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ABSTRACT 

The exchange of CO i n  l i g h t  was s t u d i e d  i n  p l a n t s  
2 

of s i x  d i v i s i o n s .  The r a t e s  of CO uptake i n  l i g h t ,  
2 

of CO evo lu t ion  i n  darkness,  and t h e  concent ra t ion  of 
2 

CO a t  CO compensation po in t  were measured i n  a  c losed  
2 2 

system wi th  an i n f r a r e d  gas analyser .  The CO evolu t ion  
2 

r a t e  i n  l i g h t  was then  c a l c u l a t e d  from t h e s e  measure- 

ments. Rates  of C02 exchange and CO -compensation 
2 

p o i n t s  were s i m i l a r l y  measured a t  s e v e r a l  concent ra t ions  

of oxygen between 2% and 100%. 

The CO concent ra t ion  a t  CO compensation p o i n t  
2 2 

was a  l i n e a r  func t ion  of O2 concent ra t ion  i n  eleven 

of t h e  twelve spec ies  s tudied .  The CO compensation 
2 

p o i n t  of corn was not a f f e c t e d  by 02. At 60% 02, 

t h e  i n h i b i t i o n  of r a t e s  of C02 uptake was of t h e  same 

magnitude i n  a l l  spec ies  s tudied .  

The minimum r a t e  of CO evo lu t ion  i n  l i g h t  was 2 

found to be a t  l e a s t  twice t h e  r a t e  of  C02  evolu t ion  

i n  t h e  dark i n  t e n  of e leven spec ies .  
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INTRODUCTION 

The relationship between photosynthesis and respira- 

tion in the light has commonly been studied by measure- 

ment of CO and 0 exchange by green plants. In early 
2 2 

work it was assumed that C02 is evolved at the same 

rates in light and dark (~abinowitch, 1951), and the 

true rate of photosynthesis has been considered to be 

the measurable rate of CO uptake plus the rate of C02 
2 

evolution in darkness. However recent experiments 

indicate that the rates of evolution of C02 are not the 

same in darkness and light. The effects of variations 

in oxygen, light and temperature on CO evolution are 
2 

radically different in light compared to darkness, 

suggesting two different processes. Such differences 

have been demonstrated by many workers using diverse 

methods and organisms. Isotopic CO and 0 exchange 
2 2 

were studied by Semenenko (1964), Ozbun, Volk and 

Jackson (1964) and Goldsworthy (1966). Rates of uptake 

and exchange transients of CO have been analysed by 
2 

Decker (1957, 1959) , Tregunna. (1963) and Tregunna, 

Krotkov and Nelson (1966). Holmgren and Jarvis (1967) 

studied CO exchange at extremely low C02 concentrations. 
2 



Poskuta, Krotkov and Nelson (1967) and Zelitch (1966) 

studied CO exchange with several metabolic inhibitors. 
2 

These papers represent only a part of the recent evidence 

showing that different processes of CO evolution operate 
2 

in light and dark. 

This project was designed to investigate the CO 
2 

evolution in the light, in a broad range of species from 

six Plant Divisions by measuring CO exchange at several 
2 

0 concentrations with an Infrared Gas Analyzer. 
2 

The measurable rate of CO uptake in light or apparent 
2 

rate of photosynthesis (APS) is considered to represent 

the net difference between the rates of CO uptake and 
2 

simultaneous CO evolution (~regunna, Krotkov and Nelson, 
2 

1966). The rate of C02 evolution in light may be calculated 

from the measurable APS rate (when C02 concentration is 

limiting CO uptake) if the C02 concentration at CO 
2 2 

compensation point ( Po2] CCp) is known. 

  he rate of CO evolution in light = Lco2J ccp 
2 

[c021 - CcOJ CCP 
where / CO 1 is the concentration of C02 at which the 

L. 2 2. 

rate of APS is measured. This equation ,was derived by 

Tregunna (1963) from work with detached tobacco leaves. 

Zelawski (1967) cites evidence that the values calculated 

by this method correspond to those from measurements of 



CO evolution in a CO -free system, but details of this 
2 2 

work are not available at present. If any of the C02  

evolved is reassimilated, this equation will be imprecise, 

although it may usefully indicate minimum values. 

At a given light intensity and temperature, the'rate 

of CO uptake varies directly with the ambient concentration 
2 

of C02  (below C02  saturation) (Gaf fron, 1960: Decker, 1957) . 
The relationship between CO concentration and the rate of 

2 

CO evolution in light is unknown, but independence is 
2 

assumed until a suitable test is devised (~rown and Tregunna, 

1967). If the rate of C02 evolution in light does vary with 

CO concentration (either directly, or indirectly by 
2 

dependence on photosynthesis), the above method of calcula- 

tion would have to be modified. 

The rate of CO uptake in light is a function of 
2 

light intensity, when other environmental factors are 

constant (Gaf fron, 1960) *. High light intensities saturate 

CO uptake in many plants but not in others such as corn a 
 emon on, 1963; Gaastra, 1963) and Pinus svlvestris (~elawski 

and Kinelska, 1967). The saturating light intensity is 

significantly lower for C02 evolution than for C02 uptake 

(Poskuta, Nelson and Krotkov, 1966). Holmgren and Jarvis 

4 
(1967) found that a light intensity of 5 x 10 ergs cm -2 



-1 sec ( a t  2 0 . 2  " C )  saturated CO e f f lux  in to  nearly CO -free 
2 2  

a i r  for  Rumex acetosa. A t  the l i g h t  compensation point ,  

generally about 50 f t -c  (~abinowitch,  1951). net  C02 uptake 

ceases, and CO uptake and evolution are  equal i n  r a t e  
2 

(~e lawsk i ,  1967) . 
The r a t e  of CO uptake i n  l i g h t  i s  revers ibly reduced 

2 

by increased 0 concentration over the range of 1% t o  100%. ' 

2 

This decrease of net C02'uptake r e f l e c t s  a-change i n  the 

r a t i o  of CO uptake and evolution r a t e s  due t o  a l i g h t  and 
2 

0- stimulated increase i n  CO evolution, and a d i r ec t  
- 2 2 

inhibi t ion of C02 uptake by O2 (~regunna ,  Krotkov and 

Nelson, 1966). Turner and Br i t ta in  (1962) have extensively 

reviewed the e f fec t s  of 0 on photosynthesis, especial ly  
2 

i n  algae. Bjb'rkman (1966) found the inhibi t ion of CO 
2  

uptake by O2 t o  be independent of l i g h t  over a wide in tens i ty  

range. However he does not consider the  extent  of CO 2  

evolution i n  the l i g h t ,  nor the  p o s s i b i l i t y  of 0 affect ing 
2 

CO uptake i n  two ways. 
2 

There is considerable disagreement about the source of 

C02  evolved i n  l igh t .  Some C02  is  derived from the oxidation 

of glycolate recently produced by photosynthesis (~oldsworthy 

1966; Zelitch 1966). However evidence i s  equivocal about 

whether some C02  is  evolved i n  l i g h t  by the respiratory 

mechanism t h a t  operates i n  darkness. Tregunha, Krotkov and 



Nelson (1966) conclude, partly because of the extrapolation 

of CO evolution in the light to zero at zero 0 concentra- 
2 2 

tion, that dark respiration is inhibited in light, and .is 

replaced, in some plants by a light-stimulated process (see 

also Brown and Tregunna, 1967). As it is not known how 

much evolved CO is reassimilated, the calculated values 
2 

of CO evolved may be minimum values, and dark respiratory 
2 

CO production may be masked even at low 0 concentrations. 
2 2 

Zelawski (1967), Semenenko (1964) and Hoch, Owens and Kok 

(1963) present results consistent with decreasing rates of 

"dark" CO evolution with increasing light intensities from 
2 

darkness up to the light compensation intensity. Thus in 

experiments using higher than compensating light intensities, 

it could be assumed that all C02 is evolved by light- 

stimulated processes. Zelitch (1964, 1966) suggested 

that even at high light intensities, C02  evolved in light 

is derived both from oxidation of glycolate, and from 

the same respiratory mechanism which is operative in darkness. 

