  l i g h t  (410 - 41.0 nm) i n t e n s i t i e s ,  

a t  elthe11 h igh  a l t i t u d e s  o r  lo ; i z~-  latitudes c12y r e s u l t  i n  t h s  

photodest rc .cf , icn  of c h l o l - o ~ l i y l l s  i f  the i n t e n s i t . i e s  a r e  not  

sereelled t o  pt :gsiolcgical7_y t o l e r a b l e  l e v e l s .  

,-, i n e  a ' z s o ~ g t i o n  s p e c t r a  o f  t h e  total and s p e c i f i c  s u b  

Tractri.cl:s i.f t l l ; .  p i p l e n t  complements o l  one deciduous kroad lzaf  



and fou r  c o n i f e r o u s  t r e e  s p e c i e s  were determined du r ing  two 

- - - - 
aULLrbbiVc GL cc-diii~ s t l a su r l s .  lrlel-e were no s i g n i l ' i c a n t  d i f -  

f e r e n c e s  e i t h e r  between t h e  d a t a  f o r  comparable f r a c t i o n s  

from t h e  two seasons  w i t h i n  a  s p e c i e s  o r  between t h e  r e l a t i v e  

a b s o r p t i o n  f o r  e q u i v a l e n t  f r a c t i o n s  of  d i f f e r e n t  s p e c i e s .  The 

c o n i f e r  a b s o r p t i o n  s p e c t r a  i n  g e n e r a l ,  and t h e i r  c a r o t e n o i d /  

c h l o r o p h y l l  r a t i o s  i n  p a r t i c u l a r ,  were a l l  ve ry  s i m i l a r ,  but  

t h e r e  was 40 - 50% more c a r o t e n o i d  r e l a t i v e  t o  c h l o r o p h y l l  

i n  t h e  c o n i f e r s  as compared t o  a l d e r  on a  u n i t  c h l o r o p h y l l  pe r  

u n i t  f r e s h  weight  of  m a t e r i a l  b a s i s .  

I n  conc lus ion ,  t h e  h y p o t h e s i s  o f  d i f f e r e n t  amounts of a  

Burns '  t y p e  pigment be ing  p r e s e n t  a s  a n  e x p l a n a t i o n  f o r  t h e  

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

s p e c t r a  i s  i n c o r r e c t  f o r  t h e  s p e c i e s  s t u d i e d .  Although t h e  

l e s s  z f f i c i e n - t  u t i l i z a t i o n  of b l u e  l i g h t  i n  p h o t o s y n t h e s i s  by 

Doug la s - f i r  and S i t k a  sp ruce  a s  compared t o  a l d e r  can  be 

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

o f  t h e  c a r o t e n s i d s  coupled l t ~ i t h  t h e i r  low e f f i c i e n c y  i n  energy 

t r a n s f e r ,  t h i s  mechanism does no t  s a t i s f a c t o r i l y  e x p l a i n  t h e  

r e s u l t s  f o r  t h e  Colorado and Blue spruce .  There i s  t h e  r a t h e r  

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

p r e s e n t  w i t h i n  t h e  c o n i f e r  group be ing  dependent on t h e  s p a t i a l  

d i s p o s i t i o n  o f  t h e  c a r o t e n o i d s .  Changes i n  t h e  s p e c t r a l  proper-  

t i e s  o f  t h e  v a r i o u s  c o n i f e r  n e e d l e s  caused by d i f f e r e n c e s  i n  

t h e i r  c u t i c l e  s t r u c t u r e  a p p e a r s  t o  be a more p l a u s i b l e  explana- 

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

a r e  p r e s e n t e d  i n  P a r t  I V .  



PART I V  

THE RELATIONSHIP OF CUTICLE STRUCTURE TO THE 

VISIBLE AND W SPECTRAL PROPERTIES OF 

NEEDLES FROM FOUR CONIFEROUS SPECIES 

INTRODUCTION 

The h ighe r  e f f i c i e n c y  f o r  b l u e  l i g h t  u t i l i z a t i o n  i n  photo- 

s y n t h e s i s  i n  t h e  broad l e a f  of  a l d e r  compared t o  t h e  n e e d l e  

l e a v e s  o f  t h e  c o n i f e r  group was a t t r i b u t e d  t o  t h e  lower 

ca ro t eno id / ch lo rophy l l  r a t i o  i n  a l . d e r , ( ~ a r t  111) p e r m i t t i n g  more 

b l u e  l i g h t  t o  be d i r e c t l y  absorbed  by t h e  main p h o t o a c t i v e  pig-  

ments. The f o u r  c o n i f e r  s p e c i e s  were e s s e n t i a l l y  i d e n t i c a l  

w i th  r e s p e c t  t o  t h e i r  carotenoid,/chl orophyl l r a t l o s  and. i n  

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

The d i f f e r e n c e s  i n  t h e  c o n i f e r  p h o t o s y n t h e t i c  a c t i o n  s p e c t r a  

11  t h u s  appear  t o  be r ~ l a t e d  t o  t h e  f o l i a g e  c o l o u r ,  green" v s  

" b l u e f ' .  'This seems r ea sonab le  because t h e  c o l o u r  o f  t h i c k  

l e a v e s  such a s  spruce  o r  p i n e  n e e d l e s  i s  due wholly t o  r e f l e c t e d  

l i g h t ,  t h e i r  t r a n s m i t t a n c e  be ing  e s s e n t i a l l y  z e r o   u urns 1942, 

