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SHORT COMMUNICATION 

S o m e  effects of increased  a t m o s p h e r i c  carbon d iox ide  on 
whi te  c lover  (Tri]olium repens) and pea (Pisum sativum) 

S u m m a r y  
The  effects  of a t m o s p h e r i c  c a r b o n  d iox ide  e n r i c h m e n t  on  n i t r ogen  f ixa t ion  

b y  wh i t e  c lover  a n d  pea, a n d  on  s t o m a t a l  ape r tu re ,  t r a n s p i r a t i o n  loss a n d  
n i t r a t e  r educ t a se  a c t i v i t y  in  wh i t e  clover,  are  descr ibed  a n d  t he  imp l i ca t ions  
discussed.  

I n t r o d u c t i o n  

V a r y i n g  t h e  c a r b o n  d ioxide  s u p p l y  to  p l a n t s  m a r k e d l y  a l t e r s  t h e i r  g r o w t h  
a n d  pe r fo rmance .  W i l s o n  et al. is  were p r o b a b l y  t he  f i rs t  to  d e m o n s t r a t e  a 
benef ic ia l  effect  f rom inc reased  a t m o s p h e r i c  CO2 level  on  l egume n i t r o g e n  
f ixa t ion .  More  recen t ly ,  H a r d y  a n d  H a v e l k a  4 a n d  H a v e l k a  a n d  H a r d y  6 
f o u n d  t h a t  ra i s ing  a t m o s p h e r i c  CO2 to  ca 1200 p p m  gave  m a r k e d  increases  
in p l a n t  weight ,  N2 f ixa t ion  pe r  p l a n t  a n d  pe r  u n i t  nodu le  we igh t  a n d  ex-  
t e n d e d  t h e  pe r iod  of N~ f ixa t ion .  A p a r t  f rom t h e  ear l ie r  work  Is, h e r b a g e  
l egumes  h a v e  no t  been  s tud ied  in th i s  respec t  a n d  m a y  di f fer  f rom gra in  
l egumes  in some r e l e v a n t  aspects .  Fo r  example ,  wh i t e  c lover  does  no t  show 
a l i g h t - i n d u c e d  d i u r n a l  v a r i a t i o n  in ace ty lene  r educ t ion ,  a p r o p e r t y  t h a t  
a p p e a r s  to  v a r y  c o n s i d e r a b l y  b e t w e e n  legumes  2 5 8 9 16 17 

The  p r e s e n t  i n v e s t i g a t i o n  was u n d e r t a k e n  to  o b t a i n  i n f o r m a t i o n  on  t he  
effects  of inc reased  CO~ s u p p l y  on  N2 f ixa t ion ,  a n d  on  p l a n t  processes  wh ich  
m a y  af fec t  it ,  in  w h i t e  clover.  Peas  were i nc luded  in t h e  i n v e s t i g a t i o n  to 
p e r m i t  c o m p a r i s o n  of h e r b a g e  w i t h  g ra in  t ypes  of legumes.  

M a t e r i a l s  a n d  me thods  

W h i t e  c lover  (cv Blanca )  a n d  pea  (cv D a r k  Sk inned  Per fec t ion)  were sown 
in  175 m m  d i a m e t e r  po t s  c o n t a i n i n g  N-free  coarse  q u a r t z  sand ,  covered  w i t h  
a 25 m m  l aye r  of p o l y t h e n e  pe l le t s  to  p r e v e n t  g r o w t h  of algae on  t h e  s and  
surface  a n d  e v a p o r a t i o n  of wa te r .  T he  po t s  were p laced  in a g r o w t h  c h a m b e r  
h a v i n g  a 16-hour  day,  l igh t  i n t e n s i t y  of 16,500 lux  a n d  d a y  a n d  n i g h t  t e m p e r -  
a t u r e s  of 21 ~ a n d  13 ~ respec t ive ly .  B o t h  species were i nocu la t ed  w i t h  rh izo-  
b ia l  s t ra ins ,  k n o w n  to  be  e f fec t ive  w i t h  t h e m ,  a t  sowing a n d  aga in  seven  days  
la te r .  