He distinguished the two processes by their different 

temperature sensitivities. 

The methods used in the experiments in this thesis 

did not identify the source of the C02 evolved in the 

light, calculated values therefore refer to total evolution 



of CO i n  l i g h t  i r r e s p e c t i v e  of i t s  o r i g i n .  
2 

Many photosynthe t ic  p l a n t s  e x h i b i t  a CO compensation 
2 

p o i n t  (CCP) ( ~ a b r i e l s o n  1948, 1949) .  This  i s  t h e  concentra- 

t i o n  of ambient CO a t  which t h e  p l a n t  shows no n e t  exchange 
2 

of C 0 2  and rep resen t s  t h e  equi l ibr ium between uptake and 

evolu t ion  of C 0 2  ( L i s t e r ,  Krotkov and Nelson, 1961) .  P l a n t s  

with a CCP of about 50 ppm C 0 2  o r  more ( i n  21% 02) have been 

termed h igh  C ~ P  p l a n t s  (Downton and Tregunna, 1968) a s  

d i s t ingu i shed  from low CCP p l a n t s ,  which can reduce t h e  C 0 2  

concent ra t ion  i n  a c losed  system t o  5 ppm o r  l e s s .  Low C$P 

p l a n t s  inc lude  t r o p i c a l  g rasses  such a s  corn and sugarcane 

(Moss, 1962) ,  some, b u t  no t  a l l ,  s p e c i e s  of t h e  f ami l i e s  

Amaranthaceae, Chenopodiaceae and Portulacaceae (Tregunna 

and Downton, 1967) and t h e  a lgae  Chlo re l l a ,  Scenedesmus, 

Gonium, Enteromomha and Fucus ( ~ r o w n  and Tregunna, 1967).  

Downton and Tregunna (1968) showed t h a t  p l a n t s  found by 

Hatch, Slack and Johnson (1967) t o  possess  t h e  - C4 photo- 

s y n t h e t i c  carboxylat ion pathway ( ~ a t c h  and Slack,  1966) ,  

were i n v a r i a b l y  low CCP p l a n t s .  None of t h e  high CCP p l a n t s  

t e s t e d  showed apprec iable  f i x a t i o n  of CO i n t o  C4 compounds 
2 

(Downton and Tregunna, 1968).  Grasses of t h e  low 

compensation chlor idoid-eragros to id  o r  panicoid  l i n e s  

of evo lu t ion  (Downton and Tregunna, 1968) were found by 

Downes and Hesketh (1968) t o  have t h e  same ' r a t e s  of C02  



uptake a t  both 

authors showed 

21% and low concentration of oxygen. These 

tha t  i n  temperate, high CCP grasses found 

by Hatch e t  a l .  (1957) t o  have the Calvin and not the C4 

pathway, photosynthetic r a t e s  were considerably enhanced 

a t  low concentrations of 0 as compared t o  r a t e s  a t  21% 0 
2 2 '  

Tregunna e t  a l .  (1966) found t h a t  in  tobacco, a high 

CCP plant ,  the concentration a t  CO a t  CCP was a l inear  
2 

function of 0 concentration. In soybean, t h i s  re la t ionship 
2 

i s  d i r e c t l y  proportional from 1% t o  100% O2 and approaches 

zero a t  low 0 concentrations  orre rester, Krotkov and 
2 

Nelson, 1966). The e f fec t s  of O2 on C C P ' s  have been 

a t t r ibu ted  by these authors t o  the stimulation of C 0 2  

evolution i n  l i g h t  , since they found i n  soybean tha t  CO 
2 

evolution i n  darkness was not increased by 0 concentrations 2 

above 2%. Ducet and Rosenberg (1962) l i s t  many species 

and types of t i s sue  for.which CO evolution i n  darkness 2 

is saturated by low concentrations of 0 2 '  

Forrester  e t  a l .  (1966) concluded t h a t  i n  corn, a low 

CCP plant ,  dark respirat ion i s  inhibited by l i g h t  without 

being replaced by the C02-evolving process which operates 

i n  high CCP plants.  El-Sharkawy, Loomis and ~ i l l i a m s  

(1967) considered t h a t  both high and low CCP plants  

produce CO i n  l i g h t ,  whether by dark respirat ion or  photo- 
2 

respirat ion.  They suggested t h a t  low CCP plants  reassimilate 



a l l  t h e  C02 produced, while high CCP p l a n t s  a r e  l e s s  

e f f i c i e n t  a t  r e f i x a t i o n  o f  r e s p i r a t o r y  CO and hence 
2 ' 

evolve some of  t h i s  t o  the  atmosphere. Such a d i f f e rence  

may be due t o  morphology (Lake, 1967; Downes and Hesketh, 

1968) r a t h e r  than t o  a biochemical e f f e c t .  

The experiments presented i n  t h i s  t h e s i s  d e a l  with 

the  r e l a t i o n s h i p  between carbon d ioxide  compensation p o i n t s  

and O2 concent ra t ion  f o r  spec ies  of s e v e r a l  major p l a n t  

groups. Some d a t a  a r e  included of t h e  minimum r a t e s  of  

CO evo lu t ion  i n  l i g h t  a s  c a l c u l a t e d  using t h e  method of 
2 

Tregunna, Krotkov and Nelson (1966). However a r e l i a b l e  

q u a n t i t a t i v e  s tudy by t h i s  method i s  ou t s ide  t h e  scope of 

a survey of  p l a n t s ,  s i n c e  such a s tudy would requ i re  

ind iv idua l  cons idera t ion  of t h e  l i g h t  s a t u r a t i o n  curve of 

APS f o r  each spec ies ,  and r e p l i c a t e  C02-exchange determina- 

t i o n s  of s e v e r a l  samples a t  var ious 0 concent ra t ions .  2 

Considerable v a r i a t i o n  i s  found i n  CO -exchange r a t e s .  2 

This might be expected, due t o  t h e  known s e n s i t i v i t y  of 

t h e  systems involved t o  such f a c t o r s  a s  phys io logica l  age, 

time of season and l i g h t  pretreatment .  By c o n t r a s t ,  t h e  

determinat ion of CO compensation p o i n t s  may y i e l d  2 

reproducible  values.  Moss ( l962) ,  f o r  example, commented 

on t h e  s t r i k i n g  constancy of  t h e  CCP's of  v a r i e t i e s  of 



corn and tomato. H e  found variat ion o f  less than 5 ppm 

CO between measurements taken over a period o f  s i x  months 2 

a t  various l i g h t  i n t e n s i t i e s  above 2000 f t - c .  



