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ABSTRACT

The ga s  exchange o f  a 2 0 - y e a r - o ld  s ta n d  o f  S c o t s  p in e  was s t u d ie d  d u r in g  
a f i v e - y e a r - p e r i o d  u s in g  a m easur in g  system  t h a t  a l lo w e d  in situ measurements  
to  be c a r r i e d  ou t  th ro u gh o u t  the  y e a r ;  the s tu d y  was c a r r i e d  ou t  in  C e n tra l  
Sweden, as p a r t  o f  the Swedish C o n i fe ro u s  F o r e s t  P r o je c t  (SWECON).

The se a so n a l  changes  in  stem- and c o a r s e - r o o t  r e s p i r a t i o n  r a t e s  are  p re ­
sented  f o r  one y e a r .  Some r e s u l t s  o f  p h o t o sy n th e s i s  a re  a l s o  g iv e n  to  perm it  
the im portance  o f  r e s p i r a t i o n  upon the carbon  b a la n c e  o f  the  t r e e  to  be a s s ­
e sse d .

The p e r io d  o f  net p h o t o s y n th e s i s  was e i g h t  months ( A p r i l  to  November ).  
Maximum p h o t o s y n th e t i c  p ro d u c t io n  ocurre d  in  A u gu st  when the c u r r e n t  f o l i a g e  
was f u l l y  deve loped .  Net p h o t o s y n th e s i s  s t a r t e d  as soon as  the ground thawed 
and w ater  was a v a i l a b l e  and c o n t in u e d  u n t i l  i r r a d i a n c e  in  l a t e  autumn was too  
low.

Stem r e s p i r a t i o n  r a te s  were low d u r in g  l a t e  w in te r  and e a r l y  s p r i n g  but  
in c r e a s e d  as soon as  the a i r  tem perature  exceeded 0 °C. A lth o u gh  the d iu r n a l  
co u rse  o f  stem r e s p i r a t i o n  was c l o s e l y  l i n k e d  to  stem te m pera tu re ,  r e s p i r a ­
t i o n  ra te  a t  a g iv e n  tem perature  was h ig h e r  d u r in g  the  summer months than a t  
o th e r  t im es  o f  the  y e a r .

C o a r s e - r o o t  r e s p i r a t i o n  r a t e s  were measured when the ground was not f r o ­
zen (m id-May to  November). Root r e s p i r a t i o n  r a t e ,  l i k e  stem r e s p i r a t i o n  r a t e ,  
was m a in ly  determ ined  by tem perature  but se a so n a l  v a r i a t i o n  in  r e s p i r a t o r y  
a c t i v i t y  r e s u l t e d  in  a maximum in  l a t e  September.

INTRODUCTION

To c a l c u l a t e  annual carbon  b a la n c e s  o r  to  s tu d y  the r e l a t i o n s h i p  between 

p h o t o sy n th e t ic  p ro d u c t io n  and growth both the amount o f  carbon  f i x e d  in  pho­

t o s y n t h e s i s  and the amount l o s t  v i a  r e s p i r a t i o n  must be known. The amount o f  

i n fo r m a t io n  from f i e l d  measurements o f  stem and ro o t  r e s p i r a t i o n  in  c o n i f e r s  

i s  e s p e c i a l l y  l i m i t e d  ( c f .  L in d e r ,  1979). In situ measurements o f  stem r e s p i r ­

a t i o n  r a t e s  in  c o n i f e r s  have been made by Johansson  (1 9 3 3 ),  Geurten (1950 ),  

K in e rso n  (1 9 7 5 ),  N e g i s i  (1975, 1978ab) and L in d e r  and Troeng (1980 ).  Most o f  

the se  i n v e s t i g a t i o n s  covered  a sm a l l  p a r t  o f  the  season  o n ly .  In  a c o n t r o l l e d  

-en v ironm en t room, Rook and Corson  (1978) performed in situ measurements o f  

stem r e s p i r a t i o n  r a te  on a 7 m Pinus radiata.
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Most in fo r m a t io n  on stem and branch r e s p i r a t i o n  r a t e s  has been ob ta in e d  

from detached sam p le s .  T h is  te ch n iq u e  has been q u e s t io n e d  more than  once,  

s in c e  the c u t  s u r f a c e s  m igh t  g i v e  a wound r e a c t i o n ,  r e s u l t i n g  in  in c re a se d  

r e s p i r a t i o n  ( c f .  Z e la w s k i ,  1960ab).

No in fo r m a t io n  about  r a t e s  o f  r o o t  r e s p i r a t i o n  i s  a v a i l a b l e  f o r  t r e e s  

under f i e l d  c o n d i t i o n s .  Our knowledge i s  r e s t r i c t e d  to  r a t e s  measured on p o t ­

ted  s e e d l i n g s  o r  detached  r o o t  sy stem s under n u r s e ry  o r  l a b o r a t o r y  c o n d i t io n s  

(E idmann, 1943; Eidmann & Schenke, 1967; K e l l e r  & Wehrmann, 1963; N e g i s i ,

1966; K e l l e r ,  1967; S z a n ia w sk i  & Adams, 1974).

