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K now ledge about the-effects o f  the rise in atm ospheric CO^ concentration  on trees 
and forest is assessed and, the converse, the possible im pact o f  forests on  the 
atm ospheric COg concentration is discussed. A t the cellular scale, m uch is know n  
about the role o f  CO^ as a substrate in photosynthesis, but on ly  little about its role 
as an activator and regulator. A t the le a f scale, the response o f  COg assim ilation to 
COg concentration  has been described often and is w ell represented b y  b iochem ically  
based m odels, but there is inadequate inform ation to param etrize the m odels o f  
C O j-acclim ated leaves. G row th and partition ing to the roots o f  seedlings and young  
trees generally  increases in response to a doub ling  in atm ospheric C O j concentration. 
Experim ental results are very variable, because o f  the differing length o f  the 
experim ents, the artificial conditions and the artefactual constraints. A t larger scales, 
direct m easurem ents o f  responses to increase in atm ospheric COg are im practical but 
models o f  canopy processes suggest that significant increases in CO^ assim ilation will 
result from the rise in atm ospheric concentration. Inferences from the increase in 
am plitude o f  the seasonal oscillation in the global atm ospheric CO^ concentration at 
different latitudes suggest that forest is having a significant im pact on the global 
atm ospheric concentration , but it seem s unlikely that expansion o f  the forest resource 
could effectively reduce the increase in atm ospheric COg.

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

Hie present average atm ospheric concentration  o f COg is ca. 350 (imol o f C O j per m ole o f  dry 
urt, and the concentration  is rising at a rate o f  ca. 1.2 ^ m o lm o r^  per annum  (C onw ay  

1988).
. This rapid increase in atm ospheric COg concentration  at present is largely attributable to 

burning o f  fossil fuels. H ow ever, the increase becam e perceptib le about 200 years ago  

(Ncftel et al. 1985; R aynaud  & Barnola 1985; Pearm an et al. 1986) w hen population  
®^pation and the associated intensification  o f  agriculture over large areas, particularly in  

Am erica, led to the destruction o f  extensive areas o f  forest and the cu ltivation  o f  
?^nically  rich soils (see, for exam ple, D elcourt & H arris 1980). T h e  oxidation  o f  w ood and  
5® organic m atter led to a slow , but progressive, increase in  atm ospheric COg concentration  
^ ^ n til about the m iddle o f  the 19th century. From  the ratio o f  in  tree rings (Peng
5 “̂ -1983) and from  the com position o f gas bubbles trapped in  the polar ice (Pearm an et al. 

it has been estim ated th at the atm ospheric C O j concentration  then was about 270 nmol 
■ With the onset o f  the Industrial R evo lu tion , the exp lo itation  o f  fossil fuels began around  
and the atm ospheric COg concentration  has increased strongly ever since, w ith the result 

in the past 130 years the concentration  has risen ab ou t 75 ^imol m o l'^  U p  until ca. 1900,

F f
a n  a tm o s p h e r ic  p re ssu re  o f  105  P a , 3 5 0  n m o l m ol"*  is e q u iv a le n t  to  a  p a r t i a l  p re ssu re  o f  3 5 .0  P a  a n d  a  
frac tio n  o f  3 5 0  x  lO"* o r  35Q cm ^ m '* .
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the dom inant source o f  the increase was the oxid ation  o f  organ ic m atter from soils and forests * 
over the past 180 years the increase has been approxim ately  1 .6 :1  for soil +  forests:fossil fuel 
(Peng et al. 1983). T h e  m uch steeper rise in atm ospheric CO g concentration today, however 
is com pletely  dom inated by the burning o f  fossil fuels, an d , to a m uch lesser extent, the 
m anufacture o f  cem ent (R otty  1983).

S ince the introduction  o f  infrared gas analysers in 1957, w hen the concentration was t<i 
315 jimol mo!'^, detailed seasonal and annual changes in the atm ospheric C O j concentration' 
have been m easured. From  1953 to 1973 the rate o f  increase o f  fossil fuel emissions was 4.3 %- 
per annum . D uring and following the oil crisis, this rate d im inished sharply and there was a' 
perceptible reduction  in  the rate o f  increase o f  C O g'in the atm osphere. H ow ever, global fossil 
fuel em issions have now  recovered to a rate o f  increase o f  around 4 % per annum  and thci 
atm ospheric C O j concentration is, again, increasing at an exponential rate. T he consumption j 
o f  fossil fuels is currently yielding ca. 5 Gt per year (5 x  10^̂  kg per year) o f  carbon to whichi 
m ay possibly be added a m axim um  o f  ca. 2 G t per year o f  carbon for C O j from the oxidation| 
o f  soil and w ood. C om bustion o f  fossil fuels m ay w ell be y ield in g  10 G t per year o f  carbon by! 
the end o f  the century and, depending upon the con tin u in g  rate o f  increase o f  consumption d '̂j 
fossil fuels, an atm ospheric COg concentration o f  600 nm ol m ol”  ̂ is variously forecast for some^ 
tim e 60-100 years hence. For practical reasons, in m any experim ents w ith plants, the high 
CO2 treatm ent is generally  taken as double the present concentration  (i.e. ca. 700 nmol m or') i 
and this m ight conceivably  be reached by the end o f  the next century.

These predictions are uncertain, not only because o f  uncertainty as to the future 
consum ption o f  fossil fuels, but also because o f  uncertainty  in  the fate o f  the C O j produced andj 
in the size o f  the fluxes betw een the oceans and the atm osphere, and the biosphere and the 
atm osphere. O f  the C O j released in the burning o f  fossil fuels over the past 100 years, only 
about 56% has contributed to the increase in COg concentration  in the atmosphere. The 
w hereabouts o f  the other 4 4 % is uncertain, but it is presum ed that it has been taken up in th ^  
oceans and w ill u ltim ately be deposited in the deep  ocean . T h ere  are several hypotheses as W^ 
the fate o f  this COg in the oceans (see, for exam ple, Sarm iento el al. 1988) but there is no j 
evidence at present that it is accum ulating in surface layers that m ight become saturated^ 
H ow ever, as the clim ate warm s, the physical and b io logica l processes in  the oceans may chan^^ 
in ways not currendy understood, leading to changes in  the carbon distribution and in the 
potential o f  the oceans to absorb C O j.

Figure 1 show s one set o f  current estim ates o f  the annual influxes and effluxes betw e^^  
biosphere and atm osphere and oceans and atm osphere. T h e  fluxes are all relatively large 
relation to the influx derived from the burning o f  fossil fuels, and suggest that the net chang^  
in the atm ospheric C O j concentration should be qu ite sensitive to com paratively small chang ̂  
in the fluxes to and from the atmosphere. H ow ever, the estim ate o f  the net flux b e t w e e n  

biosphere and the atm osphere, here indicated  as zero, is particularly uncertain and 
currently a m atter o f  considerable controversy as to w hether the biosphere is a 
CO2 or a sink for CO^. T here is no doubt that land use is ch an g in g  extensively t h r o u g h o u t  

w orld. In som e areas clim ax forests are being cleared; in  other aVeas young, 
plantations are being established. In some areas forests are being  killed by pollution; 1*̂ ^
areas they m ay be fertilized by pollutants. Y ields o f  agricu ltural crops are increasing) 
also are rates o f  turnover o f  organic matter. T h e  problem  is essentially  one o f  assessing 5 
changes o f  land use w ith a sufficient degree o f  resolution to estim ate likely changes m



annual C O , flux betw een biosphere and atm osphere w ith adequate accuracy. Several 
estimates derived from the inclusion  o f  such data  in  global ecosystem  m odels suggest a net efflux  
{jom the biosphere o f  2-4  G t per year o f  carbon over the past 10 years (see, for exam p le,

* ^ oodw ell ei al. 1 978 ; M oore et al. 1 9 8 1 ; H ou gh ton  et aL  1983). H ow ever, such estim ates are 
not com patible w ith a m ore or less constant proportional uptake by the oceans o f  44 % over  

\  the past 30 years or w ith the recent increase in  am p litu d e o f  the seasonal oscillation  in  
atmospheric COg (discussed la ter). T h e  m odels o f  changes in the carbon con ten t o f  the  

' atmosphere or the oceans are also not sufficiently sensitive to resolve w hether the biosphere is 
a net source or sink for C O j at present, so other m ethods m ust be addressed.

Figure 1. A  d ia g ra m  to  sh o w  c u r r e n t  c o n c e p t io n s  o f  th e  sizes o f  th e  c a r b o n  re se rv o irs  (in  g ig a to n n e s )  a n d  o f  th e  
,  c a r b o n  fluxes ( in  g ig a to n n e s  p e r  y e a r )  in  th e  g lo b a l c y c le . F ro m  K in g  el al. ( 1 9 8 7 ).

The likely consequences for trees an d  forests o f  the increase in atm ospheric C O j concentration  
*"1 into tw o categories, nam ely the effects o f  the increase in  C O j on  regional clim ates and the 
effects o f CO2 per se on productiv ity  and associated b iological processes. K . V . M ellanby, 

in The Times in Jan u ary  1983 expressed the op in ion  that the rise in atm ospheric  
concentration was ‘p robab ly  the m ost difficult and controversial problem  facing  

®*̂ tikind ’. O n ly  recently has aw areness o f  this problem  led to the in itiation  o f  one or tw o sm all 
[®^arch projects in the U .K . A lth ou gh  in  the U .S .A . research projects oriented tow ards the rise 

concentration have been in  progress since ab ou t 1980, the am ount o f  inform ation  
^•■ticularly relevant to trees and forests is sm all. Effects o f  the increase in C O , on regional 

have yet to be dem onstrated d efin itively  and are consequently  som ew hat speculative, 
som e effects o f  an increase in COg on processes in trees have been established and m ay,
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w ith  caution , be scaled up to provide predictions ab ou t likely  effects on forests, although tht 
too are rather speculative. This essay is alm ost entirely  concerned with this latter category 
effects o f  the rise in atm ospheric C O j. ; i’

C l i m a t i c  c h a n g e

In a review  (1982) A . J . Crane wrote ‘ the increase in  atm ospheric C O j from burning fossi 
fuels is the on e single anthropogenic in fluence th at cou ld  produce global, clim atic chang^  
observable above the clim atic noise w ithin the n ext 50 years’. T h e  primary prediction is for ari 
increase in average global tem perature o f  2-3  °C  for a dou b lin g  in the atm ospheric CO  ̂
concentration . T h e  detection o f  such an increase is d ifficult, not least because over the past 5( 
years the tem perature in the tem perate region o f  the N orthern  H em isphere has been decreasing 
at a  rate o f  about 0.15 °C  per year as a  result o f  various superim posed clim atic cycles (Crane 
1982). T here is no general agreem ent that an increase in  tem perature has so far been detected 
although  detection  o f  an increase over the past 10, years has recently been claim ed (Jones et ai,
1988), but there is now  agreem ent that such an increase should  be clearly noticeable above th< 
clim atic noise by the end o f the century. C urrently g lob a l clim atic models do indicate such an 
increase in average tem perature, but yield  a variety  o f  consequential predictions about th< 
distribution o f  tem peratures, precipitation and evap oration  w ith respect to both latitude andj 
longitude. Som e likely consequences o f  a  rise in  average tem perature o f  2-3 °C  for trees and] 
forests can be estim ated (Cannell et al. 1988) but d eta iled  considerations o f  such a rise seei 
unw arranted until there is a larger consensus ab ou t the likely changes in temperature in th? 
m ain forested areas o f  the world and, m ore particu larly , ab ou t the likely consequences forthj 
zonal distributions o f  precipitation and evaporation .