-10- 

MATERIALS AND METHODS 

1. Measurement of CO exchanqe in a closed  system - -2 

k t e s  of  carbon dioxide by an a t t ached  l e a f  were 

c a l c u l a t e d  from changes. of C02  concent ra t ion  measured 

wi th  a Beckman model 215 I n f r a r e d  Gas Analyser (LRGA) 

i n  a c losed  system. The apparatus ,  descr ibed  i n  d e t a i l  

below, was adapted a f t e r  t h a t  descr ibed by L i s t e r ,  Krotkov 

and Nelson (1961). Since t h e  concent ra t ion  of  CO was 
2 

measured i n  a c losed system of known volume, and a t  

cons tant  temperature and pressure ,  t h e  amount of CO 2 

exchanged by t h e  l e a f  p e r  u n i t  time could be ca lcu la ted .  

2 .  Apparatus for CO measurement 
1 

A continuous record of t h e  IRGA output  was obtained 

by means of a t r a c e  on a r e c t i l i n e a r  g r i d  by a Texas 

Instruments  " R e c t i r i t e r "  recorder .  

Between t h e  l e a f  chamber and t h e  IRGA, gas passed 

through a c i r c u i t  of  g l a s s  and "Tygon" tubing,  as shown 

i n  Figs .  1 and 2 .  Four-way stopcocks,  which permit ted t h e  

s e l e c t i o n  of  e i t h e r  of two gas flow paths ,  d i v e r t e d  t h e  

flow from t h e  b a s i c  CO -measurement c i r c u i t  t o  accessory 2 

c i r c u i t s  f o r  removal of CO o r  t h e  a d d i t i o n  and mixing 2 '  

of gases .  



Fig. 1. -- Apparatus for measurement of CO exchange. 2 





A Flowmeter 

B Mercury manometer 

C Ice-water jacket 

D Removable flask f a  
condensed water 

E COa a bsorbon t 

F Outlet durmggos 
odd~l~on 

G Inlet for addmg gores 

H Ballast flask for gas mixing 

<>~ar m y  stopcock - Path of flow during [co,] 
measurement 

---+ Path of flow dur~ng 

o. bypass of leaf chomber 
b.remova1 of Cot 
c add~t~on of gas 
d mlxlng of gas 

LAMPS 

Fig. 2. Flow diagram of apparatus for measurement 
of CO exchange. 

2 



A diaphragm pump ("Neptune Dyna-Pump" - model 2 ,  

Universal E l ec t r i c  Co., U. S. A,) c i r cu l a t ed  the  gases 

through the  closed c i r c u i t  a t  a r a t e  of 0.9 l i t res  per  

minute. A g l a s s  flowmeter A, Fig. 2 (Matheson Co. No. 303, 

tube s i z e  R-2-15-B) was located on the  output s ide  of 

the  pump i n  the  c i r c u i t .  A mercury manometer (B, Fig. 2 )  

was incorporated i n t o  the  flow c i r c u i t  t o  ensure t h a t  

the  system operated a t  constant pressure.  This was 

e spec i a l l y  important when using the  b a l l a s t  f l a sk  (H, 

Fig. 2 )  f o r  gas mixing and volume measurement. 

Water vapour control  

The gas stream passed through a cooling condenser 

immediately a f t e r  the  l ea f  chamber (C, Fig. 2 )  . The 

condenser was introduced t o  remove excess water vapour 

t ranspired by the  l ea f ,  a s  t h i s  otherwise condensed i n  

the  c i r c u i t  a s  d rop le t s  .which in t e r f e r ed  with gas flow. 

The condenser consisted of a g l a s s  Y-tube cooled by a 

jacket of i c e  water. The cold tube walls  e f f e c t i v e l y  

removed some water from the  gas stream without appreciably 

changing the  temperature of the  gas.  A s  the  gas stream 

passed through the  upper p a r t  of the  Y-tube, the  waste 

l i qu id  flowed down i n t o  the  stem of the  Y (D, Fig. 2 )  

and was per iod ica l ly  removed. Water vapour remaining 



i n  t h e  gas  stream i n t e r f e r e d  s l i g h t l y  wi th  C02 determinat ion,  

and is  d iscussed  below. 

Leaf chambers 

Two chambers of d i f f e r e n t  s i z e s  were made from s h e e t s  

of  6  mm t h i c k  p l e x i g l a s s ,  and each was f i t t e d  wi th  a  

r e f l e c t i n g  back of aluminum f o i l .  The l a r g e r  chamber, 

s u i t a b l e  f o r  f e r n  fronds and Ricinus leaves  was 12 x 24 

x 0.6 cm (volume 195 m l )  , and t h e  smal ler  chamber, used 

f o r  a l l  o t h e r  p l a n t s ,  was 7 x 8 x 0.6 cm (volume 50 m l )  . 
The p l a n t  stem f i t t e d  i n t o  a  small  gap i n  t h e  chamber 

wal l ,  which was made a i r t i g h t  wi th  p l a s t i c i n e  around t h e  

s t e m .  The p l e x i g l a s s  l i d  was sea led  t o  t h e  chamber wi th  

petroleum j e l l y ,  clamped, and a  s t r i p  of  p l a s t i c i n e  app l i ed  

around t h e  j o i n t  a s  a  f i n a l  precaut ion  a g a i n s t  leaks .  

C a l i b r a t i o n  of t h e  IRGA 

The ze ro  reference  gas f o r  a l l  C02 measurements 

was d ry  n i t rogen  which was t r i c k l e d  cont inuously through 

t h e  reference  c e l l  a s  a  precaut ion  a g a i n s t  any slow leakage 

of atmospheric C02  i n t o  t h e  c e l l .  C a l i b r a t i o n  of  t h e  IRGA 

was d i f f i c u l t  due t o  t h e  non- l inea r i ty  of i t s  response. A 

gas  mixture,  c e r t i f i e d  by t h e  Matheson Co. ( ~ a n a d a )  t o  

be 350 ppm C02 i n  a i r ,  was used a s  t h e  upscale c a l i b r a t i o n  



standard. The zero point was established with dry nitrogen. 

Intermediate C02 concentrations were interpolated according 

to the calibration curve supplied with the IRGA. The 

final calibration curve was converted to a numerical table 

which was used in the calculation of all results. During 

calibration, standardization and experiments, the C02 

concentration was always measured with the pump operating 

and the system at a known pressure. 

A CO absorbant (Ascarite) was used when necessary 
2 

to remove C02 from gas mixtures. Ascarite scrubbing was 

also used to check the zero point of the IRGA during experi- 

ments, since the reading thus obtained corresponded to the 

zero point established with dry nitrogen gas. 

Volume Measurements 

The flow system for C02 determination may be con- 

veniently considered in-two parts: -- 

i) The leaf chambers, condenser and leads attached 

to stopcock a,in Fig. 2. Variously sized chambers may 

be substituted. The volumes of these components, and 

of the ballast flasks, were determined by measuring the 

volume of water they could contain. 

ii) The basic circuit. This includes the IRGA 

sample tube, and the entire tubing circuit, bypassing 



the leaf chamber and other components which may be 

switched into the circuit for special purposes, The 

volume of the basic circuit was determined in the follow- 

ing two ways, 

Method 1. The volume of water contained by the 

circuit external to the IRGA was measured. This 'figure 

was added to the volume of the IRGA sample tube as 

specified by the Beckman manual. The basic circuit 

volume by this method is 146 ml. 

Method 2. The technique of gas mixing is outlined 

in the following section. If, by use of the ballast 

flask, gas of known volume and CO concentration is 
2 

mixed with gas in the basic circuit at a different but 

known concentration and the same pressure, the volume 

of the basic circuit may be calculated. 