Gates  e t  a l .  1965) .  Consequently,  i n  t h e  absence  of  any o t h e r  

d i f f e r e n t i a l  s c r e e n i n g  mechanism, t h e  n e e d l e  s p e c t r a l  r e f l e c -  

t a n c e  and absorbance cu rves  (hence  p h o t o s y n t h e t i c  a c t i o n  s p e c t r a )  

must bear  a n  i n v e r s e  r e l a t i o n s h i p  t o  one a n o t h e r .  The low APS 

r a t e s  i n  b lue  l i g h t  f o r  t h e  two b l u e  sp ruces  would t h e r e f o r e  

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



waveband from t h e  need le  s u r f a c e  (hence  t h e  b l u i s h  c o l o u r )  

compared t o  t h e  g reen  f o l i a g e .  Support  f o r  a  p h y s i c a l  s e l e c -  

t i v e  l i g h t  f i l t e r i n g  mechanism be ing  l o c a t e d  a t  t h e  n e e d l e  

s u r f a c e  ( c u t i c u l a r  s c r e e n i n g )  i s  found i n  a review o f  p l a n t  

c u t i c l e s  by Mar t i n  and J u n i p e r  (1970, 

11 Some p l a n t s  e x h i b i t  a  prominent waxy bloom. Th i s  i s  
due t o  t h e  r e f l e c t i o n  and s c a t t e r i n g  o f  l i g h t  on t h e  
s u r f a c e  by waxy d e p o s i t s  whose dimensions a r e  c l o s e  
t o  o r  on ly  s l i g h t l y  above t h e  wavelength o f  l i g h t  . . .  
A few wax p a t t e r n s  can  be s een  under t h e  l i g h t  micro- 
scope.  The m a j o r i t y  of  s p e c i e s  w i t h  gl.aucous l e a v e s  
pos se s s  a  s u p e r f i c i a l  s t r u c t u r e  which i s  r e s o l v a b l e  
a t  b e s t  a t  t h e  l i m i t  o f  r e s o l u t i o n  o f  a l i g h t  micro- 
scope o r  only  under t h e  e l e c t r o n  microscope.  When- 
eve r  a p l a n t  s u r f a c e  p o s s e s s e s  a v i s i b l e  bloom t h e  
e l e c t r o n  microscope h a s  r evea l ed ,  w i thou t  excep t ion ,  
a p a t t e r n  o f  a c i c u l a r  p r o j e c t i o n s  from t h e  s u r f a c e .  
For a bloom t o  be formed, i e .  f o r  t h e  i n c i d e n t  l i g h t  
t o  be s c a t t e r e d  i n  a l l  d i r e c t i o n s  from t h e  s u r f a c e ,  
it seems t h a t  one o r  more o f  t h e  dimensions o f  t h e  
p r o j e c t i o n s  must be o f  t h e  same o r d e r  o f  s i z e  o r  on ly  
s l i g h t  l a r g e r  t h a n  the wavnlenpth cf l i g h t . "  

The " b l u e  co lou r " ,  once removed by g e n t l e  s t r o k i n g  o r  

wiping and r e v e a l i n g  t h a t  t h e s e  n e e d l e s  p e r  s e  a r e  a s  g r een  -- 
as t h o s e  o f  Doug la s - f i r  and S i t k a  spruce ,  seems t o  be due 

t o  t h e  e x t e n s i v e  development i n  t h e s e  s p e c i e s  o f  a  waxy 

e p i c u t  i cu l -a r  s c u l p t u r i n g  o r  bloom. 

The o b j e c t  o f  t h i s  s t udy  was t o  determine t h e  e f f e c t  o f  

I I t h e  bloom on t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  green" and "b lue"  

n e e d l e s .  A s  suggested by t h e  c u t i c u l a r  s c r e e n i n g  hypo thes i s ,  

c o n t r o l  and t r e a t e d  n e e d l e s  were compared from each c o n i f e r  

s p e c i e s  i n  t h r e e  t y p e s  o f  exper iments .  F i r s t l y ,  i s  t h e r e  a 

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

Colorado o r  Blue sp ruce  n e e d l e  be fo re  and a f t e r  removal of t h e  



bloom ( c o n t r o l  v s  t r e a t e d  f o l i a g e ) ,  and how does t h e  r e s u l t  

compare t o  t h e  r e f l e c t a n c e  s p e c t r a  of n a t u r a l l y  g reen  need le s  

i e .  Douglas - f i r  and S i t k a  sp ruce?  Secondly, does t h e  removal 

of t h e  bloom f'rom t h e  two "b lue"  spruce  need le s  change t h e  

r e l a t i v e  pho tosyn the t i c  a c t i o n  s p e c t r a  s o  t h a t  t h e  unscreened 

green  need le s  show r e s u l t s  more s i m i l a r  t o  Douglas - f i r  and/or 

S i t k a  spruce?  Th i rd ly ,  does scanning e l e c t r o n  microscope (SEM) 

examination of  t h e  n e e d l e s '  s u r f a c e s  be fo re  and a f t e r  t r ea tmen t  

r e v e a l  t h e  presence  of  a s t r u c t u r e  i n  t h e  s u r f a c e  a r c h i t e c t u r e  

which could be r e s p o n s i b l e  f o r  a s e l e c t i v e  f i l t e r i n g  of t h e  

i n c i d e n t  l i g h t ?  