B i o l o g i c a l  e f f e c t s

T h e  questions that should be addressed are o f  the fo llow in g kinds.
1. W hat are the likely effects o f  the increase in  CO2 concentration on the growth and 

p roductivity o f  stands o f  com m ercial tree crops, and  w ill the value o f the crop be changed
a result?

2. In p lann ing  future forest research, silv iculture and  m anagem ent practice, how should th^  
rise in  COg concentration  be taken into account?

3 . A t a  m ore ecological level, w hat are the likely consequences o f  the rise in CO* 
concentration  for the com position and structure o f  forests and for the wildlife w ithin them.^

4. A nd, conversely, can the rise in atm ospheric CO^ concentration be influenced 
m an ipu lating  forest or b y  increasing the area o f  forest?

T here are considerable difficulties in  addressing questions o f  this kind, because o f  the lack fl 
appropriate inform ation at a stand or forest scale. I t  is im practical to expose areas o f  fo* 
experim entally  to increases in CO^ concentration  and  i f  it  w ere possible, there m ight wcU ^  
eth ical objections. T h e  inform ation that is ava ilab le  is confined  to experiments in  which lea' 
or sm all p lants have been exposed to elevated  CO g concentrations for both short and 
periods, and to an isolated experim ent in w hich  en tire  trees have been exposed to 
concentrations for a short period (W ong & D u n in  1 9 8 7 ). T here are substantial difficult*®*^ 
sca ling  up from  inform ation at this scale to pred ict the likely consequences o f  an increas® 

COg concentration  on  forests or even on  com m ercia l stands o f  trees.



In the following paragraphs I review  briefly w h at has been learnt from  experim ents on  
iloroplasts, leaves and y o u n g  trees and , on the basis o f  that inform ation, m ake som e  
redictions about the likely con seq u en ces for stands. T h e  record o f  the seasonal changes in 
tmospheric C O j con cen tration  in the N orthern  H em isphere does itse lf provide som e  
iformation about interactions betw een  atm ospheric COg and the tem perate and boreal 
irests, and that will be con sid ered . F inally , the question  o f  m anipu lating the rise o f  C O j by  
,rests is discussed.

Growth o f  young trees

Pew plants o f  any kind h a v e  been  grow n from  seed that w as form ed at elevated  C O j  
>ncentrations and none h a v e  been  grow n for several generations at d ou b le the present 
0 * concentration. It is lik ely  th at no experim ents have been done, or responses to C O j 
ivestigated, on plants that are fu lly  acclim ated  to a raised CO^ concentration . A t best, plants 
cposed for weeks or m onths to elevated  C O j concentration  m ay be largely acclim ated  
articularly w ith respect to  som e organs, but are probably still acclim ating slow ly as a w hole, 
atural populations in w hich  m a n y  generations o f  ind ividuals have occurred over the past 100  
jars arc likely to have b eco m e gen etica lly  adapted  to the rise in atm ospheric C O j 
)ncentration through progressive selection , but this is less probable in forests w here there m ay  
ave been only one or tw o gen eration s during  this period.
There is little distinction in  the literature betw een  physiological responses that arc 

nmediate, responses that h ave a d eve lop m en ta l com p on en t and hence depend on the degree  
[acclim ation, and responses th a t m ay  result from selection o f  better-adapted genotypes over  
iveral generations. H ow ever, it is im portant to keep those distinctions in m ind because  
ifTerent processes arc likely to b e  involved .
In several experim ents (ap p rox im ate ly  30 on  conifers and 30 on broadleaves), the effects 

r a doubling o f  atm ospheric C O j con cen tration  on  the grow th o f  you n g trees has been  
ivestigated in controlled or p artly  controlled  environm ents (Eam us & Jarvis 1989). T h e  
tperiments were generally o f  sh ort d u ration  for trees, lasting from a few w eeks up to 2 |  years, 
nd the trees were almost in variab ly  grow n in pots, so that the results arc som ew hat restricted  
1 their applicability to stands o f  trees or forests. In  general, too, rates o f  grow th w ere rather  
)w (relative growth rates o f  ca. 1 % per day) suggesting that the conditions w ere far from  
ptimum in som e respects.
In all cases, the rate o f  grow th  o f  d ry  m atter was increased at the higher C O j concentration , 

le increase being in the range 20- 120% w ith  a m edian  o f  about 4 0 %. In  m ost o f  the 
^periments there were increases in  the m ass o f  leaves as a  result o f  increases in the num ber, 
rea or thickness. Masses o f  b oth  fine and coarse roots w ere also increased and there was a 
®ticeable increase in partition ing to the roots (i.e . larger root:sh oot ratios, especially  in plants  
^w ing with lim ited nutrient resources). T o  a considerable extent, an increase in am bient 

concentration was effective in  com p en satin g  for lack o f  light, w ater or nutrients. In a series 
f  experiments on several species, design ed  to test the hypothesis that lack o f  nutrients w ould  
^^ent a response to a dou b lin g  in  CO^ concentration , it was unequivocally  show n that this 
^  not the case (sec, for exam p le , N o rb y  et al. (1 9 8 6 );  review  in  E am us & Jarvis (1 9 8 9 )) .  
®^ng trees grow ing in situations o f  low  nitrogen  or phosphorus, or on sm all volum es o f  
'l^rient-poor soils, none the less sh ow ed  increased grow th in response to a dou b lin g  in am bient

* concentrations. A  scarcity o f  nutrients does not prevent a grow th response to increase in 
t concentration. In the lon ger  experim ents lasting m ore than one year, how ever, the 

?Ponse appeared to have been estab lished  in the first few  m onths and there was no evidence



o f  the progressive increase in size difference betw een  the trees in the two treatm ents that woui^j 
be expected  i f  a difference in relative grow th rate was being maintained. H ow ever, this may 
w ell have been an artefact resulting from  constrained  rooting conditions and the lack o f  an 
adequate sink for carbohydrates.

T h e  general conclusion from these studies o f  grow th  is that increase in COg concentration  
prim arily leads to young trees grow ing larger m ore quickly and that the m ajority o f  the changes 
observed are normal, ontogenetic changes associated  w ith growth and developm ent. It ij 
therefore pertinent to consider the processes by w hich  an  increase in CO2 concentration may 
increase the rate o f growth o f  trees.

Carbon dioxide at ike cell and leaf scale

C arbon dioxide is prim arily im plicated  in  the growth o f  plants as the substrate for 
photosynthesis. N one the less, C O j both activates and regulates the am ount or activity o f the 
enzym e, ribulose bisphosphate carb oxy lase-oxygen ase  (Rubisco) and it is not im probable that 
CO2 m ay also regulate some other enzym es that affect plant m etabolism and grow th. It is not 
clear at present, for exam ple, w hether the larger rates o f  leaf growth o f  plants growing at 
increased COg concentration are solely  the result o f  enhanced C O j assim ilation and the 
availab ility  o f  more substrate for le a f grow th  or w hether there are more direct effects on leaf 
in itiation  and developm ent. C arbon d iox id e  m ay also both reduce stom atal num bers per unit 
area o f  le a f (W oodward 1987) and cause stom atal closure, thereby reducing stomatal 
con d u ctan ce to both water vapour and C O j, by m echanism s that are still speculative but 
p robably  result from action on  non -p h otosyn th etic  processes (Eamus 1986). W hatever the 
effect, it seem s likely that physiological processes in leaves are responding to the C 0 | 
concentration  within the intercellular spaces o f  the leaves (see, for exam ple, M o tt 1988).!'^

The carbon dioxide concenlration in the intercellular spaces 'jj

T h e  m ean intercellular space C O j concentration  (CJ is a function o f  the CO^ concentradoa  
at the lea f surface (C,), w hich, in turn, depends u p on  the degree o f coupling betw een the leaf 
and the atm osphere above. For w ell-coup led  p lan ts and vegetauon, such as trees and forests,* 
the lea f surface concentration o f  C O j does not usually  deviate b.y more than a few micromole< 
per m ole from  that in the atm osphere ju st ab ove the canopy.

T h e  C O j w ithin the intercellular spaces lies at som e point along a catena betw een the leaf 
surface and the carboxylation sites in the ch loroplasts, so that C, depends upon both the 
stom atal conductance and the rate o f  CO2 assim ilation. T h e general relation betw een Q  and
C, is as follow s;

(1)

For dry air, the definition o f  the param eters rf and  <j> is given by equation (Ifl) in table U 
as orig inally  proposed 35 years ago for the concentration  o f  COg within the leaf. A lthough thc 
concentration  o f  carbon d ioxide is u n iquely  defined  w ith  respect to dry air, in practice ^  
concentration  varies in relation to the am ou n t o f  w ater vapour present in the air, as along  
catena (Parkinson 1971). M oreover,'th e flux o f  COg through the stom ata is affected by 
flux o f  w ater vapour in transpiration (Jarm an 1 9 7 4 ). T hese effects on the estim ation o f  Ci ^  
largely  taken into account by equation  ( lA ):  a  som ew hat more rigorous treatm ent le^*^ 

eq u ation  ( I t ) .  ^



T a b l e  I .  D e f i n i t i o n  o f  t h e  p a r a m e t e r s  i n  e q u a t i o n  (1)

rh e  su b scrip ts  a ,  w  a n d  c  in d i c a t e  d r y  a i r ,  w a te r  v a p o u r  a n d  c a r b o n  d io x id e , r e sp e c tiv e ly ; i a n d  1  in d ic a te  th e  
itcrccllu lar sp a ces  close to  th e  m e s o p h y ll  ce ll w a lls  a n d  th e  e x te rn a l  le a f  s u r fa c e , re sp e c tiv e ly , is th e  w a te r  v a p o u r  
onductancc o f  th e  p a th w a y  fronn  m e s o p h y ll  ce ll w a lls  to  le a f s u r f a c c .  A  is th e  C O ,  a s s im ila tio n  r a t e  (n e g a t iv e )  a n d  
;js the tr a n s p ir a t io n  r a te  (p o s i t iv e ) ,  i )  is a  b in a ry  m o le c u la r  d if lu s iv ity . I n  e q u a t io n  ( I f )  <jf,> is th e  a v e r a g e  m o la r  
■action o f  d ry  a i r  th ro u g h  th e  s to m a ta l  p o re  a n d  is g iv e n  b y  x ^  +  A w /2 ;  is g iv e n  b y  — <jr,>  E/Aw ; w h e re  

x j .  W h e re , * is t h e  m o la r  f ra c t io n  a n d  th e  s u p e rs c r ip t  •  in d ic a te s  s a tu r a t io n  a t  t h e  a p p r o p r i a t e  
anperature.)

Equation

l a

V

z e ro

R c fc re n c e

P e n m a n  &  S c h o f ie ld  ( 1 9 5 1 ) ;
G a a s t r a  ( 1 9 5 9 )- 

v o n  C a e m m c re r  &  F a r q u h a r

( 1 9 8 1 )-

D ..  D ,

The derivation o f  C, in  this w ay  has been w idely used b u t has recently been called  into  
question by observations o f ‘ p a tch in ess’ in the distribution o f  stom atal apertures on  abscisic- 
icid-treated leaves (T erash im a et al. 1988). Several studies are now  in progress to  determ ine  
(vhether ‘p atch incss’ in  stom ata l con d u ctan ce is a significant feature o f  norm al leaves because  
patchiness’ was not observed  in m uch o f  the classical work d on e on  stom atal physio logy  w ith  
the microscope during the 1930s to 1960s by Stalfelt and others.