For example: -- 
Using the ballast flask, 275 ml of gas containing 

100 ppm C02 was mixed with gas in the basic circuit 

containing 350 ppm CO After mixing, the final concentra- 2' 

tion of C02 was 187 ppm. The volume, x, of the basic 

circuit may thus be calculated: -- 
100 (275) + 350 (x) = 187 (275 + x) 

The basic circuit volume (x) determined by this method 



was 147 m l .  

The t o t a l  volume of the  CO -measuring c i r c u i t  
2 

(225  m l  o r  373 m l )  was the  smallest  poss ible ,  using the  

ava i lab le  components. These small volumes enabled low 

r a t e s  of CO exchange t o  be measured i n  a sho r t  time. 
2 

Gas Mixinq Technique - 
A system of interchangeable b a l l a s t  f l a sks  (H, Fig 2 )  

permitted mixing of nitrogen, oxygen and a i r  t o  give 

severa l  d i f f e r e n t  concentrations of 0 and CO 
2 2 '  

A four- 

way stopcock (d, Fig. 2 )  attached by tubing and "Quick- 

f i t "  jo in t s  t o  f l a sks  of known volume, could be switched 

so  t h a t  the  gas stream flowed through, o r  bypassed the  

b a l l a s t  f l a sks .  To obta in  the  same percentage of 0 2 

with d i f f e r e n t  s ized l ea f  chambers, both chambers were 

incorporated i n  the  system during gas mixing. When the  

des i red  gas mixture was achieved, t he  unoccupied chamber 

and the  b a l l a s t  f l ask  were switched ou t  of the  system. 

For example: -- To obta in  71% 02, both lea f  chambers 

were f i l l e d  with ni trogen (containing 100 ppm c 0 2 )  and 

switched out  of c i r cu l a t i on .  The bas ic  c i r c u i t  and a 

525 m l  b a l l a s t  f l a sk  were f i l l e d  with O2 and closed. 

These two components were then mixed, and c i rcu la ted  

u n t i l  t he  IRGA indicated uniform C02 throughout the  



system. Thus 672 ml 0 were added to 273 ml N2, making 
2 

a total volume of 945 ml, of which 672 ml is 71%. The 

CO in the N was used as a marker to indicate that mixing 
2 2 

of the gases was complete. 

3. Illumination and temperature 

Incandescent light was provided by two Sylvania EBR 

375 watt movie lights. These lights have internal 

0 
reflectors giving a beam angle of 2 5  . The normal lamp 
life of four hours was extended by running lamps at 90 

volts instead of the rated voltage of 115 - 120 v. This 

lower voltage produces an emission spectrum corresponding 

to a colour temperature lower than the rated 3,400'~. 

The emission spectrum was therefore measured (Fig. 3) 

using an ISCO model SR spectroradiometer (Instrument 

Specialties Co, U.S.A.), after excessive infrared radiation 

had been absorbed from the light beam by passage through 

10 cm of water in a tank made from 0.6 cm thick plexiglass. 

Cold water was continuously circulated through the filter. 

The distance between the plant chamber and lamps was 30 cm 

for most experiments, but was greater where lower light 

intensities were required. Light intensity was measured 

in foot candles (ft-c) with a "Sekonic Studio-deluxe" 

photographic exposure meter with a flat white diffusing 

disc over the detector, The light intensities used in 



400 500 600 700 800 900 1000 

w a v e l e n ~ t h  nm. 



experiments, 1800 ft-c and 4200 ft-c, corresponded to 

5 -2 -1 5 -2 -1 1.3 x 10 ergs cm sec and 2.7 x 10 ergs cm sec 

of total light energy reaching the leaf. 

Temperature measurement 

The air temperature in the laboratory did not vary 

0 
more than 2 C during any one experiment. The temperature 

of the gas stream in the closed circuit was measured with a 

small thermometer inside the plant chamber. Temperatures 

and variations are stated in the experimental results. 

4. Accuracy variation of CO measurements 
L 

a. Calibration curve and accuracy of the IRGA 

The response of the IRGA to C02 concentration is 

nonlinear, thus the instrument accuracy and the smallest 

unit of CO concentration that can be precisely read 
2 

from the recorder trace (*) depend on the concentration 

of CO measured. The values given in the following 
2 

table incorporate the effects of the width of the 

recorder pen trace, and the readability of the calibration 

curve of the IRGA. The accuracy of the IRGA is specified 

by the manufacturer to be f 1% and the sensitivity to 

be 0.5% of full scale. 



Approximate 
PPm C02 

range Smallest readable Accuracy of CO 
unit measurement 2 

C02 PPm. (*I - + PPm C02 

b. Water vapour 

Water vapour in the gas stream interferes with'CO 
2 

determination. According to the manufacturer's specifica- 

tions, 3.5% water vapour gives a reading equivalent to 

5 ppm. CO with the detector of this particular instru- 
2 

ment. The percentage by weight of water vapour in 

saturated air at various temperatures is: -- 
21" C - 1.6% water vapour 
24' C - 1.9% 
27' C - 2.3% 
31" C - 2.9% 

9 

Thus at the temperatures of the experiments (20" C - 30" c), 
the reading due to water vapour is equivalent to less 

than 4 ppm C02, which is within the limits of accuracy 

of the IRGA, When Ascarite was used to absorb CO during 2 

standardization of the IRGA, the zero point obtained with 

moist gas compensated for the reading due to water vapour. 

c, CO leakaqe L 

A standard rate of leakage at atmospheric CO 2 into 



the initially CO -free closed system was determined over 
2 

a period of four hours. Before and after each experiment, 

the CO leak rate was measured over a period of fifteen 
2 

minutes to check that it did not exceed the standard 

rate. Thus the rate of CO leakage with a given CO 
2 2 

concentration in the system could be estimated using 

the standard rate. The contribution of C02 leakage 

was calculated for individual results of several plants. 

For example, a leak rate giving an error of 2 ppm of 

the compensation CO concentration, leads to a rate of 
2 

CO evolution in light 3% higher than the rate corrected 2 

for CO leakage. These errors are insignificant compared 
2 

to the differences between replicate determinations,. 

therefore the results presented have not been corrected 

for C02 leak rate, which is a constant factor at a given 

CO concentration. 
2 

d. Oxyqen leakaqe 

A standard rate of O2 leakage for the closed circuit 

was measured with a Beckman Oxygen Analyzer at the same 

time as the C02 leak rate. During experiments, the 

rate of 0 leakage was estimated by comparing the 
2 

measured C02 leak rate with the two corresponding standard 

rates. At very high or low O2 ooncentrations, where O2 



leakage was apprec iable ,  t h e  concent ra t ions  of 0 i n  
2 

t h e  r e s u l t s  have been cor rec ted  f o r  leakage. For 

example, zero  0 was co r rec ted  t o  2% O,, and 100% 0, 
2 4. 

e .  P rec i s ion  of r a t e  measurements 

The CO-concentrat ion readings used f o r  ca lcu la -  
2 

t i o n  of APS r a t e s  a t  300 ppm C02 a r e  l i a b l e  t o  e r r o r s  

due t o  t h e  r ap id  r a t e  of C02 uptake by t h e  p l a n t  i n  

t h e  l i g h t  a t  300 ppm C 0 2 ,  which l eads  t o  d i f f i c u l t y  i n  

p r e c i s e  reading a t  t h e  recorder  c h a r t .  Furthermore t h e  

c a l i b r a t i o n  curve and instrument  e r r o r s  a r e  r e l a t i v e l y  

high a t  300 ppm C 0 2 .  A d i f f e r e n c e  o f  3 ppm CO min-l 
2 

would lead  t o  a 4% e r r o r  i n  t h e  c a l c u l a t e d  value f o r  CO 
2 

evolu t ion  i n  l i g h t .  Although t h e  a c t u a l  e r r o r s  va r i ed  

f o r  each ind iv idua l  r e s u l t ,  they  were of t h e  above o rde r  

of magnitude and were thus  i n s i g n i f i c a n t  compared wi th  

those of p l a n t  v a r i a t i o n .  