MATERIALS AND METHODS 

Cont ro l  need le s  were unchanged from t h e  n a t u r a l  cond i t i on ,  

o t h e r  t h a n  being detached f o r  r e f l e c t a n c e  measurements and SEbI 

examination.  I n  o r d e r  t o  l e a v e  t h e  t r e a t e d  need le s  o the rwi se  

11  u n a l t e r e d  a l lowing  be fo re  and a f t e r "  pho tosyn the t i c  a c t i o n  

s p e c t r a  t o  be measured, t h e  bloom removal was e f f e c t e d  by 

g e n t l e  wiping w i t h  a  co t ton - t i pped  swab ( Q - t i p )  , a phys io log i -  

c a l l y  much mi lder  t r ea tmen t  t h a n  so lven t  removal. 

The r e l a t i v e  r e f l e c t a n c e  a t  a g iven  wavelength o f  c o n t r o l  

and t r e a t e d  need le s  was determined by measuring t h e  i n t e n s i t y  

of  t h e  s c a t t e r e d  r a d i a t i o n  pe rpend icu la r  t o  t h e  i n c i d e n t  beam 

( ~ 1 a y i ; e r  19'70) u s i n g  a  Parrand O p t i c a l  Company S p e c t r o f l o u r i -  

meter Mk I1 which has  two monochromators a t  r i g h t  angl-es. The 
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need le  was p laced  i n  a s p e c i a l  ho lde r  i n  t h e  sample chamber and 

a t  45') with t h e  two monochromators s e t  a t  540 nm ( & 2 nm). 

The r e f l e c t a n c e  spectrum was t h e n  determined by r e s e t t i n g  t h e  

e x c i t a t i o n  monochromator a t  10  o r  20 nm i n t e r v a l s  from 220 . to  

700 nm and scanning wi th  t h e  a n a l y z e r  monochromator t o  ach ieve  

t h e  maximum s i g n a l .  S ince  t h e  c h a r a c t e r i s t i c s  o f  t h e  e n t i r e  

l i g h t  t r a i n  were no t  uniform w i t h  r e s p e c t  t o  wavelength,  t h e  

I I i n s t rument  was s t anda rd i zed  wi th  a  white" need le ,  i. e.  one 

coa ted  w i t h  magnesium oxide .  The s p e c t r a l  r e f l e c t i v i t y  of MgO 

i s  known t o  be e s s e n t i a l l y  uniform and very h igh  (>go%)  from 

200 t o  700 nm ( ~ a r k e r  1968) .  

The use  o f  a d d i t i o n a l  o p t i c s  t o  focus  both t h e  i n c i d e n t  

and r e f l e c t e d  l i g h t  beams t o  cover  a  c i r c l e  o f  on ly  2 mm d i a -  

meter  s t i l l  d i d  no t  a l low t h e  g e n e r a t i o n  of  a b s o l u t e  r e f i e c -  

t a n c e  da t a  due t o  t h e  v a r i a b i l i t y  i n  both t h e  need le  width  

between s p e c i e s ,  from 2 mm t o  l e s s  t h a n  1 mm ( i e .  l e s s  t h a n  

t h e  t o t a l  beam d iame te r ) ,  and t h e  i r r e g u l a r i t y  of t h e  nesd le s l  

s u r f a c e s .  The amounts of  l i g h t  l o s t  due t o  n o n - i n t e r c e p t i o n  

and d i f f u s e  s c a t t e r i n g  from t h e  need le  s u r f a c e  cannot be 

measured by t h i s  method. Therefore ,  t h e  r e f l e c t a n c e  d a t a  were 

expressed a s  a percen tage  o f  t h e  r e f l e c t a n c e  a t  540 nm, t h e  

wavelength o f  maximum r e f l e c t a n c e  f o r  t h e  m a j o r i t y  of  samples 

i n  t h e  r eg ion  o f  p h o t o s y n t h e t i c a l l y  a c t i v e  l i g h t .  I n  a d d i t i o n ,  

i t  was found t h a t  a n  exac t  and reproduceable  achievement of a  

90" r e f l e c t a n c e  a n g l e  was no t  p o s s i b l e .  However, no rma l i za t ion  
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t a n c e .  

To detsrmine t h e  p o s s i b l e  i n f l u e n c e  o f  t h e  bloom on photo- 

s y n t h e t i c  C02 up take ,  t h e  a c t i o n  spectrum of APS was determined 

f o r  c o n t r o l  f o l i a g e  of Blue spruce  us ing  t h e  same methods de- 

s c r i b e d  i n  P a r t  I .  The r a t e  of APS was measured a t  s e v e r a l  

i n t e n s i t i e s  i n  each waveband a f t e r  which t h e  f o l i a g e  was 

t r e a t e d ,  r e s e a l e d  i n t o  t h e  pho tosyn thes i s  chamber and t h e n  APS 

vs  l i g h t  i n t e n s i t y  measurements r epea t ed  on t h e  t r e a t e d  f o l i a g e .  