Af t e r  e s t a b l i s h m e n t  t he  c lovers  a n d  peas  were t h i n n e d  to  six a n d  t h r e e  
p l a n t s  pe r  p o t  respec t ive ly .  The  po t s  rece ived  w a t e r  on ly  for  seven  days  a f t e r  
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sowing, after which a N-free nutrient solution was given daily. The pots were 
placed on low supports to facilitate free drainage of excess nutrient. The 
amount  of nutrient solution added depended on the stage of growth but was 
always sufficient to produce drainage of excess solution from the pots. 

A simple device was constructed to provide an increased CO2 level in the 
atmosphere. The growth chamber was completely divided into two equal 
compartments by 500 gauge polythene sheeting. A series of 63 mm diameter 
polyvinylchloride pipes containing a number of 1 mm holes were placed in 
each compartment  between the rows oI pots. The pipes were connected to 
a common air supply which was adjusted to give a small but  equal air flow 
from each hole. Carbon dioxide was introduced into the air pipes in one of the 
growth chamber compartments through 5 mm diameter copper pipes ending 
in 0.1 mm jets, and adjusted to give an atmospheric concentration of 1200 
ppm. The gas and air flows were controlled by a relay switching system and 
coincided with the light period in the growth chamber. The system was tested 
before installation of the experiment and found satisfactory. The COs con- 
centration in the untreated growth compartment  was not increased above 
ambient. Atmospheric COs concentration was measured by a 'Kitagawa'  gas 
detector (manufactured by Komyo Rikagaka Kogyo K K, Tokyo 152, Japan). 
This instrument, while lacking the sensitivity of more sophisticated equip- 
ment, proved very suitable for detecting the relatively large differences in 
COs concentration used in the present experiment. 

Carbon dioxide and N (175 ppm N as ammonium nitrate) t reatments  were 
imposed, separately and together, on the clover fifty days after sowing. 
The N t rea tment  was not applied to the pea. 

Clover was harvested 55, 63, 66 and 70 days after sowing, using six pots 
at each harvest. Peas were harvested 46, 49 and 62 days after sowing, using 
four pots for each harvest. 

Acetylene reduction was measured on whole plants, after careful removal 
of sand from the roots. Incubation conditions were one hour at 21 ~ in an 
atmosphere of 90% air and 10% acetylene. Ethylene was measured as pre- 
viously described 9. 

The procedures used for dry mat ter  and N estimations have been pub- 
lished3. Nitrate reductase was measured on duplicate samples by the method 
of M u l d e r  e/ al. i t ,  but using N- (1-naphthyl) ethylene-diamine hydro- 
chloride to develop colour in the test  extracts. 

Stomatal  openings were examined by the method of S a r v e l l a  et al. 15. 
Water  loss from the pots was measured by weighing. 

Resul t s  

C l o v e r .  Carbon dioxide enrichment increased the yields of dry weight 
and N per plant (Table 1). Percentage N in the dry material  was slightly 
higher in the CO2 treatments  at the first harvest. In subsequent harvests 
lower values were found in the CO2 t rea tment  in the absence of added N but 
higher levels obtained where mineral N had been supplied. In all treatments,  
percentage N tended to decrease with time. The weight of nodules per gram 
of root (nodule density) decreased throughout the first three harvests but 
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T A B L E  1 

Effects of COs and N on dry weight (g/pot) and acetylene reduction (~M C2H4/pot/h / 
by  white clover 

Total  Nodules/ CzH4/g 
T rea tmen t  Harves t  dry  Nodules root Nitrogen %N C~H4 nodule 

weight (g/g) 

Control 

- -  N + CO2 

+ N  

+ N + C O ~  

1 5.6 0.20 0.20 0.21 3.8 45.5 223 
2 11.0 0.23 0.14 0.45 4.1 43.3 163 
3 13.9 0.29 0.12 0.55 4.0 43.8 151 
4 18.2 0.54 0.18 0.68 3.7 65.4 121 