A few e s t im a te s  o n l y  o f  the i n f lu e n c e  o f  r e s p i r a t i o n  upon the annual  

carbon  b a la n c e  o f  a t r e e  are  a v a i l a b l e  ( T r a n q u i l l i n i , 1979). S in c e  the sp e ­

c i e s ,  the age o f  the  p l a n t  m a t e r ia l  and the methods used d i f f e r ,  i t  i s  d i f f i ­

c u l t  to  compare the  r e s u l t s  o b ta in e d .  T r a n q u i l l i n i  and Schütz  (1970) e s t im a ­

ted  the r e s p i r a t o r y  carbon  l o s s e s  from stem and branches  f o r  a 7 6 - y e a r - o ld  

t r e e s  o f  Pinus cerribva and Larix decidua a t  the  t i m b e r l i n e  to  be 23.1 and 16.9 

per cen t  o f  the annual ne t  p h o t o s y n th e t i c  p r o d u c t io n ,  and s u g g e s te d  t h a t  the  

carbon  l o s s e s  c o u ld  be tw ice  as h igh  down in  the warmer v a l l e y s .  For a 15- 

y e a r - o l d  S c o t s  p in e  in  C e n tra l  Sweden, the stem and branch r e s p i r a t i o n  a c co ­

unted f o r  o n l y  3 .8  per cen t  o f  the  annual p h o t o s y n t h e t i c  p ro d u c t io n  (Agren  et 

a l . , 1980). The a v a i l a b l e  e s t im a te s  o f  the im portance  o f  ro o t  r e s p i r a t i o n  

d i f f e r  as g r e a t l y  as do th o se  f o r  stem r e s p i r a t i o n .  Eidmann (1962) rep o rted  

t h a t  r o o t  r e s p i r a t i o n  i n  a number o f  c o n i fe r o u s  s e e d l i n g s  accounted  f o r  40 

60 per cen t  o f  the  annual p h o t o s y n th e t i c  p r o d u c t io n ,  w h i le  T r a n q u i l l i n i  (1959) 

e s t im a te d  the  r e s p i r a t o r y  carbon  l o s s e s  from r o o t s  to  be 7 .3  per cen t  f o r  

s e e d l i n g s  o f  Pinus cembra grow ing  a t  the  t im b e r l i n e .

One o f  the  aims o f  the Swed ish  C o n i fe ro u s  F o r e s t  P r o j e c t  (SWECON) i s  the  

c o n s t r u c t i o n  o f  s im u la t i o n  models  f o r  p r e d i c t i n g  the p r im a ry  p ro d u c t io n  o f  a 

f o r e s t  dominated by S c o t s  p in e .  To ach ie ve  t h i s ,  a b e t t e r  u n d e r s t a n d in g  o f  

the  p r o c e s se s  and f a c t o r s  r e g u l a t i n g  growth was needed. The p re se n t  s tu d y  was 

c a r r i e d  out as  an i n t e g r a t e d  p a r t  o f  the  p r o j e c t ,  to  in c r e a s e  the u n d e r s ta n d ­

in g  o f  the dynam ics  o f  p r im ary  p ro d u c t io n  i n  S c o t s  p in e .

The p re se n t  paper p re se n t s  some r e s u l t s  on the  annual co u rse  o f  stem and 

c o a r s e - r o o t  r e s p i r a t i o n  in  a 2 0 - y e a r - o ld  S c o t s  p in e  t r e e .  The r e s u l t s  are  

com pi led  i n t o  an e s t im a te d  annual carbon  budget f o r  the  t r e e .

A more d e t a i l e d  d e s c r i p t i o n  o f  the  re se a rc h  programme on gas  exchange  

c a r r i e d  out w i t h in  SWECON can be found in  L in d e r  and Troeng (1980 ).
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MATERIALS AND METHODS

The measurements were performed in  a 2 0 - y e a r - o ld  s tan d  o f  S c o t s  p ine  

(Pinus sylvestris L . )  a t  the J ad raa s  Research  S i t e  o f  SWECON in  C e n tra l  

Sweden (6 0 ° 4 8 'N . ;  1 6 ° 3 0 'E . ;  a l t .  180 m). D e t a i l e d  d e s c r ip t i o n s  o f  the s tan d  

and the s i t e  are  g iv e n  by F l o w e r - E l l i s  et al. (1976) and A x e ls so n  and Braken-  

h ie lm  (1980).

The s t u d ie s  o f  ga s  exchange w i t h in  the s ta n d  were c a r r i e d  ou t  u s in g  an 

open gas  exchange system  w ith  16 t e m p e r a t u r e - c o n t r o l le d  a s s i m i l a t i o n  chamb­

e r s .  Carbon d io x id e  was measured by i n f r a - r e d  gas  a n a l y s i s  (UNOR 2, M a ihak ,  

Hamburg, FRG) and w ater  vapour c o n c e n t r a t io n  by d e w -p o in t  m eters (Walz M ess -  

und R e g e l te c h n ik ,  E l t e r s d o r f ,  FRG). Each o f  the 16 sample l i n e s  was a n a ly se d  

a t  l e a s t  e ve ry  45 m inu te s  th ro u gh o u t  the  y e a r ,  except  d u r in g  s h o r t  p e r io d s  

when the system  had to  be r e p a ir e d .  The system  was d e s c r ib e d  in  d e t a i l  by 

L in d e r  et al. (1980 ).