The a c t i o n  s p e c t r a  of  APS f o r  c o n t r o l  and t r e a t e d  Blue spruce  

f o l i a g e  were expressed a t  a  c o n s t a n t  i n c i d e n t  l i g h t  i n t e n s i t y  of 

- 1 0 . 8  x l o 5  e r g s  em-* sec  a s  i n  P a r t  I. 

For SEM examinat ion of  t h e  need le  s u r f a c e s ,  a  5 m.m l e n g t h  

from t h e  c e n t r a l  p o r t i o n  of each of  t h e  c o n t r o l  and t r e a t e d  

need le s  was mounted on i n d i v i d u a l  pegs,  d r i e d ,  go ld  shadowed 

under vacuum, and v iewed i n  a  Cambridge S te reoscan  microscope 

opera ted  a t  20 KV. I n t e r m e d i a t e  ( ~ 2 , 4 0 0 )  and h igh  ( ~ 1 2 , 0 0 0 )  

power magn i f i ca t ions  c l e a r l y  showed t h e  n a t u r e  of  t h e  s u r f a c e  

s c u l p t u r i n g .  

RESULTS AND DISCUSSION 

The r e l a t i v e  r e f l e c t a n c e  s p e c t r a  from 220 nm t o  700 nm f o r  

c o n t r o l  and t r e a t e d  c o n i f e r  need le s  from f o u r  s p e c i e s  a r e  p re -  

s en t ed  i n  F igure  4 . 1  A-E. Measurements from a  g reen i sh  and 

blue-[.<reen co loured  Colorado spruce  f o l i a g e  a r e  a l s o  given.  



Figure  4 . 1  The r e l a t i v e  re f ] -ec tance  s p e c t r a  between 220 nrn and 

700 nm, normal ized a t  540 nm, f o r  c o n t r o l  ( 0 - 0 ) 

and t r e a t e d  (bloom removed, A - A ) n e e d l e s  from 

c u r r e n t  y e a r  f o l i a g e  o f :  

A.  Doug la s - f i r  ( c f .  Doug la s - f i r  d a t a  of  Woolley, 

1 9 7 1 , o  - ) 

B. S i t k a  sp ruce  

C .  Colorado sp ruce  - g r e e n i s h  (page  58c) 

D. Colorado spruce  - blue-green  (page  58c) 

E .  Blue sp ruce  (page  58d). 

Each p o i n t  i s  t h e  mean o f  f o u r  measurements ( two 

n e e d l e s  from each o f  two t r e e s  o f  each s p e c i e s ) .  

The maximum range  o f  v a r i a t i o n  between d a t a  from t h e  

same s p e c i e s  was Q0$ (220 - 460 nm) and 65% (480  - 

700 nm) of  t h e  mean va lue .  

The arrows d i v i d e  t h e  v i s i b l e  and p h o t o s y n t h e t i c a l l y  

a c t i v e  r e g i o n  (400 - 700 nm) from t h e  u l t r a v i o l e t  

r eg ion  ( X < ~ O O  nm) . 
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For t h e  green needles  of Douglas-fir  and S i tka  spruce,  t h e  

r e l a t i v e  r e f l e c t a n c e  spec t ra  a r e  e s s e n t i a l l y  i d e n t i c a l  regard- 

l e s s  of the  needle t reatment  ( ~ i g u r e  4 . 1  A,B). The t r e a t e d  

f o l i a g e  spec t ra  f o r  t h e  Colorado and Blue spruces (Figure  4 . 1  

C ,D,E)  a r e  very s i m i l a r  t o  t h e  r e s u l t s  f o r  t h e  Douglas-fir  and 

S i t k a  spruce.  I n  each case,  t h e r e  i s  a  peak of r e f l e c t a n c e  

(100%) i n  t h e  green por t ion  of t h e  v i s i b l e  spectrum a t  540 t o  

560 nm which f a l l s  of f  r ap id ly  t o  minima (20 - 40%) i n  t h e  

b lue  (450 - 500 nm) and t h e  red  (660 - 680 nm). A t  440 t o  450 

nun t h e r e  i s  a  minor but c o n s i s t e n t  blue peak of r e f l e c t a n c e .  

A t  wavelengths s h o r t e r  t h a n  440 nm, t h e  r e l a t i v e  r e f l e c t a n c e  

remains low (10  - 35%) down t o  300 nm except f o r  t h e  greenish 

Colorado spruce, below which i t  slowly begins t o  increase .  On 

the lnngldava sIC7_n cf t h c  ~ c d  ;nlnLm;-il, t i l e  r=tl"iectance r i s e s  

dramat ica l ly  (55  - 8@) a s  t h e  near i n f r a r e d  region  ( ~ > 7 0 0 n m )  

i s  approached. These r e s u l t s  c l o s e l y  agree  w i t h  t h e  r e l a t i v e  

r e f l e c t a n c e  of needles  i n  t h e  v i s i b l e  waveband repor ted  by 

Woolley (1971) f o r  Douglas-f i r  and B i l l i n g s  and Morris (1951) 

f o r  pine,  and f o r  o t h e r  green l e a f  r e f l e c t a n c e s  repor ted  by 

Rabideau, French and Holt (1946) and Gates e t  a l .  (1965) .  

The lad UV r e f l e c t a n c e  of green leaves  i n  genera l  (Caldwell  

1968, Gates e t  a l .  1965) i s  supported by t h e s e  r e s u l t s .  