5. P lant  sources  qrowth condi t ions  

Table 1 l is ts  t h e  p l a n t s  used i n  t h e  experiments 

and t h e i r  sources .  The p l a n t s  a r e  grown i n  t h e  l abora to ry  

under a b a t t e r y  of 40-watt f luorescen t  l i g h t s  (Westinghouse 

cool  white)  which provided 1300 footcandles  l i g h t  a t  

average p l a n t  he ight .  A cyc le  of 16 hours  of  l i g h t  and 8 

hours darkness was used. The p l a n t s  were open t o  room 
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a i r ,  a t  ,a temperature of 2 3 O ~  f ~ O C .  They were grown 

i n  s o i l ,  w i th  monthly supplements of f e r t i l i z e r  (100 m l  

of 0.2% s o l u t i o n  of Hisol 20-20-20). Those p l a n t s  

grown from seed were under these  condi t ions  from t h e  

time of  germination. The o l d e r  p l a n t s  spen t  a t  l e a s t  

two months i n  t h i s  growth regime a f t e r  t r a n s f e r  from 

t h e  f i e l d .  

6.  Experimental procedure 

One hour a f t e r  t h e  beginning of t h e  d a i l y  l i g h t  

cyc le ,  a l e a f ,  a t t ached  t o  t h e  p l a n t ,  was sea led  i n t o  

t h e  l e a f  chamber, and room a i r  (about 0.03% C 0 2 )  

c i r c u l a t e d  p a s t  t h e  l e a f  f o r  one hour under t h e  high 

i n t e n s i t y  of incandescent l i g h t  used i n  t h e  experiments. 

This per iod  of h igh  i n t e n s i t y  i l lumina t ion  was necessary 

t o  ensure a s t eady  r a t e  of  photosynthesis .  Af ter  standard- 

i z a t i o n  of t h e  IRGA, t h e  c i r c u i t  was f i l l e d  wi th  room 

a i r  (about 21% 02, 0.03% CO ) and c losed .  The l e a f  was 
2 

i l luminated  u n t i l  t h e  CO concent ra t ion  i n  t h e  c i r c u i t  2 

had decreased t o  a cons tan t  value,  t h e  CCP. The l e a f  

chamber was then  covered wi th  an opaque black p l a s t i c  

s h e e t  and t h e  r a t e  of  CO evo lu t ion  i n  darkness was 2 

determined. The t r a n s i e n t s  of CO evo lu t ion  due t o  t h e  2 

t r a n s f e r  of t h e  l e a f  from l i g h t  t o  darkness  (Tregunna, 



3) were found to ( disappear with 20 minutes of dark- 

ness, and the steady rates measured after this time are 

given in results. 

To determine the CCP and the rates of APS and C02 

evolution in darkness at different 0 concentrations, 
2 

the 0 content of the circuit was adjusted as outlined 
2 

in the Methods, page 17. When the leaf had produced 

sufficient C02 in the dark (400 ppm) it was illuminated 

for determination of the new APS rate. The temperature 

of the gas stream passing through the leaf chamber was 

recorded at 15 minute intervals throughout the experiment. 

Measurements of APS rate were made at the average 

atmospheric concentration of CO (300 ppm) so that 2 

experimental results would have some relevance to field 

conditions, and also for comparison with published results 

(e .g. Brown and Tregunna, 1957) . The change in C02 

concentration within the' range 315 - 285 ppm C02 was 
used as an approximation of the instantaneous rate of 

APS at 300 ppm C02. 



RESULTS 

1. effect of oxyqen concentration on carbon dioxide 
compensation points. 

The relationship between 0 concentration and the 
2 

CO concentration at CCP is shown for twelve species 
2 

in Figs. 4, 5 and 6. The basic data of the graphs are 

included, with temperatures and light intensities, in 

Table 2. 

In eleven of the twelve species tested, the CCP 

is a linear function of 0 concentration. These species 
2 

are high CCP plants, as distinguished from low CCP plants 

such as corn, in which 0 concentration does not affect 
2 

CCP (~ig. 6) . At 21% 0 or lower, the CCP's of red- 2 

cedar and tomato are similar to those of the other high . 

CCP plants measured. 

the same as in 21% O2 

in Results, section 3 

However at 60% 02, the CCP is nearly 

. This effect is further considered 

2. Comparison of rates of CO exchanqe. -- 
The results presented in Tables 3, 4 and 5 are 

derived from measurements as follows: 

a. The rate of C02 uptake (APS) in light at a mean 

concentration of 300 ppm CO 2 

b- The steady rate of C02 evolution in darkness,measured 



Figs. 4, 5 and 6 

The effect of oxygen concentration on carbon 
dioxide compensation point. 

= Single CCP determination. 
*(I )  = 3 CCP determinations with the same result. 
I = Range of CCP 's determined . 
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immediately before or after a. 

c. The concentration of CO (ppm) at C02 compensation 
2 

point. 

d. The rate of CO evolution in light at 300 ppm 
2 

CO as calculated: -- 
2 

Rate of C02 evolution in light = APS x [co~] CCP 
Equation 1 

[co2] - Lco2] CCP 

This rate should be considered as a minimum, as the 

extent of reassimilation of CO is not known for these 
2 
-1 -1 plants. The units are )gCO min g fr w t  for rates, 

2 

and concen t ra t ions ,pg~0~/100ml  for CO 2 compensation points. 

Tables 3 and 4 show that (under the conditions of 

these experiments) the minimum rate of CO evolution in 
2 

light at 300 ppm C02 and 21% O2 is greater than the 

rate of C02 evolution in darkness (in most plants by a 

factor of more than two) in all plants tested except 

corn and Lvcopodium. Several factors make quantitative 

comparisons of these rates inappropriate between different 

plants. Taxonomically, physiologically and morphologically, 

the tested plants are extremely diverse. The temperatures 

and light intensities optimal for growth and photosynthesis 

are unknown for most of these species. The light intensities 

used were found to be above light saturation of APS for 

swordfern, redcedar, alder, Lvcopodium and bramble, 







however the remaining plants were not tested, 

Rates of CO exchange differed considerably when 
2 

measured several times during an experiment. Such varia- 

tions may be intrinsic to the plant (e,g.endogenous 

rhythm), or may be influenced by the timing and nature 

of intervening light, dark, and oxygen treatments. 

variation in rates may also reflect a slow adaptation 

to the experimental conditions. At any one 0 concentra- 
2 

tion, CCP's were consistently lower after several hours 

of experiments, which may reflect decreasing induction 

effects. Table 5 shows the range of variation in rates 

and CCP for two species. The experimental leaves were 

measured on several successive days, and left in a stream 

of room air in darkness for about ten hours between 

periods of measurement. The highest CCP,. highest dark 

respiration rate and lowest APS rate were those measured 

early on the first day. Variations on subsequent days 

were smaller. Table 5 also includes results for different 

plants of the same species. Lycopodium 1 was a mature 

fruiting plant and was measured six months earlier than 

Lycopodium 2 which was a young growing shoot from the 

same rhizome. Similarly there was a six month interval 

between measurements on Bquisetum 1 and 2. Although 
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rates differ quantitatively, the patterns are consistent 

within both species. 