The r e s u l t s  p re sen te d  in  t h i s  r e p o r t  were o b ta in e d  from a s i n g l e  r e p r e ­

s e n t a t i v e  t r e e  on an u n tre a te d  p l o t  d u r in g  1978. The t r e e  was h a rv e s te d  in  

the l a t e  s p r i n g  1980, and some o f  the s t r u c t u r a l  da ta  are  com piled  in  Tab le  1.

TABLE 1.

S t r u c t u r a l  d a ta  f o r  the  t re e  on which the measurements were performed. The 
t re e  was h a rv e s te d  in  l a t e  A p r i l ,  1980 and the r o o t  system  was excavated  
one month l a t e r .  The t r e e  was 20 y e a r s  o ld  and had 12 l i v e  w h o r l s .

W eight

9

Area

dm2

Length

m

Stem 4364 77.4 5.0

Branches (n eed le  b e a r in g ) 1603 22.7

Branches (w ith o u t  n e e d le s ) 1163 58.5 19.3

Needles 3160 917.2

T aproo t 394 7 .3 0.6

C oarse  ro o t s  > 5 mm 794 71.2 21.5

C oarse  r o o t s  2-5  mm 161 73.3 83.3

Needle area  was measured by a l e a f - a r e a  meter ( L I - 3 0 0 0 ,  Lambda In s tru m e n t  Co. 

I n c . ,  Nebraska ,  U . S . A . )  and the area  o f  the stem and the b ranches  was c a l c u l ­

ated  u s in g  the  le n g t h  and the d iam ete r  in  the  m idd le  o f  each in te rn o d e .  The
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w e ig h ts  were determ ined a f t e r  d r y in g  to  c o n s ta n t  w e igh t  a t  85 °C.

The ro o t  system  o f  the t re e  was excavated  as  soon as the s o i l  had thawed 

in  m id-May. The r o o t s  were e xcavated  by hand and fo l lo w e d  down to  a d iam ete r  

between 1-2 mm. The area  o f  the c o a r se  r o o t s  was determ ined by m easur in g  the  

d iam ete r  eve ry  50 cm a lo n g  the r o o t s .  For r o o t s  l e s s  than  5 mm in  d iam e te r ,  

the t o t a l  le n g th  was measured and the p ro je c te d  s u r f a c e  area  was determ ined  

u s in g  the l e a f - a r e a  meter. From the area  and le n g th  an ave rage  d iam ete r  was 

d e r iv e d  and used f o r  c a l c u l a t i n g  the t o t a l  a rea  o f  f i n e r  r o o t s  (2 -5  mm).

Stem r e s p i r a t i o n  r a te  was measured on a n in e - y e a r - o l d  stem in te rn o d e
2

t h a t  in c r e a s e d  in  s u r f a c e  area  from 3 .8  to  4 .4  dm d u r in g  1978. C o a r se -

ro o t  r e s p i r a t i o n  r a te  was measured on a ro o t  20 cm away from the stump. The
2

area  o f  the ro o t  was a t  the end o f  the season  0 .8  dm . Stem r e s p i r a t i o n  was 

measured th ro u gh o u t  the  y e a r  (Janu ary  November) and c o a r s e - r o o t  r e s p i r a t i o n  

d u r in g  the p e r io d  when the ground was not froz e n  (m id-May November).

The chambers used f o r  the  measurements o f  stem and c o a r s e - r o o t  r e s p i r a ­

t i o n  r a te  were s p l i t  PVC tubes  w ith  top  and b a s e - p l a t e s  og 8 mm t h i c k  PVC.

The stem chamber was 230 mm lo n g  w ith  an i n s i d e  d iam e te r  o f  104 mm and the  

ro o t  chamber was 150 mm lo n g  and w ith  an i n s i d e  d iam e te r  o f  52 mm. The two 

h a lv e s  were screwed t o g e th e r  around the stem or  r o o t  w ith  s e a l s  o f  fo am -ru b ­

ber. The stem chamber was surrounded  by a r a d i a t i o n  s h i e l d  o f  w h i t e -p a in te d  

a lum in ium . A i r ,  stem, and ro o t  tem perature  was recorded  u s in g  the rm ocou p le s .  

For f u r t h e r  d e t a i l s  c o n c e rn in g  the chambers and the m easur in g  system  see L i n ­

der  et at. (1980 ).

The r a d i a l  changes  o f  the  stem were measured by a s t r a i n  gauge t r a n s d u c e r  

( H e l l k v i s t  et at., 1975) p la ce d  in  the m idd le  o f  the l i v i n g  crown.