The e f f e c t  o f  needle  t reatment  on t h e  s p e c t r a l  r e f l e c t a n c e  

i n  Colorado and Blue spruce can be seen by comparing t h e  c o n t r o l  

f o l i a g e  curves with thz  t r e a t e d  f o l i a g e  curves i n  Figure 4 . 1  ( c ,  

D and E ) .  I n  each case ,  t h e  r e l a t i v e  r e f l e c t a n c e  of t h e  c o n t r o l  



f o l i a g e  i s  g r e a t e r  i n  t h e  u l t r a v i o l e t ,  b lue  and r ed  wavebands 
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t h e  fo l loT :~ ing  t a b l e :  

Fo l i age  
R e l a t i v e  Ref lec tance  (%)  

W Blue Green R e d  

Cont ro l  

Colorado s p r .  

Greenish 75-125 60- 75  100 45 
Blue-green 80-150 65- 80 100 55 

Blue spruce 130-450 75-130 100 50 

Trea ted  and a l l  10- 35 20- 40 100 20-40 
o t h e r  g reen  s p e c i e s  

The inc reased  r e l a t i v e  r e f l e c t a n c e  of  t h e  b lue  waveband (400 - 

500 nm) f o r  t h e  g reen i sh  Colorado spruce ,  b lue-green Colorado 

spruce  and Blue spruce  i s  accompanied by a n  even g r e a t e r  p a r a l -  

l e l  i n c r e a s e  i n  t h e  W waveband, i n  c o n t r a s t  t o  t h e  low W 

r e f l e c t a n c e  observed i n  t h e  t r e a t e d  and a l l  o t h e r  g reen  f o l i a g e .  

The s l i g h t l y  g r e a t e r  r e f l e c t a n c e  i n  t h e  r e g i o n  o f  t h e  r e d  mini- 

mum (660 - 680 nun) does no t  fol low t h i s  p a t t e r n ;  t h e s e  v a r i a -  

t i o n s  a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

These r e s u l t s  show t h a t  t h e  presence  of t h e  bloom does 

cause  s e l e c t i v e  r e f l e c t i o n  of b lue  l i g h t  i n  Colorado and Blue 

11 sp ruce ,  appea r ing  t o  be t h e  r e s u l t  of c a r r y  over" s c a t t e r i n g  

which has  i t s  peak e f f e c t  i n  t h e  100 - 200 nm waveband. The 

sequence of  c o n i f e r  s p e c i e s  w i th  r e s p e c t  t o  d e c r e a s i n g  photo- 

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

i n c r e a s i n g  b lue  l i g h t  r e f l e c t a n c e  (compare F igu res  1 . 4  and 4 . 1 ) .  

The e f f e c t  o f  t h e  need le  t r ea tmen t  a t  t h e  p h y s i o l o g i c a l  



l e v e l  was checked by measuring t h e  a c t i o n  spectrum of APS f o r  

c o n t r o l  and t r e a t e d  f o l i a g e  of Blue spruce s i n c e  it would be 

expected t h a t  t h e  t r ea tmen t  would show t h e  g r e a t e s t  e f f e c t  

i n  t h i s  s p e c i e s  ( F i g u r e  4 . 2 ) .  The a c t i o n  spectrum f o r  t h e  

c o n t r o l  f o l i a g e  shows t h e  same f e a t u r e s  a s  desc r ibed  p rev ious ly ;  

a  broad r e d  peak o f  a c t i v i t y  from 620 - 665 nm and a  much re -  

duced shoulder  of a c t i v i t y  i n  t h e  b l u e  (400 - 500 nm).  The 

e f f e c t  of t h e  t r ea tmen t  h a s  r a i s e d  t h e  r e l a t i v e  APS a c t i v i t y  

i n  t h e  b lue ,  a l though  no t  a s  much as was expected.  Consider- 

a b l e  hand l ing  i s  r e q u i r e d  t o  t r e a t  each needle  o f  a n  i n t a c t  

branch a s  compared t o  t h e  r e l a t i v e  ease  i n  t r e a t i n g  s i n g l e  de- 

t ached  need le s  f o r  r e f l e c t a n c e  measurements. To minimize 

p h y s i o l o g i c a l  damage, t h e  i n t a c t  a t t a c h e d  need le s  d i d  not  

r p r n i ~ n  zr, t h~ ) r r \ i ~&  2 treztrL:nt 3 5  th=. d=. tached  i-L==-J'.=- b b u ~ b b ,  I ~ ~ L L C C  

a  reduced ef ' fect  of  t h e  t r ea tmen t  could be expected.  Fur ther -  

more, t h e  s toma ta l  antechambers a r e  plugged w i t h  d i s p l a c e d  wax 

(F'igure 4 . 5  C )  which a l t e r s  t h e  C 0 2  d i f f u s i o n  r e s i s t a n c e s  of  t h e  

t r e a t e d  need le s .  Wi th  t h e s e  r e s t r i c t i o n s ,  t h e  t r ea tmen t  had a t  

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

The s u r f a c e  a r c h i t e c t u r e  be fo re  and a f t e r  need le  t r ea tmen t  

i s  shown i n  a s e r i e s  o f  SEM micrographs.  The f i r s t  ( ~ i g u r e  4 . 3 )  

i s  a  low power ( ~ 2 0 0 )  micrograph of a c o n t r o l  Col-orado spruce  

need le  f o r  o r i e n t a t i o n  t o  e a s i l y  r ecogn izab le  s u r f a c e  f e a t u r e s  

such a s  s toma ta l  p i t s .  The fo l lowing  medium ( ~ 2 , 4 0 0 )  and h igh  