Table 3 does not include calculated values of CO 
2 

evolution in light for Douglas-fir or western hemlock 

because of the relatively large quantity of non- 

photosynthetic tissue in the twigs measured. The CCP/ to2] 

relationship for these two species is linear, as shown 

in Fig. 4, and of the same general slope as other high CCP 

plants, but the extrapolated value of CO evolution at 
2 

zero lo2] is conspicuously high, and probably represents 

respiratory CO of non-photosynthetic tissue. 
2 

The meaning and usefuless of the calculated values of 

CO evolution in light are considered further in the 
2 

Discussion. However it must be stressed that the equation 

is a form of expression of the extrapolation of the curve 

of APS rate vs [co~] to its intercept of the APS rate 

axis at zero [CO ] (~regunna, 1963). These relationships are 
2 

shown graphically in Fig. 7. The calculated value of 

CO evolution in light thus represents a theoretical rate 
2 

at zero [co2]and the assumptions mentioned in the introduc- ' 

duction should be considered in the interpretation of 

these calculated values. 



3. effect of % concentration on CO exchanqe - -2 
The rates of CO uptake at 300 ppm C02 are compared 

2 

at 21% O2 and 60% O2 in Table 6. Rates of C02 uptake 

-1 -1 range between 23 and 210 vgCO min g fr w t  at 21% 02, 2 
-1 -1 and between 5 and 42 pg C02min g fr w t  at 60% 0 

2' ' 

In all cases 60% 0 strongly inhibited the uptake of CO 
2 2' 

This inhibition was consistent among the plants examined, 

and was of the same order of magnitude (63 to 87% inhibi- 

tion) in all plants despite the wide differences in rates 

of CO uptake'at the same 0 concentration. 
2 2 

The degree of inhibition of APS by 60% O2 in red- 

cedar and tomato was within the range of other plants 

tested. By contrast, 60% O2 did not appear to affect 

CCP in these species to the same extent as in other 

high CCP plants, as described in Results, section 1. 

However further experiments are necessary to confirm 

these effects. 
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DISCUSSION 

The r e l a t i o n s h i p  between 0 concent ra t ion  and t h e  
2 

CO compensation p o i n t  (CCP) a s  descr ibed  i n  s e c t i o n  1 
2 

of Resul ts ,  i s  l i n e a r  i n  t h e  spec ies  t e s t e d  from t h e  

Lycopodophyta, Arthrophyta, Pter idophyta,  Coniferophyta 

and Anthophyta. These r e s u l t s  agree  wi th  those of 

Tregunna, Krotkov and Nelson (1966) f o r  tobacco, and 

F o r r e s t e r  e t  a l .  (1966) f o r  soybean. The lowering of 

CCP from t h a t  i n  21% O2 t o  near  zero  i n  2% 0 i n  spec ies  
2 

of t h e  Chlorophyta and Phaeophyta sugges ts  t h a t  a l i n e a r  

r e l a t i o n s h i p  holds i n  a t  l e a s t  some a lgae  (Brown and 

Tregunna, 1967) . 
The c o n t r a s t i n g  lack of  e f f e c t  of  0 on CCP i n  corn 

2 

agrees  wi th  publ ished r e s u l t s  (For res te r ,  e t  a l . ,  1966).  

Such a lack  of  e f f e c t  has  a l s o  been shown f o r  c e r t a i n  

g rasses  (~ownes  and Hesketh, 1968),  a l g a e  (Brown and 

Tregunna, 1967) and spec ies  of t h e  Chenopodiaceae, 

Portulacaceae and Amaranthaceae (Tregunna and Downton, 

1967). a l though no evidence of t h e  e f f e c t s  of  O2 concentra- 

t i o n s  h igher  than  21% was presented i n  t h e s e  t h r e e  papers .  

Tregunna, e t  a l . ,  (1966) and F o r r e s t e r ,  e t  a l . ,  (1966) 

found, i n  tobacco and soybean, t h a t  t h e  CCP is  zero  when 



extrapolated to zero 0 
2 '  

Within the instrumental error, my 

results for soybean, Equisetum, castor-oil plant, and 

probably sword fern, do show this extrapolation to zero. 

The extrapolation of CCP to CO concentrations as high 
2 

as 50 ppm at zero 0 in other species examined, could 
2 

reasonably be attributed to several causes. The most 

likely, especially in Douglas-fir and western hemlock, 

is the presence of relatively large quantities of non- 

photosynthetic tissue. Whether CO evolution by non- 
2 

green tissues are stimulated, unaffected or inhibited 

by light (e .g . Tregunna, 1963 ; Weintraub, 1944), the 
effect of light is not the same as in chlorophyllous 

tissue (Voskresenskaya, 1961; Tregunna, 1963). Thus 

the same relationships between CO evolution in light, 2 

and other environmental factors cannot be expected to 

hold for mixed tissues as in purely chlorophyllous . 

tissues. The plants tested were not examined microscopically 

for the amount of non-green tissue, although this was 

obvious in the twigs of hemlock and Douglas-fir. Thus 

no estimate of the magnitude of this effect was possible 

in these experiments. It is also possible that the 

failure of the CCP/P~ relationship to extrapolate to 

zero at zero O2 represents a true evolution of CO by 2 



some process other than the suggested glycolate meta- 

bolism, An 

species and 

differences 

evolution of CO in these conditions in some 
2 

not in others has been suggested to indicate 

in reassimilation of respiratory CO 
2 

(El-Sharkawy and Hesketh, 1967). Moss (1962) found a 

CCP of 9 ppm for corn, and 7 ppm for sugar cane (also 

a low CCP plant) in air, but as he does not give the 

experimental (or instrumental) error, it is not possible 

to decide whether there is a real, though small, evolution 

of C02 in these species. Thus the relatively high CCP's 

at low 0 found in tomato, Lycopodium, western hemlock, 
2 

redcedar, alder, bramble and Douglas-fir, may represent 

a real evolution of CO in light, an inefficiency of 2 

reassimilation, or evolution of C02 by non-photosynthethic 

tissue. The available data are insufficient to favour 

any particular one of these explanations. 

The deviations of CCP's found at high 0 concentrations 2 

in redcedar and tomato, from a linear relationship with 0 2 , 
have interesting implications. However further experiments 

at other O2 concentrations are necessary to confirm these 

effects. These low CCP's in redcedar and tomato followed 

low rates of photosynthesis over two to three hours. The 

0 concentration in the system at the end of this period 
2 



was not  measured, bu t  s i n c e  t h e  CO leak  r a t e  was measured 
2 

during t h i s  experiment, and t h e  O2 leak r a t e  was previous ly  

found t o  c o r r e l a t e  wi th  t h e  CO leak  r a t e ,  t h e  expected l o s s  
2 

of 0 from t h e  system could be ca lcu la ted ,  and was found t o  
2 

be q u i t e  i n s u f f i c i e n t  t o  account f o r  t h e  CCP's being 

nea r ly  t h e  same a s  i n  21% 0 
2 '  

I n  Figures  4, 5 and 6 t h e  graphs of CCP vs [02]di f fer  

i n  s lope  between spec ies .  This d i f f e r e n c e  has not  been 

expressed q u a n t i t a t i v e l y ,  s i n c e  t h e r e  were i n s u f f i c i e n t  

r e p l i c a t e  d a t a  a v a i l a b l e  f o r  most of t h e  p l a n t s  examined. 