RESULTS

D im ia J _  va_riat_ions

The c ou rse  o f  stem r e s p i r a t i o n  r a te  d u r in g  the day  fo l lo w e d  the f l u c t u a t i o n s  

in  stem tem perature  c l o s e l y  ( F ig u r e  1 ).  I f  stem r e s p i r a t i o n  r a te  was r e l a t e d  

to  a i r  tem perature  i n s t e a d ,  a h y s t e r i s e s  lo o p  was o b ta in e d  caused by i n e r t i a  

in  the warming and c o o l i n g  o f  the stem. However, the re  was no such r e l a t i o n ­

s h ip  between the d iu r n a l  changes  in  stem r a d iu s  and te m pera tu re .  The d iu r n a l  

s h r in k a g e  and s w e l l i n g  o f  the  stem made i t  im p o s s ib le  to  d i s t i n g u i s h  w i t h in -  

day growth from s w e l l i n g  ( F ig u r e  1B). With the o n se t  o f  t r a n s p i r a t i o n  in  the  

m orn in g ,  the  stem r a d iu s  d e c re a se d ,  and no pronounced re c o v e ry  was observed
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u n t i l  t r a n s p i r a t i o n  ceased in  the eve n ings  (F ig u re  2 ).  I t  was not even p o s s ­

i b l e  to  sepa ra te  r a d i a l  growth from s w e l l i n g  d u r in g  r a in y  days u n le s s  there  

was a lon g  s p e l l  o f  r a in .

The d iu r n a l  course  o f  c o a r s e - r o o t  r e s p i r a t i o n  ra te  fo l lo w e d  s o i l  tempe­

ra tu re  in  a s i m i l a r  manner as stem r e s p i r a t i o n  fo l lo w e d  stem tem perature.

FIGURE 1. The d iu r n a l  course  o f  (A ) :  stem temperature ( s o l i d  l i n e ) ,  water
c o n c e n t ra t io n  d e f i c i t  (broken l i n e )  and (B ) :  stem r e s p i r a t i o n  ra te  
( s o l i d  l i n e ) ,  r a d i a l  change (broken l i n e )  d u r in g  a week in  J u ly .

FIGURE 2. The average  d iu r n a l  course  in  stem ra d iu s  d u r in g  a week in  J u ly  
in  r e l a t i o n  to  t r a n s p i r a t i o n  r a te .  The t r a n s p i r a t i o n  r a te  was 
c a l c u l a t e d  from s tom ata l conductance and the ambient w ater con ­
c e n t r a t io n  d e f i c i t  ( c f .  L in d e r  & Troeng, 1980).
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^easona.1 _ v a r ia r t i  jo n

The se a so n a l  v a r a t i o n  in  stem r e s p i r a t i o n  r a te  l a r g e l y  fo l lo w e d  the s e a ­

son a l  v a r i a t i o n  in  a i r  tem perature  (F ig u r e  3 ) .  The h i g h e s t  r a t e s  o f  r e s p i r a ­

t i o n  were found d u r in g  the p e r io d  o f  stem growth (m id-May to  A u g u s t ) .  T hrough­

ou t  the p e r io d  to  November, the Q10 o f  r e s p i r a t i o n  was c l o s e  to  2 ( F ig u r e  3C).  

The two h igh  Q1f) v a lu e s  in  A p r i l  and May are  e r ro n e o u s ,  caused by a ve ry  r a p id  

r a te  o f  change in  the r e s p i r a t i o n  r a te  so t h a t  i t  was not  p o s s i b l e  to  o b t a in  

a c o r r e c t  te n -d a y  a ve rage  v a lu e  o f  the  Q^q . I t  was c o n s id e re d  m e a n in g le ss  to  

c a l c u l a t e  Q1q f o r  the w in te r  months when the stem was f ro z e n  most o f  the  t im e.

FIGURE 3. The se a so n a l  v a r i a t i o n  in  (A ) :  Maximum-, mean-, and minimum tempe­
r a t u r e ;  (B ) :  Stem r e s p i r a t i o n  r a t e ,  and (C ) :  Q ,q o f  stem r e s p i r a t ­
ion  from A p r i l  to  November 1978. The p re se n te d  v a lu e s  a re  mean 
v a lu e s  f o r  t e n - d a y - p e r i o d s .

The r e s p i r a t i o n  r a te  a t  a c e r t a i n  tem perature  a l s o  changed o ve r  the  s e a ­

son ( F ig u r e  4 ) .  The d e c l i n e  in  r e s p i r a t i o n  r a te  a t  the  end o f  May and b e g in ­

n in g  o f  June c o in c id e d  w ith  a s p e l l  o f  d ry  and warm w eather  but i t  i s  not  

p o s s i b l e  from the  p re se n t  i n v e s t i g a t i o n  to  determ ine  which  f a c t o r  t h a t  caused  

the  drop in  r e s p i r a t i o n  r a t e .

