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A bstract
Will terrestrial ecosystems continue to be a  potential sink for atm ospheric CO^ m itigating the 
effects of global climate change? The biological, climatological and  political implications of this 
question are enorm ous. H ere we address this question in the light of the findings of various 
studies on  the long term effects of elevated COj on  productivity of plants in  general and forests in 
particular.

N ative forests are dom inated by plants w ith  C , type of photosynthesis. Because Cj photosynthesis 
is C O j-lim ited  a t the  ex isting  a tm o sp h e ric  C O j concen tra tion , e lev a ted  COj increases 
photosynthetic rates in these p l ^ t s  at any given light intensity. Increased photosynthesis a t very 
low light intensities has relevance to forest undergrow ths and shaded leaves of large trees in  the 
forest w here  photosynthesis is usually  light-lim ited. Several stud ies show  tha t the initial 
stim ulation in  photosynthesis m ay decrease w ith  tim e depending upon  the nutrition level and 
sink capacity o f the plants, bu t the photosynthetic rates will not go below the rates observed at 
the curren t levels of COj. In c re a s^  canopy photosynthesis and  decreased respiration and  
transpiration rates led to increased biomass a t the cost of reduced am ounts of w ater in  plants and 
ecosystems that w ere exposed to elevated COj. Plants grow n at elevated COj had higher efficiency 
of w ater, light and  nutrient utilizaHon and  altered tissue composition, particularly increased 
carbohydrate and decreased protein contents. This can alter the CN ratio and  thus the quality of 
litter affecting its decomposition in a future w orld rich in  CO,. Long-term regulation of these 
biological processes in  response to  elevated CO , will have a direct impact on  the carbon and 
w ater balance of eco^stem s.

K eyw ords: E levated CO., forest productivity , photosynthesis, respiration, transpiration.

Introduction Photosynthesis, respiration and transpiration are
the primary biological processes by which plants 

The ever-increasing industrial activity and respond directly to the increasing CO^. Of late,
urtjanization lead to tremendous emission of green there has been a lot of interest on the effect of
house gases into the atmosphere mostly due to the increasing CO  ̂on the productivity of natural and
bumingoffossilfuels.This,^(xigwiththelarge-scale managed ecosystems. Understanding the long- 
deforestation due to population pressure is causing term acclamatory responses of the above plant
progressive rise in the concentration in COj in the functions is critical to any predictions on the
atmosphere (Ca). Between 1750 and 1850, COj productivity of ecosystems in a future world rich
increased at the rate of 0.05 to 0.1 ppm yr*, but in COj. O fW ^his understanding is missing in
between 1850 and 1950, this was as high as 0.5 ppm several climate change models (^him el, 19W).
y r ' (Neftalrtfl/., 1985). Chiring the past 50 years the For instance, it is generally assumed in several
rate of increase in COj was around 0.83 ppm yr * and models that stimulation in photosynthesis at
at present it is 1.8 ppm y r ' ()ohn and Lloyd, 1992). elevated CO^ is a short-term response and other
There is an environm ental cost for every limiting factors become operational restricting
developmental activity and rising COj and global the continued stim ulation at elevated CO^
climate change are the cost that the human kind is (Bazzaz, 1990) which is not so in most cases
paying to sustain its p r ^ n t  way of living. (Drake el ai, 1997).



W hy do p lan ts  respond to  ris ing  CO,
concentration?

1. The primary carboxylase enzyme in Cj plants, 
ribulose-1, 5-bisphosphate carboxylase/ 
oxygenase (Rubisco)-themostabundantprotein 
on the planet -  has the dual function of carboxylase 
(leading to photosynthetic CO^ assimilation) and 
oxygenase Oeading to photorespira tory release of 
COj) at the same time. Thisenzyme isCOj limited 
atthepresentCOjConcentration.Adoub!ingofC02 
fromthepresentlevdcaninhibitoxygenaseactivity 
bySOpercentandthusinhibitphotorespirationand 
increasesphotosynthesis(9Tariceyrffl/.,1989).This 
explainstiTeimmediateandmarlidresponseofCj 
plants to devated COj (Long, 1991). While most 
studiesshowthatphoto^th^willincreaseand 
continue to stay at the increased rate, d^re arealso 
reports that long-term grovv^ at an elevated CO  ̂
can sometimes reduce Ihephotosynthetic rates.