1 6.3 0.22 0.20 0.26 4.1 62.9 286 
2 12.2 0.25 0.14 0.46 3.8 60.4 178 
3 16.6 0.38 0.13 0.61 3.7 62.3 164 
4 21.0 0.55 0.16 0.72 3.4 88.9 162 

1 5.2 0.16 0.16 0.21 4.0 19.9 124 
2 12.0 0.14 0.08 0.49 4.1 9.4 56 
3 15.6 0.15 0.06 0.58 3.8 9.3 62 
4 19.9 0.30 0.12 0.73 3.7 9.2 31 

1 5.7 0.16 0.15 0.24 4.2 23.4 146 
2 11.5 0.13 0.15 0.46 4.0 I1.1 81 
3 18.0 0.23 0.09 0.67 3.7 19.1 83 
4 21.8 0.23 0.09 0.84 3.9 34.7 151 

s h o w e d  a n  i n c r e a s e  a t  t h e  f o u r t h ,  a n d  w a s  v i r t u a l l y  u n a f f e c t e d  b y  t h e  CO2 
t r e a t m e n t .  

A c e t y l e n e  r e d u c t i o n  p e r  p l a n t  a n d  p e r  g r a m  of  n o d u l e  ( spec i f ic  n o d u l e  
a c t i v i t y )  w a s  a l so  i n c r e a s e d  b y  CO~. T h e s e  i n c r e a s e s  w e r e  m a n i f e s t e d  a t  t h e  
f i r s t  h a r v e s t  w h i c h  w a s  t a k e n  f i ve  d a y s  a f t e r  t h e  CO~ t r e a t m e n t  w a s  a p p l i e d  
a n d  w e r e  c o n s i s t e n t l y  m a i n t a i n e d  t h r o u g h o u t  t h e  f o u r  h a r v e s t s .  I n  b o t h  t h e  
c o n t r o l  a n d  CO~ t r e a t m e n t s ,  a c e t y l e n e  r e d u c t i o n  p e r  p l a n t  r e m a i n e d  r e l a -  
t i v e l y  s t a t i c  t h r o u g h o u t  t h e  f i r s t  t h r e e  h a r v e s t s  b u t  s h o w e d  a l a r g e  i n c r e a s e  
a t  t h e  l a s t  h a r v e s t .  Spec i f i c  n o d u l e  a c t i v i t y  i n  b o t h  t h e s e  t r e a t m e n t s  d e -  
c r e a s e d  c o n s i s t e n t l y  w i t h  t i m e .  

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

T A B L E  2 

Water  loss by  clover plants  (ml]pot) 

T rea tmen t  Time (hours) 

3 4.5 5.5 

Control 59.2 75.8 87.5 
+ CO2 38.3 49.2 60.0 
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TABLE 3 

NOa-reductase levels irt leaves, petioles and roots of white clover 

~M NO2-.g fresh wt-X.h-: 

Harvest Treatment Leaves Petioles Roots 

1 + N 0.80 0.08 0.14 
+ N + CO2 0.61 0.10 0.17 

2 + N  0.85 0,15 0,15 
+ N + C02 0.61 0.12 0.14 

t h a n  CO~, and  reduced  nodule  weigh t  per  p l a n t  and  nodule  dens i ty .  These  
t r ends  were ref lec ted  in t he  ra tes  of ace ty lene  r educ t ion  per  p l an t  and  per  
g ram of nodule.  Rais ing the  CO2 level, in t he  presence  of N gave fu r the r  
increases  in d r y  weigh t  and  N yields,  and  in N con ten t .  Nodule  dens i ty  was  
no t  cons i s t en t ly  increased b u t  ace ty lene  r educ t ion  per  p l an t  and  per  g r a m  
of nodule  was.  