E§tcis on Rubisco

Experiments w ith  herb aceou s p lan ts have show n that an  increase in COg concentration  leads  
to a reversible deactivation  o f  R u b isco  in a m atter o f  m in u tes: d eactivation  m ay reach 30 %  
after ten m inutes, and is readily  reversible over the sam e interval (Sage el al. 1 9 8 8 ).

Exposure to elevated  C O j concentrations for days or weeks generally  leads to a sustained  
reduction in the activ ity  o f  R u b isco  o f  sim ilar m agnitude. T his m ay result from a reduction  in 
the amount o f  R ubisco togeth er w ith  som e associated reactivation, or from reductions in both  
the amount and the activa tion  state  (Sage el al. 1989).

At the lea f scale, this loss o f  activ ity  o f  R ubisco in response to long-term  exposure to elevated  
CO, concentration is seen as a  reduction  in slope o f  the relation betw een  C O j assim ilation rate  
( )̂ and the m ean intercellu lar sp ace  C O j concentration  (C,), the so-called  ^ /C , relation (figure  
2). This relation show s that assim ilation  is a function o f  the C O j concentration  around th e  cells 

the leaf m esophyll. In  accordance w ith  the biochem istry o f  photosynthesis, this observed  
relation is considered to b e  the resultant o f  tw o response functions o f  assim ilation to carbon  
•iioxide that intersect at th e arrow  (von  C aem m erer & Farquhar 1981), A t concentrations o f  

below the arrow, carb oxy la tion  is lim ited  by the activity o f  R ubisco: above the arrow, 
^rboxylation is lim ited  by the rate o f  turnover o f  the photosynthetic carbon reduction cycle  
(’•«• the Calvin cycle) and  h en ce by the potential rate o f  electron  transport, or by the 
*''ailability o f  inorganic phosphorus. T hus the rate o f  carboxylation  {V^) at an y  C O j  
concentration is the m in im u m  o f  the R ubisco-lim ited  rate {W^) and  the electron transport 

rate {W ,):  i.e.

* The rate o f  assim ilation o f  C O 2 is the rate o f  carboxylation o f  ribulose bisphosphate less the



R u B P /e le c tro n

m e a n  in te r c e l lu la r  C O ,  c o n c e n tra t io n , C,

( l lm o l  m o l'* )

F i g u r e  2 . T h e  re la tio n  b e tw e e n  a s s im ila tio n  r a t e  {A)  a n d  th e  m e a n  in te rc e llu la r  sp a c e  C O ,  c o n c e n tr a t io n  (C ) 
n e e d le s  o f  Ficea silchensis in  th e  fo llo w in g  c o n d i t io n s :  q u a n tu m  flux  d e n s ity  1 1 0 0  j im o l m "* n w d te  
te m p e r a tu r e  20  ®C w a te r  v a p o u r  s a tu r a t io n  d e f ic i t  1 .0  k P a . T h e  line h a s  b e e n  f itte d  in  tw o  se c tio n s  to  72 d a tn  
p>oints. T h e  d a sh e d  se c tio n s a re  th e  h y p o th e t ic a l  e x te n s io n s  o f  th e  tw o  se c tio n s  o f  th e  c u rv e  in  th e  m odel of^ 
F a r q u h a r  &  v o n  C a e m m e re r  ( 1 9 8 2 ) . ^

rates o f  phoiorespiralion [V J 2) and  non-photorespiraiory respiration the so-called ‘day 

respiration) i.e. A ^ V - V J 2 - R , .

Photorespiration proceeds at h a lf the rate o f  the com petitive oxygenation  o f  ribuld 
bisphosphate (Tq) because on e CO^ m iolecule is evolved for every tw o m olecules oxygcnateii 
V J 2 is given by w here y"* is the photorespiratory CO^ com pensation  concentratioB
and C is the m olar fraction o f  COg at the site o f  carboxylation-oxygenation  in  the chloroplast 
T h u s, i f  C  is approxim ated by C,, the assim ilation  rate is

T h e  param eters T ,  and can be estim ated  from  /4/C , relations at different quantum  fliW 
densities (Brooks & Farquhar 1985).

Expressions for and W ,̂ and m eth od s o f  estim ation, are discussed b y  Farquhar & 
C aem m erer (1982) and von  C aem m erer & Farquhar (1981, 1984). T h e  rate o f  c a r b o x y l a t i M  

w h en  ribulose-bisphosphatc-saturated and R ubisco-lim ited is

(3

w here K .̂ and are the M ichaelis constants for C O j and Og, respectively; 0  is the oxyg^ 
concentration  at the active sites and is the rate o f  carboxylation at in fin ite C,. T h e tcra 

can be identified  w ith  the m ore familiar m esophyll conductance (/•/; 
Substitu tin g  equation (3) in to  eq u ation  (2) gives the expression for 4̂ as a function o f Cp 
R u b isco  lim ited. In practice, the param eters in this expression can be found by fitting 
C, d a ta , particularly if the values o f  and  are already known.

T h e  rate o f  carboxylation w hen the rate o f  turnover o f  the carbon reduction  cycle is 
by the rate o f potential electron transport (J )  is

w , ^ j / 4 { i + 2 r j c , ) .



'he 4 appears because a p p ro x im a te ly  four electrons are required for each carboxylation  and  
j^ygenation. J  is expressed as a  function o f  the absorbed, eflective  quantum  flux density  (Q) 

photosystem , i.e. +  Q /2 ) y  +  y „ (? /2  =  0 . (5)

lubstituiion o f  equations (4 ) and  (5 ) in to  equation (2) gives the expression for 4̂ as a  function  
and Q, when lim ited  b y  th e potentia l rate o f  electron transport. A t the arrow, assim ilation  

5 co-limited by both sets o f  processes (i.e. ( — IVj.) ( — IV̂ ) =  0) and there is ev id en ce to show  
hat the balance o f  in vestm en t b etw een  the tw o adjusts, (see, for exam ple, von  C aem m ercr & 
‘arquhar 1984) so that assim ila tion  is in the co-lim ited  region at the prevailing am bient 
’0 ,  concentration.

As shown in figure 3, y o u n g  trees grow n at doub le the current atm ospheric C O j 
onccntration show  a red u ction  in slope o f  the i^/C, curve below  the arrow and h en ce an  
mpiied loss in activity o f  R u b isco . A  range o f  stresses, n itrogen  deficiency for exam p le, also  
ause a reduction in this s lo p e  an d  in  R u b isco  activ ity . O n e  m ay suppose that the am ou n t o f  
i(.ubisco is reduced in p lan ts grow in g  a t h igh  C O j concentration , because am ounts o f  carbon  
»mmensurate w ith the a v a ila b ility  o f  other resources, such as n itrogen, can be assim ilated by
I lesser am ount o f  R u b isco  an d  the nitrogen can therefore be m ore effectively utilized  in 
)FOteins other than R ubisco. O n e  consequence is that plants that have becom e acclim ated  to 
ligh COj concentrations sh o w  a reduced rate o f  assim ilation, in com parison w ith plants kept 
It the current CO2 con cen tra tion , w hen returned to the current C O j concentration, 

p  

d- . 

r

m e a n  in te r c e l lu la r  C O g  c o n c e n t r a t io n ,  C,

»  (n m o l m o l"^ )

3. T h e  a v e ra g e  r e la t io n  b e tw e e n  a s s im ila t io n  r a t e  {A )  a n d  th e  m e a n  in te r c e l lu la r  sp a ce  C O j  c o n c e n t r a t io n  
(C,) fo r  sh o o ts  o f  Picea sitchensis d e v e lo p e d  a n d  g ro w n  o n  p la n ts  t h a t  w e re  th r e e  m o n th s  in  c u r r e n t  { x  1) (n =
5) a n d  d o u b le  th e  c u r r e n t  ( x  2 )  {n — 5 )  a tm o s p h e r ic  C O ,  c o n c e n t r a t io n .  T h e  slo p es o f  th e  l in e a r  se c tio n s  o f  
|h c  cu rv es a re  0 .0 6 1  a n d  0 .0 5 1  m o l  m "*  s" ‘ fo r  x  1 a n d  x  2  C O , ,  re sp e c tiv e ly . M e a s u re m e n t  c o n d i t io n s  w e re :  

te m p e ra tu re  2 0  *C , s a tu r a t i o n  d e f ic i t  0 .6  k P a  a n d  q u a n tu m  flu x  d e n s i ty  1 2 0 0  ^im ol m~* s '* . U n p u b lis h e d  
^ t a  o f  A . J .  B re n n e r , A . P . S a n d f o r d  a n d  P . G . J a rv is .

^iTength

^^■eduction in the relation  o f  th e A/C^  slope has been observed , particularly after long-term  
^ ^ '^ re to plants to high CO^ con cen tration s, especially at h ig h  quantum  flux densities, in  

experim ents w ith  crop p lan ts and  in  on e or two w ith  tree seedlings (Eam us & Jarvis  
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1989). In som e cases quantum  yield  has also been reduced and substantial starch accumulation 
in the chioropiasts dem onstrated. It seem s likely that these are not acclim ation  responses to 
elevated C O j but indicate the lack o f  ad equate sinks for assim ilate. In rapidly growing q, 
fruiting citrus, where grow ing active sinks w ere available, assim ilation was m aintained  athigli 
rates in high am bient CO^ concentrations and Rubisco did not decline in activ ity  (K och etai 
1986; D ow nton tl  al. 1987). T h e  m aintenance o f  high rates o f  assim ilation in response to 
elevated COj concentration  appears to require the existence o f  sustained active sinks for carboa 
and these did not occur in m any o f  the experim ents m ade on young trees in  sm all pots.

Photorespiraiion j

Carbon dioxide and oxygen  com pete for the same active sites on R ubisco. W hen  O j is the 
substrate, carbon previously fixed in to  ribulose bisphosphate is channelled  into the 
photorespiratory carbon oxidation  cycle (i.e. the glycolate pathw ay) w ith  the subsequent 
release o f C O j in photorespiration. Photorespiration represents a significant loss o f  previously 
fixed carbon. An increase in am bient CO^ concentration increases the rate o f  supply o f CO  ̂

to the active sites and shifts the balance towards carboxylation rather than oxygenatioii} 
leading to a reduction in photorespiration. T h is  both conserves carbon and leads to enhanced 
availability o f  N A D P H  and A T P , w hich  w ould  otherwise be used in the g lyco la te  pathway^ 
and hence represents an increase in the efficiency o f  carbon fixation.

A result o f  the partial suppression o f  photorespiration by elevated  COg concentration is an 
increase in the quantum  yield o f  CO^ assim ilation (i.e. in the slope o f  the relation between 
assim ilation rate and quantum  flux density) and a reduction in  the com pensation  quantum  flux 
density, leading to the m ore efficient o f  light by shaded leaves (Pearcy & Bjorkman.

1 9 8 3 ) .  .%

i

In general, stom atal conductance declines in relation to an increase in am bient C0 |' 
concentration over a few m inutes, but there is litde inform ation to d iscrim inate between this 
short-term response and an y  long-term  physiological acclim ation. R eduction  in  the number of 
stom ata per unit area o f  lea f has been observed in one tree species after 123 days at elevated 
CO2 concentration but not in  another (O berbauer el al. 1985), and W oodw ard (1987) claims 
to have detected a reduction in stom atal density o f  eight tree or shrub species near Cambridge 
over the past 200 years by m aking com parisons with herbarium  specim ens. W hether the latter 
is the result o f  developm ental acclim ation  or genetic adaptation  is, how ever, unclear.