( ~ 1 2 , 0 0 0 )  power micrographs,  t aken  from t h e  a r e a  i n d i c a t e d  i n  

t h e  lov~ power micrograph,  i l l u s t r a t e s  t h e  d i f f e r e n c e s  i n  t h e  



Figure  4 . 2  A.  The a c t i o n  s p e c t r a  of appa ren t  pho tosyn thes i s  

f o r  a t t a c h e d  branches  wi th  c o n t r o l  ( 0  - 0 ) 

and t r e a t e d  ( A  - A ) c u r r e n t - y e a r  f o l i a g e  of  

Blue spruce  a t  22C, 300 ppm C02, 21% O2 and a  

cons t an t  i n c i d e n t  l i g h t  energy of 0.8 x l o 5  e r g s  

B. The r a t e  o f  apparen t  pho tosyn thes i s  under a n  

equal  i n t e n s i t y  of  wh i t e  l i g h t  under t h e  same 

exper imental  c o n d i t i o n s  as i n  A .  
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Figu re  4.3 Low power ( X  200) scanning  e l e c t r o n  micrograph of  a  

c o n t r o l  Colorado sp ruce  need le .  Note t h e  row of  

s tornata l  p i t s  (s---S) and t h e  g e n e r a l  f l o c c u l e n t  

appearance over  t h e  whole s u r f a c e  due t o  t h e  p re -  

sence  of  t h e  bloom. The a r e a  marked X i n d i c a t e s  

t h e  p o r t i o n  of' t h e  need l e  s u r f a c e  subsequent ly  

examined a t  i n t e r m e d i a t e  ( X  2,400) and high ( X  12,000)  

power m a g n i f i c a t i o n s  f o r  each s p e c i e s .  The h o r i -  

z o n t a l  l i n e  ( E )  i s  t h e  n e e d l e  edge. A t  low power 

( X  200) 1 rnrn on t h e  micrograph i s  e q u i v a l e n t  t o  

5,000 nrn. 





s u r f a c e  s c u l p t u r i n g  bztw een Douglas- f i r ,  Colorado spruce ,  and 

Blue spruce ,  a s  examples o f  t h e  extremes i n  t h e  range.  

The waxy s c u l p t u r i n g  on t h e  need le  s u r f a c e s  appea r s  t o  

have t h e  same b a s i c  u n i t  i n  each spec i e s ;  anastomosing o r  

r e t i c u l a t e  f i l a m e n t s  of  v a r i o u s  l e n g t h s  but  a l l  approximately  

125  nm i n  width.  However, t h e  degree  of  s u r f a c e  cover ,  depth  

of t h e  mat, and d e n s i t y  of  packing o f  t h e  i n d i v i d u a l  e lements  

a p p e a r s  t o  be s p e c i e s  dependent. I n  c o n t r o l  f o l i a g e ,  where t h e  

wax has  no t  been d i sa r r anged ,  t h e s e  d i f f e r e n c e s  a r e  appa ren t .  

I n  Douglas - f i r  ( ~ i g u r e  4 . 4  A,  B) t h e  wax p r o j e c t i o n s  occur  i n  

clumps l e a v i n g  t h e  need le  s u r f a c e  between clumps complete ly  

devoid of  p r o j e c t i o n s ;  w i t h i n  t h e  clumps t h e  need le  s u r f a c e  i s  

s t i l l  v i s i b l e .  I n  c o n t r a s t ,  t h e  b lue  spruce  t y p e s  show a  much 

r n V n c l f  n r  f h i p k n n c c  gf the f i l a m p n t , o u s  mat, a more e x t e n s i v e  61 b W  " "' "&-----..A- - u 
coverage o f  t h e  s u r f a c e  and a  g r e a t e r  degree o f  packing of  t h e  

f i l a m e n t s .  The need le  s u r f a c e  i s  on ly  v i s i b l e  i n  a few p l a c e s  

f o r  t h e  Colorado spruce  ( F i g u r e  4 . 5  A ,  B) but  i s  complete ly  

hidden from view i n  t h e  Blue spruce  ( ~ i g u r e  4 . 6  A,  B ) .  

The need le  t r ea tmen t  had no apparen t  e f f e c t  on t h e  s u r f a c e  

s c u l p t u r i n g  i n  Douglas - f i r  ( ~ i g u r e  4 . 4  C ,  D )  i n  c o n t r a s t  t o  t h e  

e f f e c t  i n  t h e  b lue  spruces  where t h e  bloom was removed o r  

smeared ( F i g u r e  4 . 5  C ,  D and 4 . 6  C ,  D ) .  The e f f e c t  of  need le  

t r ea tmen t  i n  t h e s e  l a t t e r  s p e c i e s  was t o  des t roy  t h e  h igh ly  

developed a r c h i t e c t u r e  of  t h e  e p i c u t i c u l a r  wax o f  t h e  c o n t r o l  

need le s .  There can be no doubt t h a t  t h e  d i f f e r e n c e s  i n  l e a f  

r e f l e c t i v i t y  ( e s p e c i a l l y  i n  t h e  W and b lue  p o r t i o n s  of  t h e  



Figu re  4 . 4 .  I n t e r m z d i a t  e  and high power scanning  e l e c t r o n  micro- 

g raphs  o f  t h e  wax p r o j s c t i o n s  on t h e  s u r f a c e  o f  con- 

t r o l  and t r e a t e d  Doug la s - f i r  n e e d l e s .  