Rais ing the  level of CO2 m a r k e d l y  reduced  clover s t o m a t a l  opening  size. 
E x a m i n a t i o n  of s t o m a t a l  impr in t s  unde r  t he  microscope  showed  the  shor te r  
axis was  r educed  by  a b o u t  hal f  in t he  h igher  CO2 a tmosphe re .  W a t e r  loss 
f rom these  p l an t s  was  also reduced  (Table 2). Leaves  of p l an t s  receiving N 
showed lower  NOa-reductase  levels in t he  CO2 t r e a t m e n t  (Table 3). Levels  
in pet ioles  and  roo ts  were  m u c h  lower  and  showed  no t rend .  The enzyme  
was  no t  de t ec t ed  in p l an t s  no t  receiving N. 

P e a .  Carbon  dioxide e n r i c h m e n t  had,  in m a n y  respects ,  s imilar  effects  on 
pea  (Table 4). D r y  weights ,  yields of nodules  and  of N and  ace ty lene  reduc-  
t ion  per  p l a n t  were  increased.  Nodule  dens i ty  was  also g rea te r  in the  CO2 
t r e a t m e n t  and  increased t h r o u g h o u t  t he  course of t he  e x p e r i m e n t  in con- 
t r a s t  to  t he  clover,  wh ich  showed no t rend .  Pe rcen tage  N was  general ly  
decreased  by  CO~. Specific nodule  ac t iv i ty  was  mark ed l y  lower in th is  
t r e a t m e n t  and,  as in t he  case of clover,  decreased  wi th  t ime.  

TABLE 4 

Effects of CO~ on dry weights (g/pot) and acetylene reduction (~M C~Ha/pot/h) by pea 

Total Nodules/ C~Ha/g 
Treatment Harvest dry Nodules root Nitrogen %N CzHa nodule 

weight (g/g) 

Control 

+ COa 

1 6.3 0.39 0.22 0.23 3.7 19.8 50.6 
2 11.2 0,69 0.3B 0.44 3.9 26.5 38.4 
3 27.6 1.06 0,66 0.97 3.5 37.0 34.9 

I 9.0 0.73 0,35 0,31 3,4 31.4 43,0 
2 12,3 0.94 0.49 0.53 4.3 33.3 35.4 
3 31.8 1.57 0.87 1.02 3.2 45.1 28.7 
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Discuss ion  

The  resu l t s  show t h a t  ra i s ing  t h e  CO2 level  c an  have ,  in  m a n y  respects ,  
t h e  s ame  effects  on  h e r b a g e  as on  g ra in  legumes.  Yields  of p l a n t  d r y  we igh t  
a n d  of N were  inc reased  whi le  p e r c e n t a g e  N- in t he  d r y  m a t t e r  was  decreased.  
Some di f ferences  were also f o u n d  b e t w e e n  t h e  two  species in  t he  p r e sen t  
i nves t i ga t i on .  Thus  CO2 e n r i c h m e n t  h a d  no  effect  on  nodu le  d e n s i t y  in c lover  
b u t  m a r k e d l y  inc reased  t he  specific a c t i v i t y  of t he  nodules .  I n  t h e  case of 
t h e  pea,  nodu le  d e n s i t y  was inc reased  b y  CO~, whereas  specific n o d u l e  
a c t i v i t y  was decreased.  I n  p rev ious  work  us ing  red  clover,  W i l s o n  et al. i s  
f o u n d  t h a t  CO2 e n r i c h m e n t  inc reased  t o t a l  nodu le  n u m b e r  a n d  N2 f i xa t i on  
b u t  d id  n o t  d e t e r m i n e  nodu le  mass .  M u l d e r  a n d  v a n  V e e n  12, us ing  red  
clover ,  f o u n d  t h a t  CO2 b u b b l e d  t h r o u g h  t h e  l iqu id  roo t i ng  m e d i u m ,  inc reased  
t o t a l  N2 f i xa t i on  b u t  n o t  nodu le  mass ,  i n d i c a t i n g  increased  specific nodu le  
ac t i v i t y .  W h e n  pea  was used  nodu le  n u m b e r  was no t  affected,  a n d  t o t a l  
nodu le  mass  s l i gh t ly  increased.  I n  a n o t h e r  s t u d y  w i t h  pea  14, b u t  ove r  a 
s h o r t e r  pe r iod  t h a n  t h e  p r e s e n t  work,  CO2 e n r i c h m e n t  inc reased  n o d u l e  
n u m b e r s  a n d  m e a n  nodu le  mass  b u t  no t  specific nodu le  ac t iv i ty .  H a r d y  
a n d  H a v e l k a  4 o b t a i n e d  inc reased  nodu le  mass  a n d  specific a c t i v i t y  w i t h  
s o y a b e a n .  The  p r e s en t  resu l t s  are  in  good a g r e e m e n t  w i t h  t h e  p r ev ious  
f indings ,  b u t  i t  is a p p a r e n t  t h a t  t h e  effects  of CO~ e n r i c h m e n t  d e p e n d  to  
some e x t e n t  on  t h e  t e s t  species,  a n d  on  t h e  cond i t ions  a n d  d u r a t i o n  of t h e  
e x p e r i m e n t .  F u r t h e r  i n v e s t i g a t i o n  of these  a spec t s  is necessary .  