A more comprehensive s tudy might show a r e l a t i o n s h i p  between 

t h e  s lope  of t h i s  l i n e  and r a t e s  of  CO exchange i n  l i g h t ,  
2 

and thus  enable  p r e d i c t i o n  of r a t e s  a t  o t h e r  O2 concentra- 

t i o n s .  My d a t a  show no marked d i f f e r e n c e s  i n  t h e  e f f e c t  

of O2 on CCP's (except f o r  corn)  between spec ies  from 

t h e  var ious  d i v i s i o n s .  

The r a t i o  between C02 f i x a t i o n  and l o s s  (expressed i n  

Tables 3 - 5 a s  A P S ~ ~ ~ / C O  dark evo lu t ion)  may be taken 
2 

broadly t o  i n d i c a t e  d ry  mat ter  product ion i n  normal a i r .  

Although metabol ic  a c t i v i t i e s  o t h e r  than  t h e  r a t e s  of 

CO exchange a t  t h e  time of t h e  experiment cannot be 
2 

considered i n  t h i s  r a t i o ,  t h e  h i g h e s t  values a r e  found 

f o r  r e l a t i v e l y  f a s t  growing Anthophyta, and t h e  lowest 

values i n  r e l a t i v e l y  slow growing p l a n t s  such as Lycopods 



and Bryophytes. Equisetum and sword fern show inter- 

mediate values which may correlate in natural conditions 

with high growth rates over a limited period of time. 

The effects of these ratios will be modified by the 

relative lengths of time in darkness and light, and 

other 

using 

environmental factors such as temperature. 

Rates of CO evolution in light were calculated 
2 

equation 1. The relationships of the values of 

this equation are shown graphically in Figure 7. This 

calculation gives a theoretical rate of C02 evolution 

at zero CO 
2' 

If it is assumed (~rown and Tregunna, 1967) 

that C02 evolution does not vary with the concentration 

of CO or with the rate of C02 uptake, this calculated 
2 

rate (in the absence of reassimilation) may be added 

to the rate of APS, at a given C02 concentration, to 

give the gross rate of photosynthesis. El-Sharkawy, 

Loomis and Williams (1967) measured CO evolution in 2 

light and darkness in C02-free air, and concluded that 

reassimilation of C02 produced in light (whether by dark 

respiration, or other processes) can account for the 

differences between high and low CCP plants. Experiments 

combining some of their methods with those of Tregunna et al. 

(1966), (and considering the different assumptions in 

these two approaches) may clarify the actual rates of 



t qua t l on  1 ( Iroqunna,l!lb~i ) 

APS x [co2jCcP 
Rate o f  C02 evo lu t i on  i n  l i g h t  = 

[co2I - ~co21ccp 

Where [ c o , ~  = the concentrat ion o f  CO a t  which the r a t e  o f  APS was measured. 
2 

CO e v o l u t i o n  i n  
2 

1 i g h t  as ca l cu la ted  

with Equation 1 

Fig. 7 - The relationship of measurable data 
t o  calculated C02 evolution in l ight .  



Fig. Ha. 

0 0 

e- r Rate o f  APS o f  tobacco lenver, a t  2500 tt-c and 25 - 7f) C. Point: are the mean: o f  4 5  

measurements. The CCP i s  the mean o f  15 measurements. (Data from Decker, 1057). 

- - - -  Ex t rapo la t i on  o f  the lower seoment of the IPS/ ( ~ 0 ~ 1  curve t o  q ive  A, the minimum ra te  o f  C07 
L 

evo lu t i on  i n  the l i g h t  by Decker's method. 

- The r e l a t i o n s h i p s  o f  Equat ion 1 (Tregunna, 1863) which g ives  0,  as the minimum r a t e  o f  LO 
2 

I n  the l i g h t .  

f ig. 8b. 

Data of Holmgren and J a r v i s  (1967) showing departures o f  the CO exchange r a t e  from 
2 

1 i n e a r i t y  above and below CCP. The data below CCP mere obtained from the e f f l u x  o f  C02 i n t o  

CO - f ree a i r .  
2 

4 -2 -1 
Rumex acetosa s t  2 0 . ~ ' ~  and H x 10 ergs  cm soc , which i s  above sa tu ra t i on  f o r  APS and f o r  CO e f f l u x .  -- 7 

- - -  - Ext rapo la t i on  o f  the  l i n e a r  p a r t  o f  the APS/ [CO~]  curve t o  g i ve  the minimu, r a t e  o f  CO 
2 

evolution i n  the l i g h t  by Decker's method. 

Fig. 8. EFFECTS OF DEPARTURES FROM LINEARITY OF THE APS/[CO,] CURVE ON 

VARIOI.IS ESTIMATES OF C02 EVOLlITlON IN THE LIGHT. 



t loo 
1 I 

200 300 

CCP [co21 P P"' 

Fig. 8a. 



CO evolu t ion .  I n  one of t h e i r  experiments, El-Sharkawy 2 

e t  a l .  (1967) used d i f f e r e n t  flow r a t e s  of  C02-free a i r ,  

which would provide an a l t e r n a t i v e  s ink  f o r  otherwise 

r eass imi la ted  C 0 2 .  D i f f e r e n t  flow r a t e s  a t  var ious concen- 

t r a t i o n s  of 02, toge the r  with a n a l y s i s  of t h e  r e s i s t a n c e s  

t o  CO movement i n  leaves  (~1-Sharkawy and Hesketh, 1965; 
2 

Lake, 1967) may lead  t o  a more q u a n t i t a t i v e  comparison 

between CO a c t u a l l y  produced and t h a t  evolved t o  t h e  
2 

atmosphere. 

The r a t e s  of  CO exchange i n  Tables 3 - 5 show t h a t  
2 

t h e  minimum r a t e  of CO evolu t ion  i n  l i g h t ,  a s  ca lcu la ted  
2 

by Equation 1, is  g r e a t e r  than t h a t  i n  darkness,  i n  most 

cases  by a f a c t o r  of 2 o r  more. Although d i r e c t  q u a n t i t a t i v e  

comparisons a r e  inappropr ia t e  between such d i f f e r e n t  spec ies ,  

and p l a n t  v a r i a t i o n  is  cons iderable  (Table 5 ) ,  t h e  genera l  

r e l a t i o n s h i p s  between C02 uptake, l i g h t  and dark C02 . 

evo lu t ion  r a t e s  and CCP a r e  c l e a r .  Lycopodium was t h e  

only  p l a n t  f o r  which t h e  C02 evo lu t ion  i n  t h e  dark was 

not  smal ler  than  t h e  c a l c u l a t e d  minimum i n  l i g h t .  However, 

r e l a t i v e  t o  C02 uptake, dark r e s p i r a t i o n  was p a r t i c u l a r l y  

high i n  while t h e .  calculatedC02 l i g h t  evolu t ion  

bore much t h e  same r e l a t i o n s h i p  t o  CO 2- uptake r a t e  a s  

i n  o t h e r  spec ies .  Without more knowledge of  t h e  optimal 

condi t ions  f o r  growth and photosynthesis  of'lvcopodium, 



speculation on the importance of these differences in 

CO exchange are hardly justified. 
2 

Rates of CO evolution in light measured by other 2 

workers vary considerably with experirnertal methods and 

conditions, as well as species. Krotkov, Runeckles and 

14 Thimann (1958), measuring total C uptake or dilution 

found that the CO output in wheat was doubled in light 
2 

compared to that in darkness, but was 75% less in light 

than darkness in pea leaves. These experiments used 5% 

c02. Lister et al., (1961) using '*c tracer with an IRGA 

(closed system), found CO evolution at CCP in the light 
2 

to be only about 20% of that in the dark in red pine. 