Stom atal sensitivity to am bient CO^ (figure 4) shows w ide variation  in  tree seedlings. I® 
general, conifers are less sensitive to COg than broadleaves, but sensitivity varies with 
temperature and w ater stress and, in som e cases, may have been induced inadvertently by the 

application o f  stress (Eam us & Jarvis 1989).
Stom ata sense the C O j concentration  in  the intercellular spaces rather than in  the ambic^  

air (M ott 1988) and as a  result, stom atal conductance is affected by both  the rate 
assim ilation, because it influences Q , and by the am bient COg concentration . HoweveTi 
stom ata also respond independently  o f  assim ilation to other variables such as quantum ^^  
density and w ater-vapour saturation deficit, with the result that at norm al ambient ^  
concentrations, a change in stom atal aperture leads to a change in Cj, w hereas a change^  
C,, as a result o f  a change in the rate o f  assim ilation, has a rather sm aller effect on stoma

Stomalai conductance



a m b ie n t  C O ,  c o n c e n t r a t io n ,  C ,

(^ m o l m ol"*)

Figure 4. T h e  a v e r a g e  r e la t io n  b e tw e e n  s to m a ia l  c o n d u c ta n c e  fo r  w a te r  v a p o u r  (5,) a n d  th e  a m b ie n t  C O , 
c o n c e n tra t io n  fo r  le a v e s  o f  Belula pendula  o n  p la n ts  g ro w n  fo r  tw o  m o n th s  in  c u r rc n t  ( x  1 ) (n =  7 ) a n d  d o u b le  
th e  c u r r e n t  ( x  2 )  (n =  4 ) a tm o s p h e r ic  C O ,  c o n c e n tr a t io n . M e a s u r e m e n t  c o n d it io n s  as in  f ig u re  3 . U n p u b lish e d  
d a ta  o f  A . P . S a n d f o rd ,  A . J .  B re n n e r  a n d  P. G . J a r \ 'i s .

conductance (Jarvis & M orison  1981). Thus, at e levated  am b ien t C O j concentrations, C, does 
not rise as m uch as w ou ld  be expected if  the stom ata  d id  not close and , consequently, the 
increase in assim ilation rate is less than m ight have been  anticipated .

The com bined  effects o f  a reduction in stom atal co n d u cta n ce  and a reduction  in Rubisco  
activity lead to a sm aller increase in assim ilation rate in response to an increase in am bient 
COj concentration  in acclim ated  leaves than w ould be exp ected  from a consideration  o f  un ­
acclimated leaves w ith  unresponsive stom ata at the present d ay  CO« concentration  (figure 5).

Water use efficiency

An increase in C O j concentration  increases the rate o f  assim ilation and decreases the 
Stomatal con d u ctan ce. In  leaves w ell coupled to the atm osp h ere, a  reduction  in stom atal 
conductance leads to a near proportional reduction  in  transpiration rate (Jarvis & 
M cNaughton 1986). T h u s, in  grow th cham bers and assim ila tion  cham bers or cuvettes, a rise 

concentration  leads to an increase in w ater use effic iency  (m oles o f  COg assim ilated per 
“Jolcs o f  w ater transpired) on  both  counts. E ven in species in  w hich stom atal conductance  
Ganges little , there is still an  increase in w ater-use effic iency  on  account o f  the increase in 
^ n iila tio n .

is generally  true for trees in  the field because b o th  in d iv id u al trees and  stands o f trees 
^  generally extrem ely w ell coupled to the atm osphere. T h e  only m ajor exceptions are 
*^diings and  you n g  trees in  a  dense understorey or w ith  a m ulti-layered  canopy above. In the 
*^*^€rstorey o f  m oist tropical forest, for exam ple, C O j con cen tration s are h igh  (500-1000 ^mol 

*) even  tod ay, on  accou n t o f  the respiration o f  so il, litter and w ood (see, for exam ple,
^Qina ei al. 1 9 8 6 ), and  w ater-vapour saturation deficits are very sm all, relative to the 

'^ osp h ere above (S h u ttlew orth  el al. 1985). In  these circum stances, assim ilation  by seedlings



C O ,  c o n c e n t r a t io n ,  C /( ^ m o l  m o l *)

F i c c r e  5. A  d ia g r a m  to  s h o w  th e  p o ss ib le  c o n se q u e n c e s  o f  a n  in c re a se  in  a m b ie n t  C O ,  c o n c e n tra t io n  for*' 
a s s im ila tio n  r a te ,  ta k in g  in to  a c c o u n t  lik e ly  effec ts  o n  s to m a ta l  c o n d u c ta n c e . T h e  l in e  f Z  is a n  A /C ^  functioa 
as in  f ig u re  2 . T h e  lin e  C , D  d e p ic ts  th e  s to m a ta l  c o n d u c ta n c e  t h a t  in te rse c ts  a t  p o in t  X  to  g iv e  th e  assimiladoi^ 
r a te  A^. I f  th e  s to m a ta  o p e n  o r  c lo se  s o m e w h a t  th e  in te re e c d o n  m o v es  xo Y  o r  W  g iv in g  th e  n e w  assim iiadorf 
ra te s  o f  o r  A ^, re sp e c tiv e ly . I f  R u b is c o  a c t iv i ty  in creases o r  d e c re a se s  th e n  a s s im ila tio n  m o v es  o n to  the lin a ' 
F D  o r  r c ,  re sp ec tiv e ly , w ith  h ig h e r  o r  lo w e r  a ss im ila tio n  ra te s . A  rise in  th e  a m b ie n t  C O ^  conccn tradoo’ 
to  6 0 0  jtm o l m o i '^  w ith  n o  c h a n g e  in  R u b is c o  a c t iv i ty  o r  s to m a ta l  c o n d u c ta n c e  w o u ld  in c r e a s e  th e  assirailatioo 
ra te  to  A ^. R e d u c tio n s  in  b o th  c o u ld  b r in g  th e  a ss im ila tio n  r a te  b a c k  to  A i,  o r  a n y w h e r e  w ith in  the area 
d e fin e d  b y  C J ,  C J .  a n d  Y Z .

is enhanced by ihe high C O j concentration , although strongly light-lim ited  for m uch of the 
tim e (K w esiga et d .  1986), and transpiration is very insensitive to changes in cither stomatai 
conductance or saturation deficit, and is sm all except w hen the sun penetrates to  the forest flooc 
(J a n ’is & M cN aughton  1986).

Carbon dioxide at the stand and forest scales

For practical reasons, direct m easurem ents o f  the effects o f  a controlled  increase in C0 |  
concentration  on processes in forest stands are extrem ely difficult, if  not im possib le, to make; 
as yet there are no directly m easured data  and little likelihood o f  any in  the im m ediate futuris, 
T h u s, at the present tim e, the likely effects o f  an increase in CO2 concentration  can only te  
estim ated through the use o f  m odels from  m easurements o f  processes and variables made oo, 
unacclim ated stands at present day CO^ concentrations, and from m easurem ents on seedling* 
and young trees acclim ated to increased CO^ concentrations in artificial surroundings.

M easurem ents have been m ade o f  the exchanges o f  v/ater vapour and carbon dioxide by 
range o f  p lantation and w ood land  canopies in current atm ospheric con d ition s (Jarvis et 
1976; Jarvis 1986; V erm a et al. 1986; B aldocchi et at. 1987) and these d ata  can  be used to 
m odels o f  the influence o f  environm ental and stand variables on the carbon d ioxide baJan* 
and water use efficiency o f  stands. Several suitable m odels for this purpose exist. 9 ®* 
codenam ed M A E S T R O  (G race el al. 1987; W ang 1988), is straightforw ard to run ^  
existing crown structure, stand structure and set o f environm ental cond itions and can indi^- 
answers to the question; w hat w ould be the consequences for the assim ilation , transpir^^  
and water use efficiency o f  a stand o f  a doubling o f  the am bient a t m o s p h e r i c  

concentration?
In attem pting 10 answ er this question , it is difficult to know  w hat aspects o f  acclimatloo 

increased C O 2  concentration to take in to  account. It is clear from the preced ing  s e c u o n  

acclim ation o f  the p h otosynthetic  and stom atal param eters at the le a f  scale sho

C O i
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considered, but it is far from  clear at present w h at o th er  features o f  tree or stand structure and  
processes, such as the d istrib u tion  o f  leaf area density , rates o f  soil respiration and decom position  
processes, etc. m ay also b e  subject to acclim ation . In  figure 6, COg assim ilation by the canopy  

of a stand o f  Picea sitchensis at the current am b ien t COg concentration , calculated using  
appropriate lea f param eters in an  assim ilation su b -m od el based on  that o f  von  C aem m erer & 
Farquhar (1 9 8 1 ), is com pared  w ith estim ates o f  can op y  assim ilation in an atm osphere o f  
double the current CO^ concentration , again  using appropriate  param eters. T h e  param eters 
iised were determ ined for seedlings grow n in con trolled  environm ent room s at current and  
ty/ice the current am b ien t C O j concentrations so th a t th e sim ulation  com pares current C O j  
concentration w ith  current tree param eters aga in st d ou b led  CO^ concentration with  
appropriately changed  param eters. T h e use o f  param eters m easured on seedlings acclim ated  
in controlled en viron m en t room s, although co n v en ien t, m ust be regarded as suspect. A n  
alternative currently b e in g  tried in  pollution studies w ith  Pinus laeda (R . O . Teskey & P. H . 
Dougherty, personal com m u n ica tion ), w ould be to expose w h ole  branches o f  m ature trees to 
different C O j concentrations in  cham bers, in situ in the canopy, for on e or more grow ing  
seasons, and to m easure param eters on  the fo liage, w h ich  is likely to be at least partly  
acclimated and also rather m ore appropriate in o th er respects.

8 0 0  1 6 0 0  
in c id e n t  q u a n tu m  flu x  d e n s i ty ,

(? /(n m o I  m "* s~ ')

6 . T h e  r e la t io n  b e tw e e n  th e  t o ta l  n e t  C O ,  in f lu x  to  a  s ta n d  o f  Picea sitchensis c a lc u la te d  b y  u s in g  th e  c a n o p y  
n io d e l M A E S T R O  w ith  a p p r o p r i a t e  p a r a m e te r s  in  th e  C O ,  a n d  w a te r - v a p o u r  e x c h a n g e  ro u tin e s  fo r th e  
c u r re n t  a tm o s p h e r ic  C O ,  c o n c e n t r a t io n  ( L - L )  a n d  d o u b le  th e  c u r r e n t  a tm o s p h e r ic  C O ,  c o n c e n tr a t io n  ( H - H ) .