The  dec reased  N~ f i xa t i on  pe r  p l a n t  a n d  pe r  g r a m  of nodu le  in  t he  p resence  
of m i n e r a l  N was expec ted .  Ca rbon  dioxide  caused  a n  e v e n t u a l  reversa l  of 
t h i s  t r e n d .  Th i s  m a y  h a v e  been  due  to a d i rec t  CO2 effect  (i,e, inc reased  
e n e r g y  supply)  or  to  r educed  m i n e r a l  N u p t a k e  also. The  lower  NO3-reduc tase  
a c t i v i t y  in  t h e  CO2 enr i ched  p l a n t s  rece iv ing  m i n e r a l  N is i n t e r p r e t e d  
as i n d i c a t i n g  a r e d u c e d  u p t a k e  of m i n e r a l  N. This  conc lus ion  is c o n s i s t e n t  
w i t h  t h e  o b s e r v e d  r e d u c t i o n s  in  s t o m a t a l  a p e r t u r e  a n d  t r a n s p i r a t i o n  
cu r r en t ,  b o t h  well  k n o w n  effects  of CO2 e n r i c h m e n t 1  13. As t h e r e  is good 
ev idence  t h a t ,  w i t h i n  b r o a d  l imits ,  t r a n s p i r a t i o n  per  se does n o t  af fec t  t h e  
Ng f ixa t ion  process  7 10 a n  expec t ed  consequence  of t h e  r educed  m i n e r a l  N 
u p t a k e  would  be  a lower  e n e r g y  r e q u i r e m e n t  for  i t s  e l abo ra t i on  in t he  p l a n t  
a n d  a n  e v e n t u a l  increase  in  c a r b o h y d r a t e  ava i l ab le  for  e x p o r t  to  t he  nodules .  

I t  t h u s  seems poss ible  t h a t  changes  in ace ty lene  r e d u c t i o n  a c t i v i t y  c an  
r e su l t  f r om a l t e r ed  m i n e r a l  N u p t a k e  which ,  in  t u r n ,  depends  to  some degree  
a t  least ,  on  t r a n s p i r a t i o n  cu r ren t .  Such  i n t e r - r e l a t ed  fac tors  as these  h a v e  
specia l  i m p o r t a n c e  w h e n  N2 f ixa t ion ,  a n d  t h e  effects  of e n v i r o n m e n t a l  
f ac to r s  on  it,  is be ing  m e a s u r e d  on  p l a n t s  g rown  in t he  presence  of m i n e r a l  
N, e.g. in  soil. 