The r e l a t i o n s h i p  between r e s p i r a t i o n  r a te  and stem te m pera tu re ,  th r o u g h ­

ou t  the  se a so n ,  was an e x p o n e n t ia l  f u n c t i o n  w ith  a Q̂ q c lo s e  to  2, as shown 

in  F ig u r e  4. However, i f  the  r e l a t i o n s h i p  i s  c a l c u l a t e d  from the ave rage  r a t ­

es o f  r e s p i r a t i o n  and ave rage  tem pera ture s  over  t e n -d a y  p e r io d s ,  a l i n e a r  

r e l a t i o n s h i p  i s  o b ta in e d  when the  mean tem perature  i s  above 0 °C ( F ig u r e  5 ) .
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FIGURE 4. The change in  re sponse  o f  stem r e s p i r a t i o n  to  stem tem perature  
d u r in g  1978. A l l  samples  have been d iv id e d  in t o  te n -d a y  p e r io d s  
and t h e r e a f t e r  a s s o r t e d  i n t o  tem perature  c l a s s e s .  The v a lu e s  
pre sen te d  a re  the averege  in  each c l a s s .  Broken l i n e s  i n d i c a t e  
t h a t  the  tem pera ture s  in  q u e s t io n  were not re p re se n te d  d u r in g  
t h a t  p e r io d .  The e n c lo se d  stem area  in c r e a s e d  d u r in g  the  p e r io d  
o f  measurement from 3 .8  to  4 .4  dm2. Number o f  samples  8898.

FIGURE 5. The r e l a t i o n s h i p  between d a i l y  mean a i r  tem pera ture  and d a i l y  
r e s p i r a t i o n  r a te  from January  to  November 1978. The v a lu e s  are  
the  a v e ra g e s  per te n -d a y  p e r io d .

C o a r s e - r o o t  r e s p i r a t i o n  r a te  in c re a se d  d u r in g  the  summer, the  maximum

r a t e s  o c c u r in g  in  l a t e  September when stem r e s p i r a t i o n  r a te  had s t a r t e d  to

de c re a se  ( F ig u r e  6 ) .  The peak r a te  e xp re sse d  per u n i t  s u r f a c e  area  a t  10 °C
“ 2 "1

was h ig h e r  f o r  the  r o o t  (2 .5  mg CO^ dm h ) than  f o r  the  '■ -tern (1 .75  mg 

CO^ dm  ̂ h ^ ).

131

©Bundesforschungszentrum für Wald, Wien, download unter www.zobodat.at



FIGURE 6. The se a so n a l  v a r i a t i o n  in  stem r e s p i r a t i o n  r a te  ( s o l i d  l i n e )  and 
c o a r s e - r o o t  r e s p i r a t i o n  r a te  (broken  l i n e )  a t  10 °C from A p r i l  
to  October 1978. The pre sen te d  v a lu e s  are  mean v a lu e s  f o r  te n -d a y  
p e r io d s .  The e n c lo se d  a re a s  were a t  the  end o f  the  season  4 .4  and 
0 .8  dm^ r e s p e c t i v e l y .

The s e a so n a l  changes  in  stem and ro o t  r e s p i r a t i o n  were s i m i l a r  but the  

in c r e a s e  in  ro o t  r e s p i r a t i o n  ocurre d  one month l a t e r  in  s p r i n g ,  and the de­

c l i n e  in  the  autumn was a l s o  de laye d  by one month ( F ig u r e  7 ) .  The h i g h e s t  

r a te s  o f  r e s p i r a t i o n  were found in  the  p e r io d  June to  A u gu st  f o r  the stem and

d u r in g  J u ly  to  September f o r  the  c o a r se  r o o t .  The t o t a l  annual r e s p i r a t o r y
- 2  - 2  

l o s s  f o r  the  stem was 8.5  g CC^ dm and f o r  the  r o o t  7 .9  g CO^ dm .

FIGURE 7. The se a so n a l  co u rse  in  p h o t o sy n th e s i s  ( s o l i d  l i n e ) ,  stem r e s p i r a t i o n  
(broken  l i n e ) ,  and c o a r s e - r o o t  r e s p i r a t i o n  (d o t te d  l i n e )  o f  a 20-  
y e a r - o l d  S c o t s  p in e .  The p re sen te d  v a lu e s  were based upon the s t r u c ­
tu re  g iv e n  in  T ab le  1. Root r e s p i r a t i o n  d u r in g  the  w in te r  months was 
c a l c u l a t e d  u s in g  re c o rd s  o f  s o i l  te m pera tu re .  For a b s o lu t e  v a lu e s  
see T a b le  2.
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Annua^_carbcm budget

The amount o f  in fo r m a t io n  a v a i l a b l e  was i n s u f f i c i e n t  to  a l lo w  a d e t a i l e d  

carbon  budget to  be drawn up, so some s i m p l i f i c a t i o n s  and e s t im a te s  were made.