1 ^ e  lin e  L —H  sh o w s th e  r e s u l t  i f  p a r a m e te r s  fo r  th e  c u r r e n t  a tm o s p h e r ic  c o m p o s it io n  a r e  u se d  w ith  a  d o u b l in g
in  th e  a tm o s p h e r ic  C O ,  c o n c e n t r a t io n s .  T h e  so la r  b e a m  f ra c tio n  w a s  a s s u m e d  to  b e  0 .5 , th e  l e a f  a r e a  in d e x  9 .0 , 
the s o la r  z e n i th  a n g le  45®, th e  a i r  t e m p e r a tu r e  2 0  ° C  a n d  th e  w a te r  v a p o u r  s a tu r a t io n  d e f ic it 1.0  k P a .

figure 6 show s th at ca n o p y  assim ilation is likely to be increased by a doubling o f  the 
,*^ospheric C O j con cen tration , but not as m uch as w ou ld  be expected  if  the param eters for 

^nacclim ated trees w ere used in the ca lcu lation s for d ou b le  the atm ospheric COg 
^ ’’centration. C h an gin g  the param eter set or the CO^ con cen tration  did not have a large  

j on the degree o f  co -lim ita tion  within the can op y , in d ica tin g  that it is the influence o f  
structure o n  ligh t in tercep tion , particularly the area o f  leaves and the distribution o f  lea f  

density, that ensures that the m ajority o f  the leaves o p era te  in the co-lim ited  region, 
^ch predictions can n ot be verified directly but d ep en d  for their acceptance on  adequate

Cation o f  the m od el against m easurem ents o f  can op y  functioning in the current
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CO2 environm ent w ith  respect to other variables. M A E S T R O , for exam ple, has been sho\vn 
to predict accurately the radiation environm ent beneath the can op y  o f  stands Pinus radiata 
and P. silchensis (W ang 1988), and consequently m ay be applied  w ith  som e degree of 
confidence.

f.
Experim ents on seedlings have show n that a  doub ling  o f  the am bient COg concentration 

m ay com pensate to a degree for a reduction in the quantum  flux density (see, for example' 
T o lley  & Strain 1984). I f  an increase in atm ospheric G O j concentration  compensates for 
shading o f  the low er leaves in the canopy and thereby reduces lea f senescence, the sustainable 
le a f  area will be increased, m ore radiation will be absorbed, and there m ay be a further increase 
in CO 2 assim ilation and grow th. T h a t the growth o f  forest m ay increase in relation to the 
increase in C O j concentration , as a result o f  increases in both the assim ilation flux density and 
the le a f area concentration , seem s likely but is speculative. , j

A t the stand scale, w e m ust necessarily also be concerned ab ou t the consequences of an' 
increase in C O j concentration on m ineralization processes in  the soil and on  nutrient cyclingl 
through the system  because these processes m ay u ltim ately  lim it the extent to which  ̂
photosynthetic efficiency can be increased or lea f populations m aintained . Similarly, ani 
increase in stand lea f area w ill lead to an increase in both the am ount o f  precipitation 
intercepted by the canopy and evaporated directly to the atm osphere and the transpiration losŝ  
o f  w ater (Jarvis & M cN au gh ton  1986), so that the availab ility  o f  w ater m ay act to limit thê  
projected increase in grow th resulting from the increase in C O j concentration . This point is* 
further com plicated because there m ay be increases in both w ater use efficiency and in leaf areâ  
per tree, w ith opposing effects upon total tree w ater use. M ore com p lex  models of stand- 
processes are required to take these possible feedbacks into account.

E f f e c t s  o f  f o r e s t s  o n  a t m o s p h e r i c  C O 2

Forests accum ulate large am ounts o f  carbon in w oody branches, stem s and litter. The] 
standing crop o f  dry m atter m ay typically vary from 100-500 t ha“^t- ^  stand o f  320 t ha"* of: 
dry m atter o f  typical com position  will have taken up approxim ately  tw ice that amount 
CO2 during its period o f  grow th , thus reducing the content o f  the atm osphere by thata 
am ount. H

M easurem ents o f  the net CO2 flux m ade about the canopy show  that during the growing^ 
season, net assim ilation o f  C O j from  the atm osphere by forest reaches a m axim um  during the 
course o f  the day o f  around 20 ( ±  10) jimol m ”  ̂s“  ̂ (figure 7), w hereas losses of COj by, 
respiration from the stand at n ight m ay range from about 10 % o f  the daytim e fluxes in young^ 
stands to 50 % in old grow th stands that have a net exchange o f  zero over 24 h (Jarvis W 
1976; Jarvis 1986, 1987; V erm a et al. 1986; B aldocchi ei al. 1987). H igh  temperatures a n d lo ^  
hum idities reduce the CO2 in flux  by increasing stand respiration and decreasing canopy^ 
conductance, (figure 8 ), and w ater stress causes a  sim ilar reduction . T h e  daily  course of < 
COg assim ilation from the atm osphere by agricultural crops and m any other kinds j 
vegetation  falls w ithin the sam e range o f  values. . ^

O n  a regional scale, the effect o f  these rates o f  uptake on the atm ospheric C O j concentrati'^  
can be estim ated from a C O j mass balance o f  the convective boundary layer (cbl).^^ ^  

conditions overnight often result in high concentrations o f  COg o f  400-600  nmol

■f 1 h c c t a r e  ( h a )  =  1 0 ^  m®.



q u a n t u m  f lu x  d e n s i ty ,  Q /(}A m ol m "* s“ ‘)

fiouRE 7 . T h e  r e la t io n  b e tw een  th e  n e t  C O ,  in f lu x  f ro m  a b o v e  to  a  s ta n d  o f  Picea silchensis (/<<.) a n d  th e  in c id e n t  
q u a n tu m  flu x  d e n s ity  (Q ). T h e  d a t a  sh o w n  w e re  c la ssif ied  w i th  re sp e c t to  th e  w a te r  v a p o u r  s a tu r a t io n  d e f ic it 
o f  th e  a ir ,  w h ic h  is s tro n g ly  c o r re la te d  w ith  a i r  te m p e r a tu r e .  E a c h  p o in t  is th e  m e d ia n  o f  6 - 2 0  m e a n  h o u r ly  
m e a s u re m e n ts .  A d a p te d  from  J a r v i s  el a i  ( 1 9 7 6 ).

surface layex close to the vegetation . As the sun rises and  fluxes o f  h eal, w ater vapour and 
CO, are generated at the surface, the overn igh t inversion  disperses and the COg concentration  
in the c b l  is reduced by the vegetation . I f  w e assum e, for sim plicity, an average daytim e  
COj flux density o f  10 ^mol s“ ‘ , the total d aytim e in flu x  will be o f  the order o f  450 m m ol 

. As the day develops, in unstable cond itions th e  c b l  m ay grow from a few m etres tom- I

hundreds o f  metres in depth, driven by the fluxes o fh e a t  and water vapour at the surface (sec 
Andr^, this sym posium ). Thus, as CO^ is rem oved by th e  vegetation , entrainm ent through the 
capping inversion at the top o f  the c b l  adds w arm er, d rier  air containing CO2 a t the current 

^asonal atm ospheric concentration (M cN a u g h to n  1 9 8 9 ) . I f  the c b l  grows during the day to 
adepth o f  1000 m , from which a total o f 450 m m ol m"® COg are rem oved, the average daytim e  
reduction in COg concentration throughout the c b l  w ill be 10 nmol m ol”*. T h e  concentration  
will be uniform  throughout the m ixed layer but there w ill be a substantial vertical grad ient in 

surface layer so that the m axim um  d aytim e red u ction  o f  the C O j concentration  near the 
leaf surfaces w ithin the vegetation m ay be up to ten  tim es as large, or 100 jim ol m o l" \  
depending on the degree o f  coupling o f  the vegetation  to the atm osphere (Jarvis 1985). This 
drawdown in  the C O j concentration  by vegeta tion  is usually m easured relative to the 

atmospheric concentration at a reference level ju st a few  m etres above the vegetation  surface 
®nd, does not take into account the reduction  in co n cen tra tion  across the surface layer above  

throughout the m ixed layer, and h en ce is gen era lly  considerably underestim ated  
(McNaughton & Jarvis 1983). T hus, on  a regional sca le , there is frequently a substantia l daily  
*^illation in  the CO2 concentration from , say, 500 jim ol m o l“  ̂ in stable conditions at n ight to 
^  Mmol m ol'*  in unstable conditions d u rin g  the d a y tim e  close to the lea f surfaces, and  
^•■fespondingly sm aller oscillations occur som e d istan ce  a b ove  the vegetation.

M easurements o f  C O j influx to forest stands are few  an d  restricted to short periods o f  a 
*'^^ber o f  days during the main part o f  the grow ing season , usually in better than average  
^^iher. T h ere  are insufficient m easurem ents o f  this k ind  from even one site to enable  
^^putation o f  seasonal fluxes. Estim ates o f  seasonal ch a n g es in CO^ flux on a regional scale 

o f necessity therefore, be m ade using m uch  coarser m eth od s. R ecently, Fung el al. ( 1987)



h a v e  p a r ti t io n e d  estim ates o f  soil re sp ira tio n  a n d  n e t s ta n d  C O j assim ilation  m onth  by monti 
o n  the  basis o f  seasonal v a ria tio n  in  th e  n o rm a lized  d ifference  vegeta tion  index  (ndvi' 
d e te rm in e d  by  rem o te  sensing for 32 d iffe ren t v eg e ta tio n  types in  4° x  5° g rid  boxes, to obtain 
th e  seasonal exchanges o f  C O ^  show n in  figure  8. O v e r  the  seasons, assim ilation  and  respifatioi 
o f  te m p e ra te  a n d  bo rea l everg reen  forest g en era lly  fo llow  te m p e ra tu re  synchronously  so tha' 
th e re  is sca rce ly  an y  p e rio d  o f  net c a rb o n  loss (figure  8«/). Y o u n g  trees o f  spruce an d  pine u 
N o rw ay  a n d  S co tlan d , fo r exam ple, h av e  a  positive n e t c a rb o n  b a la n c e  in every m o n th  of th< 
y e a r  on  av e ra g e  (H ag em  1947, 1962; B ra d b u ry  & M a lc o lm  1978). F o r deciduous forest, or 
th e  o th e r  h a n d , su b s tan tia l asynch rony  occu rs in  th e  sp r in g  a n d  a u tu m n , p articu larly  th( 
fo rm er w h en  s tan d  re sp ira tio n  m ay  su b s ta n tia lly  exceed  assim ila tio n , a n d  this can  lead tc 
s ign ifican t p e rio d s o f  co n siderab le  ne t c a rb o n  loss (figure  8<r). B y co n tra s t, in  the tropics, when 
seasonal v a r ia tio n  in en v iro n m en ta l v a riab les  is g en era lly  sm all, th e re  is little  seasonal variatiolD 
in  e ith e r  a ssim ila tion  o r  resp ira tio n  ra te s  so th a t  th e  n e t  flux  o f  C O ^ also shows little  seasonal 
v a r ia tio n , a n d  in  c lim ax  forest, w h ere  th e  fluxes o f  r e s p i r a t io n . an d  assim iladon ajJ 
a p p ro x im a te ly  eq u a l, little  d e p a rtu re  from  ze ro  (figu re  8^I). ij

T h is  co m p ariso n  show s the  w ay in  w h ich  seasonal v a r ia tio n  in  assim ilation  and  respirati(w 
is likely to le ad  to  an  a n n u a l oscillation in  th e  reg io n a l n e t C O j  flux betw een  atm osphere and 
v eg e ta tio n . T h e  seasonality  o f  te m p e ra tu re  an d  ra d ia t io n  in  p a r tic u la r , generates th^ 
o sc illa tion  a n d  this is ex ag g era ted  by a sy n ch ro n y  b e tw een  re sp ira tio n  an d  assim ilation, largclj 
re su ltin g  from  th e  phen o lo g y  o f  leaf g ro w th . ^

T h e  a m p litu d e  o f  the  m easured  oscilla tions in a tm o sp h e ric  C O j co n cen trad o n  is sm all n ^  
th e  E q u a to r  a n d  in the  S o u th e rn  H em isp h ere , b u t increases to  a b o p t 17 ^m ol mol"^ a tla titu d l 
o f  ca. 75° N  (figure  8} (K o m h y r a/. 1985). By c o m b in in g  th e  seasonal C O , fluxes o f t ^  
d iffe ren t v eg e ta tio n  types w ith  a th ree -d im en sio n a l tra c e r  m o d el, F u n g  et al. (1987) macS 
p red ic tio n s  o f  th e  seasonal oscillations in  th e  a tm o sp h e ric  C O ^ co n c e n tra tio n  as a  function '0 
la titu d e . F ig u re  9 shows th a t  the  m ode! o f  seasonal C O g in flu x  a n d  efflux by different kinds C 
v eg e ta tio n  a lso  p red ic ts  th e  change in  a m p litu d e  o f  th e  a n n u a l  C O j  oscilladon  w ith  ladtud 
q u ite  a d e q u a te ly  (F u n g  et al. 1987). T h e  increase  in  a m p litu d e  o f  the  oscilladon a t higfi 
la titu d e s  can  be a t tr ib u te d  to the m o re  ex tensive a re a s  o f  v eg e ta d o n  in the N orthert 
H em isp h e re  as c o m p a re d  w ith  the S o u th e rn  H em isp h e re , associated  w ith  large seasohJ 
v a ria tio n s  in  d a y  len g th , q u a n tu m  flux d en sity  a n d  te m p e ra tu re , to g e th er w ith  seasom 
ch an g es  in th e  s ta n d in g  c ro p  o f  the v eg e ta tio n  a n d  a  d e g re e  o f  a sy n ch ro n y  betw een r^p ira tio  
a n d  assim ila tio n  (F u n g  et al. 1987). !