Decker (1957) found consistently higher minimum rates 

in light compared with dark, in various plants including 

gingko and a fern. He used 0 -03% C02 with an IRGA (closed 

system) and rates were calculated by extrapolation of 

APS rates to zero C02. Hoch, Owens and Kok (1963) 

using a mass spectrometer, found that O2 uptake was 

inhibited by low intensity light, and accelerated at 

medium and high light intensities in two species of 

unicellular algae, Scenedesmus and Anacystis. These 

effects had different wavelength dependences. Ozbun, 

Volk and Jackson (1964) measured O2 and C02 exchange 

simultaneously (at timed intervals) with almass spectro- 



meter and found, i n  bean leaves  a t  about 1% 0 and 1% 
2 

C02, t h a t  l i g h t  depressed CO evo lu t ion  and acce le ra ted  
2 - 

0 consumption r e l a t i v e  t o  these  r a t e s  measured i n  dark- 
2 

ness .  Evolution of C02 and uptake of  O2 i n  darkness 

decreased a s  leaves  matured, b u t  t h e  evo lu t ion  of C02 

i n  l i g h t  remained cons tan t  when t h e  O2 uptake decreased 

with matur i ty .  They consider  t h a t  r e a s s i m i l a t i o n  d i d  

no t  account. f o r  t h e  l o w  r a t e  of CO evo lu t ion  i n  l i g h t .  
2 

The r a t e  of evo lu t ion  of O2 during photosynthesis  was 

considerably g r e a t e r  than  t h e  r a t e  of C02 uptake i n  a  

mature l e a f  a t  1500 f t - c .  These d i f f e r e n c e s  i n  r e s u l t s  

may be p a r t l y  due t o  methods and condi t ions ,  however 

it appears t h a t  gas exchange r e l a t i o n s  may be very complicated, 

q u i t e  a p a r t  from t h e  t r a n s i e n t  phenomena assoc ia ted  wi th  

changing condi t ions  (e.g. from l i g h t  t o  darkness)  a s  

ou t l ined  by Tregunna (1963) and Semenenko (1964). 

I f  some uncontroll&d v a r i a b l e  i s  a f f e c t i n g  CO 
2 

uptake, it may very we l l  be inappropr ia t e  t o  use Equation 1. 

I n  my experiments, l i g h t  i n t e n s i t y  and q u a l i t y ,  r e l a t i v e  

humidity, 0 and CO concent ra t ions  and temperature were 
2 2 

e i t h e r  c o n t r o l l e d  o r  known. The most obvious uncontrol led 

v a r i a b l e s  were t h e  l eng th  of t i m e  i n  l i g h t  and darkness 

a t  var ious  O2 concent ra t ions .  Tregunna, Krotkov and 

Nelson (1966) used a  uniform cyc le  of shor t1  l i g h t  and 



dark periods during C02-exchange measurements of tobacco 

leaves, but this procedure was not practical for slowly 

metabolising plants, such as Lycopods and Bryophytes, 

especially 

example of 

of soybean 

soybean at 

at high 0 concentrations (see Table 2). Another 
2 

an uncontrolled variable is the "sleep" reaction 

leaves. In 21% 02, the CO -uptake rate of 
2 

-1 -1 300 ppm C02 was 183 pg  CO /min g fr wt (table 4). 2 

When the folding of leaves indicated the 'sleep" reaction, 

-1 -1 the CO uptake rate fell to 22.6 w g  CO /min g fr wt 
2 2 

(at 300 ppm ~ 0 ~ ) .  However these widely different CO 2 

uptake rates were both associated with CCP's of 55 ppm 

(Table 2) . 
The effects of time in light and dark would be 

expected to differ with species. The induction phenomena 

of CO uptake are complicated. Mokronosov and Nekrasova 
2 

(1966) found in potato that, 

"The magnitude of the induction losses of photo- 

synthesis reaches 60-90% of the stationary state in a 

two-to-four hour exposure in darkness. The most sub- 

stantial changes in the photosynthetic intensity occur 

during the first 2-5 min. of illumination, when more 

than half of the induction losses are eliminated.... 



.. However....even two hours after the beginning of 

illumination, changes are still observed in the 

intensity of the fixation of CO and in the ratio 
2 

of the products of photosynthesis." 

my experiments the period of high intensity illumination 

was one hour (after about one hour low intensity 

illumination). Since the first measurements of CO 2 

exchange after this period were always lower than those 

made later, they doubtless reflected continued induction 

effects, and were not used in the results. A further 

factor which may affect calculations of C02 evolution 

is departure from linearity of the APS/ Fo2] curve. The 

present data are not amenable to analysis in this respect 

but a brief outline of some examples in published data 

is given in Fig. 5. The APS/ [co~] curves commonly differ 

slightly from linearity (e.g. Decker, 1957). Equation 1 

uses the instantaneous rate or slope of the APS/[CO~] 

curve at a particular concentration, thus the interrelation- 

ships of the values of Equation 1 will differ slightly at 

different C02 concentrations with the curvature in 

APS/ [co~]. This gives results rather higher than does 

Decker's method (Fig. 7) of extrapolation of the APS 

curve. Holmgren and Jarvis (1967) found that the CCP 

determined directly (by adjusting the ambient C02 concentra- 



tion until there was no net C02 flux) was lower than 

that obtained by extrapolating the straight line part 

of the APS/ Fo2] curve to the APS axis. 

These differences are assumed to be unimportant, 

especially since the extent of reassimilation is unknown, 

in gross estimates of CO evolution in light. The 2 

comparability of data obtained by C02-free air methods, 

and those from APS rates is not known. Decker (1957) 

found that keeping a leaf at CCP for a period ranging 

from a few seconds to one hour had no effect on subse- 

quent rates of C02 uptake, however the effects of CO - 2 

free air may well be different. Thus Equation 1 and 

other current methods of estimation of the rate of CO 2 

evolution in light are unlikely to be quantitatively 

precise. Lake (1967) has restated Equation 1 so as to 

include factors relating to the resistances to CO fluxes 2 

within the leaf. Further experimentation on reassimila- 

tion of C02 may 

the limitations 

calculations of 

clarify the actual rate. However, despite 

on the quantitative interpretations of 

CO -evolution rates, Equation 1 and 
2 

similar approximations provide a readily determinable 

parameter for the comparison of C02 exchange in different 

species and environmental conditions. 
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SUMMARY AND CONCLUSIONS --- - - 

1. The C02 concent ra t ion  a t  t h e  CO compensation po in t  
2 

i s  l i n e a r l y  r e l a t e d  t o  O2 concent ra t ion  i n  eleven of 

twelve p l a n t  spec ies  s tud ied .  These r e s u l t s  agree with 

published d a t a  f o r  tobacco and soybean, showing t h a t  

t h i s  r e l a t i o n s h i p  holds i n  spec ies  of s i x  p l a n t  d i v i s i o n s .  

The l ack  of e f f k c t  of O2 concent ra t ion  on t h e  CO 2 

compensation po in t  i n  corn was confirmed. 

2. The c a l c u l a t e d  r a t e  of CO evo lu t ion  i n  t h e  l i g h t  2 

is g r e a t e r  than  t h e  r a t e  of CO evo lu t ion  i n  darkness 
2 

by a  f a c t o r  of two o r  more i n  t e n  of e leven spec ies  

s tudied .  (The except ion,  Lycopodium, is discussed.)  
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