The t r e e  s t r u c t u r e  used was the s t r u c t u r e  as found a t  the h a r v e s t  in  

s p r i n g  1980 (T a b le  1 ).  The p h o t o sy n th e t ic  p ro d u c t io n  was c a l c u l a t e d  f o r  each -  

age c l a s s  o f  n eed le s  s e p a r a t e ly ,  u s in g  d a ta  from two a s s i m i l a t i o n  chambers  

th a t  had been on the t r e e  th ro u gh o u t  1978 (Troeng & L in d e r ,  u n p u b l . ) .  To a c c ­

ount f o r  the  dec rea se  in  p h o t o s y n th e t i c  e f f i c i e n c y  w ith  i n c r e a s i n g  need le  age  

the r e l a t i o n s h i p s  g iv e n  by L in d e r  and Troeng (1980) were used.

The amounts o f  stem and c o a r s e - r o o t  r e s p i r a t i o n  was e s t im a te d  from the  

r e s u l t s  p re sen te d  in  t h i s  r e p o r t  u s in g  the area  o f  stem and c o a r se  r o o t s ,  

r e s p e c t i v e l y .

Needle and c u r r e n t - s h o o t  p ro d u c t io n  was s e t  equal to  the  p ro d u c t io n  d u r ­

in g  1979, as determ ined in  the h a r v e s t .  T o ta l  r o o t  p ro d u c t io n  was e s t im a te d  

as su g g e s te d  by Agren et a Z . ( 1 9 8 0 ) ,  u s in g  the p ro d u c t io n  f i g u r e s  g iv e n  by

P ersson  (1978 ),  where the amount o f  r o o t  b e lo n g in g  to  the t r e e  was c a l c u l a t e d2
in  r e l a t i o n  to  the  b a sa l  a rea  o f  the t r e e  a t  10 cm h e ig h t  (78 .5  cm ).

A f t e r  h a r v e s t ,  the  growth o f  the  stem s e c t i o n  e n c lo se d  f o r  measurements  

o f  r e s p i r a t i o n  r a te  was determ ined f o r  each y e a r  by c u t t i n g  o f f  one g row th ­

r i n g  a t  a t ime w ith  a s c a l p e l .  D u r in g  1978 the growth o f  the  s e c t io n  in  the  

chamber was 29.2 g dw (14.6  g C ) ,  and d u r in g  the  same y e a r  the t o t a l  r e s p i r a ­

t o r y  carbon  l o s s  was 37.4 g CO^ (10.2  g C ) ;  f o r  each gram o f  carbon  r e s p i r e d  

th e re  was an in c r e a s e  o f  1.43 g C in  the stem b iom ass .  T h is  r e l a t i o n  was used  

to  o b t a in  an e s t im a te  o f  t o t a l  stem growth (256 g C ) .  Branch r e s p i r a t i o n  was 

e s t im a te d  by assu m in g  t h a t  the r e s p i r a t o r y  carbon  l o s s ,  ex p re sse d  per u n i t  

s u r f a c e  a re a ,  was 50 per cen t  o f  t h a t  o f  the  stem ( c f .  Agren  et a t . ,  1980).  

Branch growth was then e s t im a te d  in  the  same way as f o r  the  stem.

The amount o f  c o a r s e - r o o t  (> 2 mm) r e s p i r a t i o n  was c a l c u l a t e d  from cham­

ber measurements and the measured s u r f a c e  area  assu m in g  t h a t  both c o a r s e - r o o t  

f r a c t i o n s  had the  same r e s p i r a t i o n  r a te  per u n i t  s u r f a c e  a re a .

The p ro d u c t io n  o f  f i n e  r o o t s  (0 -2  mm) was e s t im a te d  a c c o r d in g  to  Agren  

et a Z . (1980) to  be 2443 g C and the p ro d u c t io n  o f  c o a r s e - r o o t s  (> 2 mm) to  be 

120 g C.
A t h e o r e t i c a l  e s t im a te  o f  the c o s t  o f  b iom ass  p ro d u c t io n  in  S c o t s  p ine  

(A x e ls so n  & A gre n ,  1976) u s in g  the in fo r m a t io n  from Penning  de V r ie s  (1974)  

gave a r e s p i r a t i o n  c o s t  in  carbon  u n i t s  o f  28 per c e n t.  U s in g  t h i s  f i g u r e  f o r  

the f i n e - r o o t  f r a c t i o n ,  a ‘ growth r e s p i r a t i o n 1 o f  684 g C was o b ta in e d .  I f  the
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same r e l a t i o n s h i p  was used f o r  the  stem s e c t i o n  on which the r e s p i r a t i o n  mea­

surements were perform ed, a r a t i o  between m aintenance and growth r e s p i r a t i o n  

o f  1.5 was o b ta in e d .  Assum ing  t h i s  r a t i o  to  be v a l i d  f o r  the f i n e - r o o t  f r a c ­

t i o n ,  t h i s  g i v e s  a m aintenance c o s t  o f  1026 g C d u r in g  the y e a r .  However, the  

f i n e  r o o t s  have a h igh  tu rn o v e r  r a te  and the v a lu e  sh o u ld  th e r e fo r e  be d i v i d -  

ed by 7 (P e r s s o n ,  1978), g i v i n g  a t o t a l  f i n e - r o o t  r e s p i r a t i o n  o f  831 g C y r

The v a r io u s  components in  the  e s t im a te d  carbon  budget are  p re sen te d  in  

T ab le  2 both in  a b s o lu t e  v a lu e s ,  and as  a p e rce n tage  o f  the  annual p h o to sy n th ­

e t i c  p ro d u c t io n .