A  large  p a r t  o f  the  o sc illa tion  can be a t tr ib u te d  to  th e  n o r th e rn , te m p e ra te  and  boreal fortf 
F ig u re  10 show s th a t  a t  P o in t B arrow  (71° N ) a p p ro x im a te ly  5 0 %  o f  the  oscillation can W 
a ttr ib u te d  to th e  b o rea l forest, w hereas a t  M a u n a  L o a  (20® N ) th e  b o rea l forest m ay accoi 
fo r a b o u t 3 0 %  o f  th e  to ta l am p litu d e  (D ’A rrig o  et al. 1 9 8 7 ). T h ese  calcu la tions suggest 
th e  COg d y n am ics  o f  fo rest in  the  N o rth e rn  H e m isp h e re  h a v e  a  m a jo r  ro le  in  determ ining 
a n n u a l  seasonal o sc illa tion  in  a tm o sp h eric  C O 2 c o n c e n tra tio n . U n fo rtu n a te ly , however, \  
is no  m ean s o f  d e te rm in in g  w h eth er th e  e stim a ted  fluxes used in  the  calculations 3 

a p p ro p r ia te , b ecause  a t  p re sen t there  a re  no  a p p ro p r ia te  field m easu rem en ts  being m ade ^  
n e t CO2 ex ch an g e  o f  forests o r  o th e r a reas  o f  v eg e ta tio n . .

S ince 1976, th e  a m p litu d e  o f  the C O j c o n c e n tra tio n  osc illa tio n  in  th e  N o rth ern  Hernisp ̂ 3  

h a s  in c reased  by  a b o u t 1 0 % , o r close to  1 %  p e r a n n u m . T h e  oscilla tion  a t  M au n a  
fo r ex am p le , increased  fro m  6.0  |im ol m ol"^ in  1976 to  6 .6  jim ol mol"* in  1986, an  incrcase^
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(«)

m o m h  o f  y e a r

•ioURE 8 . E x a m p le s  o f  m o n th ly  fluxes o f  c a r b o n  (g ra m s  p e r  s q u a r e  m e tr e  p e r  m o n th ) ,  u s in g  a n  e x p o n e n t ia l  r e la t io n  
to  d e sc rib e  th e  d e p e n d e n c e  o f  C O ,  a s s im ila t io n  o n  th e  r e m o te ly  se n sed  n d v i  fo r: (a) t r o p ic a l  ra in fo re s ts , 6 * S , 
60* W ;  (b) tu n d r a ,  70* N , 160° W ;  (r) d e c id u o u s  fo res ts , 5 4 *  N , 35® E ; a n d  {d) e v e rg re e n  fo re s ts , 54* N ,
95* W . R e s p i r a t io n  (positive  is sh o w n  b y  (---)>  a s s im ila t io n  (n e g a tiv e )  b y  {-------- ) a n d  th e  n e t  c a r b o n
flux b y  (------- ) . F ro m  F u n g  el al. ( 1 9 8 7 ).
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9. A  c o m p a r iso n  b e tw een  th e  m e a s u re d  ( o )  a n d  c a lc u la tc d  ( • )  p e a k - to -p e a k  a m p li tu d e s  o f  th e  a n n u a l  
O scilla tion  a t  th e  e a r th ’s su r fa c e  in  r e la t io n  to  l a t i tu d e  by  u s in g  d a t a  like th a t  in  f ig u re  8  fo r  4® la t i tu d e  x  

5" lo n g itu d e  m o d e l g r id  boxes. F ro m  F u n g  el al. ( 1 9 8 7 ).

*®*pUtude e q u iv a le n t to 0.8 G t h a “  ̂o f  c a rb o n  since  1976  (R evelle  & K o h lm a le r  1986). I n  the 
y ^ R ju s t befo re  1976 there  w as a  h ia tu s  in  th e  a tm o sp h e r ic  C O j co n c e n tra tio n  re c o rd  as a 
^ ^ t  o f th e  oil crisis, a n d  there  is less ev id en ce  fo r such  a n  increase  in  am p litu d e  in  th e  p e rio d  
f e e d in g  th e  o il crisis in  1973. O v e r  th e  23  years  1 9 6 1 -1 9 8 4 , there  has been  a n  av e rag e  

^*^^ase o f  0 .8 %  p e r  y ea r a t M a u n a  L o a  a n d  1.1 %  p e r  y e a r  a t  P o in t B arrow  (G . H . K o h lm a ir ,



1W)JF ig u r e  10. T h e  c a lc u la te d  a n n u a l  o sc illa tio n  o f  a tm o s p h e r ic  C O ,  a t  P o in t  B a rro w  A la sk a  (71“ N , 157* 
in c lu d in g  (------- ) a n d  e x c lu d in g  { --•)  th e  te m p e r a te  a n d  b o re a l  fo rests. F ro m  D ’A rr ig o  et al. ( 1 9 8 7 ).

R . R evelle  an d  C . D . K eeling , u n p u b lish e d  re p o r t  1985). T h e  reason  for this increase m] 
a m p li tu d e  o v er the past ten  years is a t  p re sen t u n c le a r , b u t on the basis o f  the above' 
d e m o n s tra tio n  o f  the  in vo lvem en t o f  b o rea l forest, w e m ay  suppose th a t  a n  increase ini 
a m p li tu d e  does reflect an  increase  in  th e  ra te  o f  a ss im ila tion  by the  tem p era te  and  boreali 
fo rest.

A n  increase  in  the  a n n u a l o sc illa tion  o f  1 %  rep resen ts  a  flu c tu a tio n  in  the  am ount ofj 

C O 2 in  th e  a tm o sp h e re  th a t is e q u iv a le n t v e ry  a p p ro x im a te ly  to an  increase  in  1 %  of th> 
a n n u a l  n e t p ro d u c tiv ity  o f  the  te m p e ra te  a n d  b o rea l forests. T h u s  a  sm all increase in forcit’ 
p ro d u c tiv ity  could  be sufficient to a c c o u n t fo r th e  in c rease  in  the  oscillation.

A n  increase  in assim ilation  by  these forests co u ld  re su lt from  one  o r  m ore o f  the  consequenc 
o f  th e  rise in  a tm o sp h eric  C O j c o n c e n tra tio n . I t  co u ld , fo r exam ple , resu lt from  the rise in 
C O g c o n c e n tra tio n  itse lf lead in g  to a n  in c reased  ra te  o f  assim ila tion  a t  the  le a f  scale. Allowing* 
fo r a  CO 2 co m p en sa tio n  co n c e n tra tio n  o f  th e  fo rest o f  a b o u t  150 jim ol mol"^ (Ja rv is  1985) ,  an ; 
in c re a se  in  a m b ie n t C O j c o n c e n tra tio n  o f  15 nm ol m o l“  ̂ co u ld  be expected  to  lead to a 7%  
in c re a se  in  th e  ra te  o f  assim ilation . T h is  fe rtiliz ing  effect o f  C O j m ig h t also be s u p p l e m e n t e d  j 
by  th e  a d d itio n  o f  sign ifican t a m o u n ts  o f  n itro g e n  in  th e  p re c ip ita tio n  (1 0 -2 0  kg ha"^ perycar)^ 
as a  re su lt o f  th e  g lobal increases in  p o llu tio n , a n d  b o th  effects m ay  lead to lo n g -te rm  increases^ 
in  le a f  a re a  o f  th e  vegeta tion . T h e re  is som e ev idence  fo r in c rease  in  le a f  a re a  in  the rcccnljj 
m e a su re m e n ts  o f  n d v i  b u t the re c o rd  o n ly  goes b ack  e ig h t years a n d  consisten t ca lib ration  ovcr^ 
th e  p e rio d  is a  p ro b lem . A  g loba l in c rea se  o f  te m p e ra tu re  o v e r th e  past 10 years o f  0.25 “C, 
d e m o n s tra te d  by Jo n e s  et al. (1 9 8 8 ), cou ld  also  be ex p ec ted  to  increase  assim ilation  by a smaU^ 
p e rc e n ta g e , a n d  a lth o u g h  re sp ira tio n  w o u ld  also  b e  in c rea sed , a  degree o f asynchrony  betwce**  ̂
th e  tw o  w ou ld  lead  to an increase  in  a m p litu d e  o f  th e  oscilla tion .

I f  th e  a tm o sp h eric  C O j c o n c e n tra tio n  is so sensitive to  the  physiological activities 
v e g e ta tio n , p a r tic u la r ly  forest, p ro p e r  co n sid e ra tio n  m u st b e  g iven  to the  possible rol e 

v e g e ta tio n  in  am e lio ra tin g  the  rise in  a tm o sp h e ric  C O 2 c o n c e n tra tio n . A  forest accum uiaO ^, 

dr\- m a tte r  o f  av e rag e  com position  w ith  re sp ec t to  fats, p ro te in s , c a rb o h y d ra tes  an d  ;
a  r a te  o f  5 to n n e  ha"^ per yea r, th e  a p p ro x im a te  a v e ra g e  fo r th e  U .K . (Ja rv is  1981)) 
a ss im ila te  C O g a t  a  ra te  o f  ca. 10 to n n e  ha"^ p e r  y e a r  (Ja rv is  & L everenz i983)> remo



carbon from the atm osphere at 2.7 t ha"* per year. Consequently, an area o f  such forest o f
2 Gha would be able to  assim ilate th e 5-6  G i per year o f  carbon currently b ein g  added to the 
global atmosphere an nually  by the b u rn in g  o f  fossil fuels and the possible ox id ation  o f  soil and  
^vood organic matter. T h e  ap p rox im ate  area o f  Europe is 1 G ha (10 x  10® km *). T h u s a new , 
young, actively grow ing forest tw ice the area o f  E urope, could, in principle, assim ilate all o f  the 
COj produced through com b u stion  and ox id ation  a t the present rate. T h is cou ld  rvot, however, 
proceed indefinitely.