I t  c an  be  conc luded  t h a t  CO2 e n r i c h m e n t  c an  e n h a n c e  N~ f ixa t ion  in t h e  
l egume  b y  one  or  more  of t h r e e  ways  viz  b y  inc reas ing  n u m b e r s  a n d / o r  mass  
of nodu le s  on  t h e  p l a n t  root ,  b y  inc reas ing  sources  of energy,  r e d u c t a n t  a n d  
c a r b o n  ske le tons  for  t he  r e d u c t i o n  a n d  e l abo ra t i on  of s y m b i o t i c  N a n d  b y  
dec reas ing  u p t a k e  of m i n e r a l  N a n d  t h u s  r educ ing  t he  c o m p e t i t i o n  for  ca rbo-  
h y d r a t e  r equ i r ed  for  i t s  e l a b o r a t i o n  in  t h e  p l an t .  The  f i r s t  two  of these  
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possibi l i t ies  m a y  resul t  in increased p l a n t  yie ld  and  t o t a l  N2 f ixa t ion  while 
t h e  la t te r ,  t h o u g h  poss ib ly  no t  increas ing t o t a l  ou tpu t ,  can  be expec ted  to  
increase t he  symbio t i c  c o m p o n e n t  of t he  n i t rogen  yield of legumes grown in 
t he  presence  of minera l  N. 

A c k n o w l e d g e m e n t s  

The  au tho r s  are i n d e b t e d  to  Messrs S. T u r n e r  and  M. E. M u r p h y  for  
skilled technica l  ass is tance,  and  to  Dr  P.  M u r p h y  for useful discussions.  

C. L. MASTERSON and  MARIE T. SHERWOOD 

Agricultural Institute, 
Wexford, Ireland 

Received 28 April 1977 

ReJe~ences 

1 van  Bavel ,  C. H. M., Crop Sci. 14, 208-212 (1974). 
2 Be rge r sen ,  F. J., Aust. J. Biol. Sci. 23, 1015-1025 (1970). 
3 Byrne ,  E., Methods of Analysis. Johnstown Castle, Wexford, Ireland (1968). 
4 Ha rdy ,  R. W. F. and Have lka ,  U. D., In Symbiotic Nitrogen Fixation in Plants 

(Nutman ,  P. S., ed.) pp 421-439. Cambridge Univ. Press (1976). 
5 Ha rdy ,  R. W. F., et aI., Plant Physiol. 43, 1185--1207 (1968). 
6 Have lka ,  U. D. and Hardy ,  R. W. F., I n  Proceedings of the First International 

Symposium on Nitrogen Fixation Vol. 2 (Newton,  W. E. and Nyman ,  C. J., ed.) 
pp 456-475. Washington State Univ. Press (I976). 

7 Huang ,  C-Y., et al., Plant Physiol. 86, 228-232 (1975). 
8 Mague, T. H. and Burr is ,  R. H., New Phytol. 71, 275-286 (1972). 
9 Mas te r son ,  C. L. and Murphy,  P. M., I n  Symbiotic Nitrogen Fixation in Plants 

(Nutman ,  P. S., ed.) pp 299-316. Cambridge Univ. Press (1976). 
10 Minchin ,  F. R. and Pa te ,  J. S., J. Exp. Bot. 25, 295-308, (1974). 
11 Mulder ,  E. G., et al., Plant and Soil 10, 335-355 (1959). 
12 Mulder ,  E. G. and van  Veen, W, L., Plant and Soil 13, 265-278 (1961). 
13 Pal las ,  J. E., Science 147, 171-173 (1965). 
14 Ph i l l ips ,  D. A., et al., Am. J. Bot. 63, 356-362 (1976). 
15 Sa rve l l a ,  P., et al., Crop Sei. I, 81-82 (1961). 
16 Tr in ick ,  M. J., et al., New Phytol. 77, 359-370 (1976). 
17 Wheeler ,  C. T. and Lawrie ,  Ann C., I n  Symbiotic Nitrogen Fixation in Plants 

(Nutman,  P. S., ed.) pp 497-509. Cambridge Univ. Press (1976). 
18 Wilson,  P. W., et al., Soil Sei. 35, 145-165 (1933). 