TABLE 2

An e s t im a te d  annual carbon  budget f o r  a 2 0 - y e a r - o ld  S c o t s  p in e .  The c a l c u l a ­
t i o n  was based upon the  s t r u c t u r e  o f  the t r e e  when h a rv e s te d  in  s p r i n g  1980 
(T a b le  1) and upon ga s  exchange measurements from 1978. The d ry  w e ig h t  o f  the  
b iom ass  was conve rted  in t o  carbon  a ssum ing  a 50 per cen t  carbon  c o n te n t  o f  the  
b iom ass  ( c f .  L a rc h e r ,  1969).

g Carbon %

PHOTOSYNTHESIS 4976

RESPIRATION

Stem 179 3.6

C o a r s e - r o o t s  > 5 mm 169 3.4

C o a r s e - r o o t s  2-5  mm 157 3.2

F in e  r o o t s 831 16.7

Branches 68 1.4

GROWTH

Needles 580 11.7

C u rre n t  sh o o t s 158 3.2

Stem 256 5.1

Branches 97 1.9

C oarse  r o o t s 120 2 .4

F in e  r o o t s 2443 49.1

5058 101.7
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DISCUSS ION

The p ro sp e c t  o f  o b t a i n i n g  an i n d i r e c t  measure o f  r a d i a l  growth from  

measurements o f  stem r e s p i r a t i o n  was p o in te d  ou t  by Johansson  (1 9 3 3 ),  who 

d iv id e d  the t o t a l  r e s p i r a t i o n  i n t o  'dorm ant ' and 'p r o d u c t i v e '  r e s p i r a t i o n ,  

terms t h a t  we now r e f e r  to  as 'm a in te n an ce '  and 'g ro w th '  r e s p i r a t i o n .  How­

e ve r ,  u n t i l  we can f i n d  a te chn iqu e  to  ' c o r r e c t '  our measurements f o r  the  

d iu r n a l  s h r in k a g e  and s w e l l i n g  o f  the stem, i t  w i l l  not be p o s s i b l e  to  s tu d y  

stem growth w ith  a h igh  r e s o lu t i o n  in  t im e. Even i f  i t  was p o s s i b l e  to  c o r ­

r e c t  f o r  w ate r - in d u c e d  changes  in  stem r a d i u s ,  o th e r  problems a f f e c t  a t tem pts  

to  o b t a in  an i n d i r e c t  measure o f  grow th. The f i r s t  problem i s  t h a t  the amount 

o f  l i v i n g  c e l l s  i s  not c o n s t a n t  d u r in g  the se a so n ,  hence i t  i s  not p o s s i b l e  

to  s u b t r a c t  the  m aintenance r e s p i r a t i o n  w ith o u t  e s t im a t in g  the  amount o f  l i v ­

in g  b iom ass a t  any p o in t  in  t im e. The second problem i s  t h a t  volume and den­

s i t y  do not in c r e a s e  in  p a r a l l e l ,  and the w a l l  t h i c k n e s s  d i f f e r s  between e a r ­

l y  wood and l a t e  wood ( c f .  Zumer, 1969ab).

The se a so n a l  changes  in  stem r e s p i r a t i o n  r a te  were in  accordance  w ith  

e a r l i e r  r e p o r t s  (J o h a n s so n ,  1933; T r a n q u i l l i n i  & Sch i i tz ,  1970; L in d e r  & T ro -  

eng, 1980). The ob served  decrease  in  stem r e s p i r a t i o n  r a te  d u r in g  the warm 

and d ry  s p e l l  in  e a r l y  summer co u ld  have been caused  by w ate r  s t r e s s  ( N e g i s i ,  

1975). However, d u r in g  the same p e r io d  a dec rea se  in  the  c a rb o h y d ra te  r e s e r ­

ves o f  the n eed le s  was observed  by E r i c s s o n  (1980 ).  T h is  s u g g e s t s  t h a t  the re  

may have been a s h o r t a g e  o f  c a rb o h y d ra te s  in  the stem caused  by fa v o u r a b le  

c o n d i t io n s  f o r  cam bial growth a t  the  same time as the p h o t o s y n t h e t i c  p roduc ­

t i o n  was reduced by s u p r a -o p t im a l  te m pera tu re s.

The in c r e a s e  in  r e s p i r a t i o n  r a te  d u r in g  e a r l y  summer can not o n ly  be 

e x p la in e d  by the 'g row th  r e s p i r a t i o n '  but must to  some e x te n t  a l s o  be an 

e f f e c t  o f  in c r e a s e d  m aintenance r e s p i r a t i o n  caused  by the in c r e a s e  in  r e s p i ­

r i n g  b iom ass  and an a c c l im a t io n  to  the p r e v a i l i n g  tem perature  ( c f .  Rook, 1969). 