If the eventual standing crop o f  dry m atter  reached 400 t ha~* (218 t ha~* o f  carbon), such  
a 2 Gha forest would be ab le to absorb  5-6  G t per year o f  carbon for ca. 80 years. As a forest 
approaches maturity, how ever, th e  a n n u a l respiration increases, so that ev en tu a lly  a steady- 
state is achieved, the total stan d in g  crop b ecom es constant and there is no further increase in 
the am ount o f  CO j being sequestered  ea ch  year. I f  the forest is left u n m an aged , the trees w ill 
eventually die at different tim es and  b e  replaced naturally: assim ilation o f  CO^ and its 
oxidation will go on a t the sam e a n n u a l rate, and there w ill be no further n et ga in  o f  COg to 
the forest or net exchange w ith  the atm osphere. T hus, every 80 years or so, it  w ould be 
necessary to establish an ad d ition a l new  forest tw ice the size o f  Europe. T h is  is clearly  an un­
tenable projection.

Alternatively, if  the forest is m an aged  so  that as the trees m ature they are harvested and  
replanting occurs, the total biom ass over the area w ill remain constant, but the forest will be 
growing all the time. T his prospect carries w ith  it the corollary that the tim ber produced  must 

not, on any account, be oxid ized  and  that m eans that it must be utilized in som e w ay  so that 
the risk o f  it burning is neglig ib le . M ost o f  the w ood products in our society are o f  relatively  
recent origin, wood harvested m ore than  300 years ag o  mostly having burned or decayed . It 
seems unlikely that large, annual crops o f  tim ber cou ld  be treated or stored in such  a w ay that 
there was absolutely no risk o f  their com b u stion . O n e  possible location to store them  m ight be 
the bottom o f  the sea: another m igh t be to put them  in the coal m ines! In cith er  ease, no 
additional energy should be consum ed  in  th e process, as this w ould further exacerbate the  
increase in atmospheric CO* con cen tra tion !

C o n c l u s i o n s

A doubling of the present atm ospheric C O j concentration is likely to occur by the end of the 
^ext century and will have m any effects on trees and. forests.

The role of COj as a substrate in photosynthesis has been extensively investigated and  is well 
Understood at the cellular scale, bu t the details of its action as an activator and regulator of 

^^ubisco arc only being elucidated a t present.
Many measurements at the le a f  scale o f  C O g assim ilation in relation to am b ien t COg 

^ncentration show a m arked stim u lation  o f  CO g uptake, but few such m easurem ents have 
m ade on fully acclim atcd  plants or trees. T h ere  are useful b iochcm ically based m odels o f  
assimilation at the le a f scale, b u t there is little  inform ation on w hich  to base 

P^^^metrization o f  these m odels for fully a cclim ated  leaves. Because C O j regulates stom atal 
*Pcrture to some extent m any observations h ave been m ade o f the effects o f raising the am bient 

concentration on stom atal con d u ctan ce . T h e  results are very variable and in som e trees, 
^ ' ‘ticularly conifers, stom atal con d u ctan ce  seem s rather unresponsive to changes in  am bient 
^ 2  concentration. H ow ever, lack o f  a  m ech an istic  m odel o f  stom atal action  makes
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explanation  difficult. T h e  possible role o f  COg in regulating other physiological processes such 
as lea f grow th is unexplored. j

T here have been several experim ents to investigate the effects o f  increase in atmospheri* 
CO2 on the growth o f  seedlings and you n g trees. T h e  results are very varied in magnitude 
response and the experim ents generally suffer from several inadequacies. In  particular, the 
experim ents are virtually all short term (less than tw elve m onths) on very young trees that ar  ̂
often pot-bound, w ith grow th restricted by the lack o f  active sinks and in nutrient-deficient 
condition . T here is a considerable need for long-term  experim ents in w hich grow th is not 
artificially restricted by unsuitable, experim ental conditions. i

T h e  experim ental approach is not practicable w ith  m uch older trees, stands and forests. The 
effects o f  C O j on processes at the stand scale can on ly  be assessed through m odels. Adequate 
m odels o f  water vapour and C O j exchange exist a t the canopy scale and can be used ^  
dem onstrate the likely effects o f  an increase in atm ospheric C O j concentration on canopj 
processes. H ow ever, m odels o f  stand processes taking in to  account feedbacks within the stand 
such as the interactions betw een leaf com position and rates o f  decom position, are not availabl 
A t the larger scales o f  forest and region, a  very com p lex  network o f  processes requires to 
taken into consideration and there is quite insufficient inform ation about the effects o f  C O , ol 
these processes to perm it reasonable predictions. ^

A n alternative approach is to look at the effects o f  forests on the atm osphere and hence 
d ed u ce w hether the atm osphere m ay also be affecting the forests. T h e  am plitude o f  the seasons, 
oscillation  in atm ospheric C O j concentration is increasing and seems to indicate that thi 
tem perate and boreal forests are an increasingly large sink for atm ospheric CO2. H owever, tli

« * • * 
concentration  o f  C O j in the atm osphere continues to rise at a  rapid rate and it seems unlikel; 
that the area o f  global forests could be expanded  sufficiently to have a significant impact 
the rise in atm ospheric COg concentration.
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b p. G.  Jarvis. I agree th at it is q u ite  likely that the reported rise in  tem perature b y  Jones et al. 
i (1988) o f  ca. 0,25 °C  over th e past eight years could w ell contribute tow ards the increase in  

j^pUtude o f  the seasonai CO^ oscillation.

\V. G. C h a l o n e r ,  F .R .S . [Department o j  Biology, Royal Holloway <Sc Bedford New College, Surrey, 
i/.X.)* Professor Jarvis has com m en ted  on the problem  o f  tim e-scale in  assessing the capacity  
of plants to adjust or a cc lim a te  to a raised level o f  CO*. I invite h im  to consider w h at kinds o f  
Captation m ight occur i f  e leva ted  CO^ levels prevailed long en ou gh  to select, as it were, 
ecotypes particular to th at en v iron m en t. O ne m ight speculate that h igher CO2 m ight favour a 
lower stom atal index in  a  g iv e n  p lan t population. M igh t this in  turn g iv e  m arginally  higher 
water-stress tolerance? I o n ly  raise this to  question w hether acclim ation  experim ents give an  
adequate picture o f  w h at lon g-term  changes m ight bring a b o u t

P. G. Jarv is. T here have been only three acclimation experiments with young trees lasting 
more than 12 months that I am  aware of, and all three have been unsatisfactory because the 
plants became pot-bound o r suffered heat stress. I agree with the implication of Professor 
Chaloner’s question that short periods of acclimation of a few months may give a very 
inadequate guide to long-term acclimation and eventual adaptation. In  a recent report on this 
subject Dr D erek Eamus and I referred to the plants in all the experiments done so far ds 
icclimaling rather than acclimated and in none of the experiments does the question of 
adaptation arise.

M. G. R . C a n n e ll {Institute o f  Terrestrial Ecology, Edinburgh, U. K. ) .  D oes e levated  CO^ decrease 
the activity o f  R ubisco -  its a ffin ity  for CO^ -  or does the plant produce less R u b isco?  H ow  
does nutrition affect the n eg a tiv e  im pact o f  elevated CO* on R u b isco  activ ity?

P. G. Jarvis. T here are o n ly  a  few  studies in which long-term  effects o f  a  d ou b lin g  o f  am bient 
CÔ  concentration on R u b isco  h a v e  been investigated, and none on  trees that I am  aw are o f  
Some recent investigations b y  R o w a n  Sage (Sage et al. 1989) on h erbaceous plants show  
iHat several o f  the above a ltern atives m ay occur in various com b in ation s, for exam ple a 
reduction in am ount o f  R u b isco  w ith  either an increase, a  decrease or no ch a n g e  in  activation  

I know o f  no experim ents in  w hich  R ubisco activ ity  has been related to elevated  C O j in 
^inbination w ith different rates o f  supply o f  nutrients.

J-Roberts [Institute o f  Hydrology^ Wallingford., I should  like to raise an oth er  issue with
^̂ spect to plants adap tin g  to h ig h  CO^ environm ents. D o  n ot seedlings, understorey plants and  
young saplings in  any case g ro w  in  h igh  C O j conditions that occur at the forest floor?

Jarvis. Y es, this is cer ta in ly  true in  tropical forest. C lose to the forest floor (i.e . w ith in  a 
^Qtimetre or two) in b oth  tem p erate  and tropical forest, the CO^ con cen tration  is several 
^usand m icrom oles per m o le  an d  w ith in  the litter the concentration  m ay  b e m uch higher, 

lemperate forest, the con cen tra tio n  falls steeply w ith  height above the ground  because o f  
lu ite  good  coup ling  to th e atm osphere above, so that seedlings are n o t really  grow ing in 

^ 8'C n rich ed  atm osphere d u rin g  the daytim e. (In  stable con d ition s a t n ight the 
^ ^ n tr a tio n  is very m uch h ig h er  throughout the stand volum e.) H ow ever, in m ulti-storeyed,
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tro p ica l forest the  a ir  n e a r  th e  g ro u n d  is very  p o o rly  c o u p le d  to the  a tm o sp h e re  a b o v e  and , as 
E rn esto  M e d in a  has sh o w n , seed lings g ro w  in a n  a tm o sp h e re  o f  in c reased  C O g fo r m ost o f the 
tim e. T h is  C O j com es from  th e  d eco m p o sitio n  o f  o rg a n ic  m a tte r , m u ch  o f  it  from  th e  canopy ‘3 
ab o v e  a n d  thu s rep resen ts  a n  in te rn a l recycling  th a t  leads to la rg e  va lu es  in the  seedling* 
su c h  as —4 0 %  (M e d in a  et al. 1986). ’

I

4

H . G . J o n e s  (AFJiC  Institute o f  Horticultural Research^ Wellesboume, U .K .) .  P rofessor Jarvis ■‘J 
m en tio n ed  th e  d ifficu lty  o f  u sin g  in fo rm a tio n  from  e x p e rim e n ts  w here  C O g co n cen tra tio n s are 
on ly  a lte red  fo r sh o rt p e rio d s  fo r the  p re d ic tio n  o f  v e g e ta tio n  responses to  a lte re d  a tm ospheric ' 
C O j c o n cen tra tio n s . I n  p a r t ic u la r , h e  c o n c e n tra te d  o n  acc lim a tio n  o f  th e  photosynthetic  
system , b u t  can  he c o m m e n t on  th e  im p o rta n c e  o f  o th e r  possib le d e v e lo p m e n ta l responses to 
C O ,  su ch  as a lte red  le a f  a re a  a n d  a lte re d  p h en o lo g y ?

P. G . J a r v i s .  D r Jo n e s  h a s  to u c h c d  h e re  on  a n  im p o r ta n t  a n d  as y e t u n reso lved  scientific! 
questio n . T h e re  is no  d o u b t  th a t  le a f  a re a  is e n h a n c e d  in  m a n y  ex p e rim en ts  in  w hich thcj 
a m b ie n t C O j has been  d o u b le d  a n d  a  ‘d i r e c t ’ effect o f  C O 2 o n  le a f  g ro w th  h a s  been  postulated ' 
m o re  th a n  once . I t  is v e ry  d ifficu lt to  te ll from  ex p e rim e n ts  d o n e  so fa r  w h e th e r  a n  increase in 1 
le a f  a re a  is p u re ly  a n d  s im p ly  th e  re su lt o f  a n  e n h a n c e d  su p p ly  o f  su b s tra te  re su ltin g  from a 
h ig h e r ra te  o f  pho to sy n th esis , o r  w h e th e r  th e re  a re  a c tu a lly  d ire c t m o rp h o g e n e tic  effects of' 
C O j on  the  ra te  a n d  d u ra tio n  o f  le a f  p ro d u c tio n , n u m b e r  o f  cell d iv isions, a n d  size o f  cells in] 
th e  leaves, etc. S u itab le  ex p e rim e n ts  to  d isc rim in a te  b e tw een  these tw o possib ilities have not,i 
so far as I  am  aw are , b e e n  d o n e .