A. Cont ro l ,  x2,400 (1 mm = 416 nm) 

B. Cont ro l ,  X12,000 (1 m m =  83.5 nm) 

C .  T rea t ed ,  X2,400 

D. T rea t ed ,  X12,000 

Note: Treatment has had no appa ren t  e f f e c t  on t h e  

s t r u c t u r e  of' t h e  s u r f a c e  s c u l p t u r i n g .  





Figu r s  4 .5 .  In t e rmed ia t e  and high power scanning e l e c t r o n  rnicro- 

graphs  o f  t h e  wax p r o j e c t i o n s  on t h e  s u r f a c e  of  

c o n t r o l  and t r e a t e d  Colorado sp ruce  need le s .  

A.  Cont ro l  n e e d l e s  a t  X2,400 (1 mrn = 416 nm) 

B. Cont ro l  need l e s  a t  X12,000 (1 mm = 83.5 nm) 

C .  Trea ted  n p ~ d l e s  at X2,495. Xctc t h ~  pz r t i z l l y -  

occluded s tomata1 p i t  and t h e  s t r i a t i o n s  o f  

d i sp l aced  wax a s  a r e s u l t  of  s t r o k i n g  t h e  su r -  

f a c e  wi th  t h e  Q - t i p .  

D. T rea t ed  n e e d l e s  a t  X12,OOO. 





Figure  4 .6 .  In t e rmed ia t e  and h igh  power scanning  e l e c t r o n  micro- 

graphs  of  t h e  wax p r o j e c t i o n s  on t h e  s u r f a c e  of  con- 

t r o l  and t r e a t e d  Blue spruce  need le s .  

A.  Cont ro l  need le s  a t  X2,400 (1 mm= 416 nm) 

B. Cont ro l  need le s  a t  X12,000 (1 rnrn = 83.5 nm) 

C .  Trea ted  ~ z e s l e s  2t X2,)1C?C? 

D.  Trea ted  need le s  a t  X12,000 





spectrum) of t h e  b lue  sp ruces  compared t o  t h e  g reen  f o l i a g e  of 

R - ~ I - T ~ , -  m + - . .  r...-,rl n - + 1 -  
u v u ~ l u " -  l L L  

a l L u  spL..dcz &i."s2 fi7via l h e  s p e c i e s  aif '1 'erences 

i n  t h e  degree  of complexity of need le  s u r f a c e  s c u l p t u r i n g .  

S i m i l a r  e p i c u t i c u l a r  s t r u c t u r e s  i n  t h e  form of  i n t e r -  

meshing wax t u b e s  (1 pm l ong  X 150 nm o u t s i d e  d iameter )  have 

been r e p o r t e d  on S i t k a  spruce  need le s  by Johnson and J e f f r e e  

(1970) and J e f f r e e ,  Johnson and J a r v i s  (1971) .  The d i s t r i b u t i o n  

of t h e  l a y e r  of wax t u b e s ,  being p r e s e n t  mainly w i t h i n  t h e  

s tomata1 antechambers and epidermal r eg ions  between t h e  stoma- 

t a l  bands i n  c o n t r a s t  t o  t h e  o t h e r  p a r t s  of  t h e  ep idermis  

( ~ e f f r e e e  e t  a l .  1971) ,  corresponds w e l l  wi th  t h e  r e s u l t s  of 

t h i s  s tudy  i n s o f a r  as t h e  s t r u c t u r e  and degree  of development 

of t h e  e p i c u t i c u l a r  s c u l p t u r i n g  i n  t h e  va r ious  c o n i f e r  s p e c i e s  

i s  concerned.  

Gran t ing  t h a t  t h e  w a x - f i l l e d  antechambers a r e  e f f e c t i v e  

a n t i t r a n s p i r a n t s  ( ~ e f f r e e  e t  a l .  1 9 7 l ) ,  t h e  presence  o f  t h e  

conspicuous bloom over  t h e  e n t i r e  s u r f a c e  o f  Colorado and Blue 

spruce nzed le s  sugges t s  t h a t  t h i s  development i s  a n  a d a p t a t i o n  

t o  t h e  r e l a t i v e l y  i n t e n s e  s o l a r  UV i r r a d i a t i o n  i n  t h e i r  n a t i v e  

h a b i t a t  i n  c o n t r a s t  t o  t h e  low-a l t  i t u d e  c o n i f e r s ,  i e .  Douglas- 

f i r  and S i t k a  spruce .  Colorado spruce ,  a  n a t i v e  of  t h s  Rocky 

Mountains from Montana t o  New Mexico and Arizona, occurs  a t  

e l e v a t i o n s  ranging  from 6,000 - 9,000 f t  i n  t h e  n o r t h  t o  8,000 - 

11,000 f t  i n  t h e  sou th    resto on 1968) .  The i n t e n s i t y  of t h e  

W - A  waveband (280  - 315 nm) i n c r e a s e s  l i n e a r l y  by 10% p e r  

2,000 m e l e v a t i o n  i n c r e a s e  (Caldwzl l  1968) .  On a  c l o u d l e s s  

midsummer day Caldwell  (1968) measured a 26% i n c r e a s e  i n  t h e  
$ 



g l o b a l  UV-B (315 - 400 nm) i r r a d i a t i o n  a t  4350 m a s  compared 

t o  1670 m. The d r a m a t i c a l l y  high W r e f l e c t i v i t y  of  c o n t r o l  

Colorado and Blue spruce  f o l i a g e  has  been shown by t h i s  s tudy .  