The decrease  in  r e s p i r a t i o n  r a te  in  the autumn may be e x p la in e d  in  a s i m i l a r  

way as a r e s u l t  o f  a de c re a se  in  l i v i n g  b iom ass  and f u r t h e r  a c c l im a t io n  to  l o ­

wer tem pera tu re s.

The l i n e a r  r e l a t i o n s h i p  found between mean tem perature  and mean r e s p i r a ­

t i o n  r a te  was e a r l i e r  re p o r te d  f o r  Norway sp ru ce  by Johansson  (1933) u s in g  

w eekly  means o f  tem pera ture  and stem r e s p i r a t i o n  r a t e s .  A r e l a t i o n s h i p  such as  

the  one shown in  F ig u r e  5 would be ve ry  u se fu l  when t r y i n g  to  p r e d i c t  the  am­

ount o f  stem r e s p i r a t i o n  d u r in g  the  se a so n ,  s in c e  once the r e l a t i o n s h i p  had 

been e s t a b l i s h e d ,  tem perature  re c o rd s  o n ly  would be needed f o r  the  p r e d i c t io n .
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However, more da ta  must be a n a ly se d  to  t e s t  whether the r e l a t i o n s h i p  i s  the  

same from y e a r  to  y e a r .

I f  the  se a so n a l  co u rse  o f  c o a r s e - r o o t  r e s p i r a t i o n  r a te  to  some e x te n t  

r e f l e c t s  grow th , the r a d i a l  growth o f  c o a r se  r o o t s  occured  m a in ly  when the  

aboveground growth had s topped  and the s u p p ly  o f  a s s i m i l a t e s  was h igh  ( c f .  

F ig u r e  6 and 7 ) .  The l a t e  s t a r t  o f  r a d i a l  growth in  c o a r s e - r o o t s  i s  in  a g r e e ­

ment w ith  the f i n d i n g s  o f  Ladefoged  (1 9 5 2 ),  Head (1968) and Wargo (1979) and 

an autumn peak in  r o o t  r e s p i r a t i o n  r a te s  was re p o r te d  f o r  Lavix decidua by 

T r a n q u i l l i n i  (1979 ).  The r e l a t i v e l y  h igh  v a lu e  f o r  annual c o a r s e - r o o t  r e s p i -o
r a t i o n  (7 .9  g C dm ) can to  some e x te n t  be e x p la in e d  by a h i g h e r  l o s s  d u r in g  

the w in te r  months, as  compared w ith  the stem (1 7 .8  and 9.3  per cen t  r e s p e c t i ­

v e l y ) ,  and by r e l a t i v e l y  warm s o i l  d u r in g  the autumn months. In s p e c t io n  o f  

the h a rv e s te d  ro o t  system  s u g g e s te d  t h a t  the r o o t  s e c t i o n  t h a t  had been e n c l ­

osed in  the  r e s p i r a t i o n  chamber from mid-May to  November had grown somewhat 

more in  d ia m e te r  d u r in g  1978 than  had o th e r  c o a r s e - r o o t s .  The in c r e a s e  in  r a d ­

i a l  growth co u ld  have been an e f f e c t  o f  'e x p o su r e '  and r e d u c t io n  o f  p re s su r e  

( c f .  F a y le ,  1968). An o v e r e s t im a t io n  o f  c o a r s e - r o o t  r e s p i r a t i o n  may t h e r e fo r e  

have been in t ro d u c e d  in  the  carbon  budget (T a b le  2 ) .

In  s p i t e  o f  the  e s t im a te s  made in  c a l c u l a t i n g  the  carbon  bu d ge t ,  the  bud­

ge t  ba lan ced  s u r p r i s i n g l y  w e l l  (T a b le  2 ) .  However, even l a r g e  e r r o r s  in  most 

o f  the  e s t im a te s  would n ot  change the  main f e a t u r e s  o f  the  budget which are  

s i m i l a r  to  t h a t  p re sen te d  by Agren et al. (1980) f o r  a f i v e  y e a r  younger  t re e  

from the same s i t e .  I t  sh o u ld  be noted t h a t  the  s i t e  in  q u e s t io n  i s  e x t rem ly  

poor and d ry  which  can be one e x p la n a t io n  f o r  the  h igh  c o s t  o f  growth and m ain­

tenance o f  the r o o t  system .

I t  i s  app a ren t  t h a t  much more in fo r m a t io n  i s  needed be fo re  we can under­

s ta n d  and p r e d i c t  the  dynam ics o f  p r im a ry  p ro d u c t io n  o f  t r e e s  g row ing  under  

n a tu r a l  c o n d i t i o n s ;  e s p e c i a l l y  im p o r ta n t  i s  a b e t t e r  u n d e r s t a n d in g  o f  the  

dynamics o f  r o o t  p ro d u c t io n .
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