T h e re  is a b u n d a n t  ev id en ce , h o w ev er, th a t  in c rease  in  th e  a m b ie n t C O ,  co n cen tra tio n  docsj 
increase  the  r o o t : shoo t ra t io  i f  n o t a c c o m p a n ied  by  a n  in c rease  in  ra te  o f  n itro g e n  supply. Tlmj 
is co m p a tib le  w ith  c u r re n t m odels o f  assim ila te  p a r ti t io n in g  in  p lan ts  th a t  re la te  a lteration  to j 
ro o t a n d  sh o o t to the  re la tiv e  ra te s  o f  su p p ly  o f  c a rb o n  to  th e  leaves a n d  n itro g e n  to the rootsJ 
A n  increase  in  the ra te  o f  su p p ly  o f  c a rb o n  fo r p h o to sy n th esis  h a s  effectively  th e  sam e result as 
a  d ecrease  in  th e  ra te  o f  su p p ly  o f  n itro g e n  to  the  roo ts . d

R . A m t m a n n  {German M ilitary Geophysical OJice, M ont Royal, F .R .G .). L o o k in g  a t  the  Mauna^ 
L o a  lim e series, som e scien tists suggest th a t  th e  m ost p ro m in e n t re la tiv e  peaks o f  th is tim e scnes^ 
c a n  be ex p la in ed  by th e  El N in o /S o u th e rn  O sc illa tio n  p h en o m en o n . D oes Professor Jarvu  
th in k  th a t  i t  is necessary  to  tak e  th is p h e n o m e n o n  in to  a c c o u n t o r  is it  possib le  to  explain thc^ 
o ccu rren ce  o f  these m a jo r peaks b y  th e  n a tu ra l  v a r ia b ili ty  in  th e  p h o to sy n th e tic  ac tiv ity  of 
g loba l forests a lo n e?

P. G . J a r v i s .  I am  u n a b le  to  g ive a n  a d e q u a te  rep ly  to  th is questio n .

PHOTO C 0 ? i : 3  
SERVICED BY INGDOC, GANGALCr^r ^



M o tt ,  K . A . 1 9 8 8  D o  s to m a ta  r e sp o n d  to  C O ,  c o n c e n tr a t io n s  o th e r  th a n  in te r c e l lu la r?  P lant Phusiol 
2 0 0 -2 0 3 .

N efte l, A ., M o o r , E ., O e s c h g e r , H . & S ta u f fe r ,  B . 1 9 8 5  E v id e n c e  f ro m  p o la r  ice  c o re s  fo r  th e  tn c re a s  
a tm o sp h e ric  C O ,  in  th e  p a s t  tw o  c c n tu r ic s . Nature, Lond. 3 1 5 , 4 5 -4 7 .

N o rb y , R . J . ,  O ’N eill, E . G . &  L u x m o re , R . J .  1 9 8 6  E ffec ts  o f  a tm o s p h e r ic  C O ,  e n r ic h m e n t  o n  th e  g ro w th  
m in e ra l n u tr i t io n  o f  Quercus alba  se e d lin g s  in  n u tr ie n t- p o o r  soil. P lant Physiol. 8 2 , 8 3 -8 9 .

O b e r b a u e r ,  S . F . ,  S tra in , B . R . &  F e tc h e r ,  N . 1 9 8 5  E ffec t o f  C O ,  e n r ic h m e n t  o n  se e d lin g  p h y s io lo g y  a n d  gro 
o f  tw o  tro p ic a l species. Physiologia PI. 6 5 ,  3 5 2 -3 5 6 .

P a rk in so n , K . J .  1 9 7 1  C a rb o n  d io x id e  in f ra - r e d  g a s  a n a ly s is . J .  exp. Bot. 2 2 , 1 6 9 -7 6 .
P e a rc y , R . W . &  B jd rk m a n , O . 1 9 8 3  P h y s io lo g ic a l effec ts. I n  C O , and plants (ed . E . R . L e m o n ) , p p . 6 5 _j 

B o u ld e r, C o lo ra d o : W e s tv ie w  Press.
P e a rm a n , G . I . ,  E th e r id g e , D ., d e  S ilv a , F . &  F ra se r , P . J .  1 9 8 6  E v id e n c e  o f  c h a n g in g  c o n c e n tra t io n s  o f  C 

N , 0  a n d  C H ^ fro m  a i r  b u b b le s  in  A n ta r c d c  ice . N ature, Lond. 3 2 0 , 2 4 8 -2 5 0 .
P e n g , T .-H .,  B ro eck er, W . S ., F re y e r ,  H . D . &  T r u m b o r e ,  S . 1 9 8 3  A  d e c o n v o lu tio n  o f  th e  tr e e  r in g  b ased  { 

re c o rd . J .  geophys. Res. 8 8  C , 3 6 0 9 -3 6 2 0 .
P e n m a n , H . L . &  S c h o fie ld , R . K . 1 9 5 1  S o m e  p h y s ic a l a s p e c ts  o f  a s s im ila tio n  a n d  tr a n s p ir a t io n .  Symp. Soc 

Biol. 5 , 1 1 5 -1 2 9 .
R a y n a u d ,  D . & B a m o la , J .  M . 1 9 8 5  A n  A n ta r c t ic  ice  c o re  re v e a ls  a tm o sp h e r ic  C O ,  v a r ia t io n s  o v e r  th e  p ast 

c e n tu r ie s . Nature, Lond. 3 1 5 , 3 0 9 -3 1 1 .
R e v e lle , R . & K o h im a ir ,  G . 1 9 8 6  I n c re a s in g  a m p l i tu d e  o f  th e  se aso n a l C O ,  cycle . In  Climate-vegetation interact 

(ed . C . R o se n z w e ig  &  R . D ic k in s o n ) , p p .  1 2 5 -1 2 7 . B o u ld e r , C o lo ra d o :  U C A R /O I E S .
R o t ty ,  R . M . 1 9 8 3  D is t r ib u t io n  o f  a n d  c h a n g e s  in  in d u s t r ia l  c a rb o n  d io x id e  p ro d u c tio n . J .  geophys. Res. 

1 3 0 1 -1 3 0 8 .
S a g e , R . F ., S h a rk e y , T .  D . & S e e m a n n , J .  R . 1 9 8 8  T h e  in -v iv o  re sp o n se  o f  th e  r ib u lo se - l,5 -b isp h o sp l 

c a rb o x y la se  a c tiv a tio n  s ta te  a n d  th e  p o o l sizes o f  p h o to s y n th e t ic  m e ta b o lite s  to  e le v a te d  C O ,  in  Phaseolus vuli 
L . Planta  1 7 4 , 4 0 7 -4 1 6 .

S a g e , R . F ., S h a rk e y , T .  D . &  S e e m a n n , J .  R .  1 9 8 9  T h e  a c c lim a tio n  o f  p h o to sy n th e s is  1 0  e le v a te d  C O ,  in  fivj 
species. PI. Physiol. ( In  th e  p ress .)

S a rm ie n to , J .  L-, T o g g w e ile r , J .  R . &. N a jje r ,  R . 1 9 8 8  O c e a n  c a rb o n -c y c le  d y n a m ic s  a n d  a tm o sp h e r ic  P ^  I 
Trans. R . Soc. Lond. A  3 2 5 , 3 - 2 1 .  *

S h u t t le w o r th ,  W . J .  el al. 1 9 8 5  D a ily  v a r ia t io n s  o f  t e m p e r a tu r e  a n d  h u m id i ty  w ith in  a n d  a b o v e  A m a z o n ia n  foi 
4 0 , 1 0 2 -1 0 8 .

T e ra s h im a , I . ,  W o n g , S .-C .,  O s m o n d , D . C . &  F a r q u h a r ,  G . D . 1 9 8 8  C h a ra c te r is a t io n  o f  non-unif< 
p h o to sy n th es is  in d u c e d  b y  ab sc is ic  a c id  in  leav es  h a v in g  d if fe re n t m e so p h y ll a n a to m ie s . P lant Cell Physiol. 
3 8 5 -3 9 4 .

T o lle y , L . C ., & S tra in , B. R . 1 9 8 4  E ffec ts  o f  C O ,  e n r ic h m e n t  o n  g ro w th  o f  U quidam bar styracijlua a n d  Pimis It 
seed lin g s u n d e r  d if fe re n t  i r r a d ia n c e  lev e ls . Can. J .  For. Res. 1 4 , 3 4 3 -3 5 0 .

V e rm a , S . B., B a ld o c ch i, D . 0 , ,  A n d e rso n , D . E .,  M a t t ,  O . R . &  C le m e n ts , R , J .  1 9 8 6  E d d y  fluxes o f  C O ,,  ws 
v a p o u r  a n d  sensib le  h e a t  o v e r  a  d e c id u o u s  fo res t. Boundary-Layer M el. 3 6 7 , 7 1 -9 1 .

W a n g , Y .-P . 1 9 8 8  C ro w n  s t r u c tu r e ,  r a d ia t io n  a b s o rp t io n ,  p h o to sy n th e s is  a n d  tr a n s p ir a t io n .  (1 8 7  pages.) Ph
thesis, U n iv e rs ity  o f  E d in b u rg h .

W o n g , S. C . & D u n in , F . X . 1 9 8 7  P h o to s y n th e s is  a n d  t r a n s p i r a t io n  o f  tre e s  in  a  e u c a ly p t  fo res t s ta n d :  C O ,, li; 
a n d  h u m id ity  resp o n ses. A ust. J .  P lan t Physiol. 14 , 6 1 9 -6 3 2 .

\V o o d w a rd , E . I . 1 9 8 7  S to m a ta l  n u m b e r s  a r e  se n s itiv e  to  in c re a se s  in  C O ,  f ro m  p re - in d u s tr ia l  levels. Nature, L  
3 2 7 , 6 1 7 -6 1 8 .

W o o d w e ll, G . M ., W h it ta k e r ,  R . H . ,  R e in e rs ,  W . A ., L ik e n s , G . E ., D e lw ic h e , C . C . & B o tk in , D . B. *97®
b io ta  a n d  th e  w o r ld  c a r b o n  b u d g e t .  Sciencey W ash. 1 9 9 , 1 4 1 -1 4 6 .

Discussion

J .  I. L. M o r i s o n  {Department o f  Meteorology, University o f  Reading, U .K .). C o m m en tin g  on 1 
in c reased  a m p litu d e  o f  th e  seasonal cycle o f  g lo b a l CO g co n cen tra tio n  observed  in  recent yc 
Professor J a rv is  has a t tr ib u te d  th is sp ecu la tiv e ly  to the  d ire c t effect o f  CO g on biosph* 
f ixa tion  ra tes o r  to th e  increased  n itro g e n  in p u ts  m en tio n ed  by D . F ow ler (th is symposiun 
E q u a lly , it shou ld  b e  recogn ized  th a t  c lim a tic  ch an g es a lread y  o ccu rrin g  could  introdu 
a sy m m etry  in to  the  C O j fixa tion  a n d  p ro d u c tio n  o f  th e  b iosphere . F o r  ex am p le , workers at 
C U m ate R esearch  U n it  a t  E as t A n g lia  hav e  iden tified  th a t  recen t years,

been  w arm er.