From t h i s  d i s c u s s i o n  i t  i s  concluded t h a t  t h e  pr imary 

f u n c t i o n  of  t h e  e x t e n s i v e  need le  bloom i n  Colorado and Blue 

spruce  i s  t o  reduce t h e  i n t e n s i t y  of  W wavelengths by s c a t -  

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

t h e  very low W r e f l e c t i v i t i e s  f o r  t h e i r  own t r e a t e d  and o t h e r  

11 n a t u r a l l y  green (non-bloomed) f o l i a g e .  The secondary ca r ry -  

I1 over  s c a t t e r i n g  i n t o  t h e  b lue  p o r t i o n  o f  t h e  v i s i b l e  spectrum 

accoun t s  f o r  t h e  b l u i s h  co lou r ,  which i n  t u r n  r e s u l t s  i n  a 

reduced i n t e n s i t y  of p h o t o s y n t h e t i c a l l y  a v a i l a b l e  b lue  l i g h t .  

The d i f f e r e n c e s  between t h e  pho tosyn the t i c  a c t i o n  s p e c t r a  

11 11 f o r  t h e  green" vs  blue" c o n i f n r s  i n  th? h l v n  wlvnh=inC?, CZE. 

t h u s  be a t t r i b u t e d  t o  t h e  p h y s i c a l  l i g h t  s c r een ing  mechanism 

j u s t  de sc r ibed  which s e r v e s  t o  f i l t e r  l i g h t  a t  t h e  need le  

s u r f a c e .  



OVERALL SUMMARY AND C O N C L U S I O N S  

The a c t i o n  s p e c t r a  of' appa ren t  pho tosyn thes i s  (APS) 

f o r  a  broadleaf  and f o u r  c o n i f e r o u s  t r e e  s p e c i e s  were d e t e r -  

mined on a  c o n s i s t e n t  and comparable b a s i s  ( i s o e n e r g e t i c  beams) 

from 400 - 710 nm by C 0 2  exchange a n a l y s i s .  The b lue  (400 - 

500 nm) peak of APS a c t i v i t y  i n  t h e  g reen  deciduous l e a f  of  

a l d e r  was reduced t o  a p l a t e a u  i n  t h e  g reen  n e e d l e s  o f  Douglas- 

f i r  and S i t k a  sp ruce ,  a  shoulder  i n  t h e  b lue-green  n e e d l e s  of 

Colorado sp ruce  and a reduced shou lde r  i n  t h e  b lue-whi te  n e e d l e s  

of Blue spruce .  

There was no ev idence  o f  a metabol ic  s c r e e n i n g  mechanism 

i n  t h e  form of a  d i f f e r e n t i a l  s t i m u l a t i o n  o f  p h o t o r e s p i r a t i o n  

by h 1 1 1 ~  1 i g h t  ef d i f f n r e n t i 8 1  3 2 ~ 0 ~ p t i ~ r " ~  ~ ~ ~ ~ e i i i i ^ l g  by- iTOi^l- 

c h l o r o p l a s t  pigments.  The ca ro t eno id / ch lo rophy l l  r a t i o s  o f  t h e  

f o u r  c o n i f e r s  were very  s i m i l a r  w i t h  40 - 50% more c a r o t e n o i d  

r e l a t i v e  t o  c h l o r o p h y l l  t h a n  i n  a l d e r .  The h i g h e r  APS 

a c t i v i t y  o f  a l d e r  a s  compared t o  t h e  c o n i f e r  group can  be 

a t t r i b u t e d  t o  t h e  g r e a t e r  amounts o f  b lue  l i g h t  be ing  absorbed 

d i r e c t l y  by t h e  main p h o t o a c t i v e  pigments a s  a  r e s u l t  of  

compara t ive ly  l e s s  a b s o r p t i o n  s c r e e n i n g  by t h e  acces so ry  pig-  

ment s .  

The presence  o f  a  h i g h l y  developed e p i c u t i c u l a r  a r c h i t e c -  

t u r e  on Colorado and Blue spruce  n e e d l e s  was shown t o  s e l e c -  

t i v e l y  r e r l e c t  b l u e  l i g h t  a s  compared t o  t h e  non-bloomed 

f o l i a g a  o f  Doug la s - f i r  and S i t k a  spruce .  The p h y s i c a l  sc reen-  



ing o f  l i g h t  e f f e c t e d  by t h i s  s t r u c t u r e  a c c o u n t s  f o r  t h e  r e l a -  

tively !nw APS a c t i v i t i e s  i n  the b l u e  waveband of  t h e  "bl l~ .?" 

c o n i f e r s  a s  compared t o  t h e  g r e e n  c o n i f e r s .  

From t h e s e  r e s u l t s  i t  i s  a l s o  concluded t h a t  t h e  b a s i c  

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

a r e  t h e  same. 
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