1  StomataareverysenativetoCOjintheambientair. 
IncreasingCOj closes stomata and thus decreases 
transpiration. Doubling of CO^ concentration 
decreased transpiration by 10 to 40 per cent in 
different species (Kimble and Idso, 1983; Alien, 
1990; Wong and Dunin, 1987; Jones et d., 1985). 
Changes in stomatal density have also been 
reported in plants grown at elevated CO^ 
(Gunderson and W uU ^eger, 1994; Beerling and 
Chaloner, 1993). The reduced stomatal 
conductancedoesnotlimitphotosynthesisdueto 
the large COj concentration gradient existing 
betvk^een the leaf intercellular spaces and the 
ambient air at elevatoiCOj. A reduction in the leaf 
transpiration rate will m ate the leaf temperature 
go up slightly. This will have other ejects on the 
leaf metabolism that issensih ve to tonperature.

3. Elevated COj has a direct inhibitory effect on the 
Cytochrome c oxidase pathway, but not on the 
cyanide resistant alternative pathway of the 
mitochondrial re^iration (G o n ^ ez -M ^ r 
19%). Inqpiteofan increase in tt\econcentrationof 
sugars, a considerablereduction in therespiration 
rates wasseeninthematuretissuesofplantsgrown 
at elevated CO^(Amthor, 1991; Bunce, 1990). But 
in several studies, the increased photosynthetic 
ratesseenin theyoung leaf stimulated respiration 
at elevated CO  ̂(Havelka rt a/., 1984; Porter etal, 
1988).

Therelevant question here is how far will theseeffects
reflectattheecosystem level? Whatwillbethenature

and extent of their acclimation to increased CO  ̂in the 
long-term? These are issues that have a direct 
relationship toecosystemproductivity ina futureCO^ 
enriched world.

From single leaf to ecosystem level processes

Although the extent of elevated COj-induced 
stimulation in leaf photosynthesis can decline with 
time, the rates are still more than the present normal 
COj (Jacob fffl/., 1994; Stitt, 1991; Long and Drake, 
1992). Down regulationinleaf photosynthesis with 
time was related to the acclimatory response of the 
biochemical apparatusof photosynthesis. Reduced 
concentration of Rubisco (Jacob et al, 1994; Stitt,
1991), altered nitrogen allocation to various 
components and tissues (Woodrow, 1994) and 
increased concentrationsof sugars (Nieetal, 1995; 
Long and Drake, 1992) are the major reasons for 
photosyntheticacclimation.

While the nitrogen dynamics of the plants may be 
related to the nitrogen nutrition, accumulation of 
cartx)hydratesmay reflect reduced sink capacity. In 
this context, it is interesting to note that several 
annual crop plants grown in small pots with 
restricted root growth had greater down regulation 
inphotosynthesis than many perennial plant ̂ >ecies 
exposed to elevated COj in their native habitat 
(Thomas and Strain, 1991; Cure and Acock., 1986; 
Long and Drake, 1992; Arp, 1991; Arp and Drake, 
1991; G u n d e r s o n 1993). The sink demand for 
more photosynthatesmay help tomaintainasteady 
high rate of photosynthesis at elevated COj by 
preventing theaccumulationof sugars in the leaves. 
For large forest tree species, the t i n ^ r  can act as a 
potential sink for photosyntha tes.

Sevaalstudiesconducted intiienaturalewironment 
show how the effects of elevated CO^ on 
photosynthesis and respiration observedat th e^g le  
leaf level were translated towholeplantandecosystem 
levels-Nrteco^temcaibonuptakewasoMTsiderably 
increased in native species grown at elevated CO  ̂in 
the field for several years which led to inaeased diy 
matterproductionperunitlandarea(Longand Drake,
1992).Contii\uousgrowthatelevatedC02in the field 
for several years maintained a high canopy 
photosynthetic rate and low respiratory rate and 
showed high primary production of both shoot and 
root systems resulting in the accumulation of carbon 
in the soil (Drake, 1992). Native ecosystems of a



Table 1. Effect of continuous growth at elevated CO^ on tissue composition, photosynthesis and respiration

COj Concentration % change
350 ppm 700 ppm

Soluble sugars (g m' )̂ 16.5 (1.88) 25.2 (3.75) +53
Starch (g m' )̂ 55.3 (5.45) 83.4 (5.77) +51
Soluble proteins (g m' )̂ 1.94 (0.24) 1.19 (0.10) -39
N content (%) 1.15 (0.17) 0.79 (0.09) -31
Photosynthesis (mmol leaf area s ') 14.3 (2.3) 24.4 (4.5) +71
Ecosystem photosynthesis (mmol m'  ̂land area s ’) 24.6 (3.6) 42.7 (5.2) +75
Ecosystem Respiration (mmol m'  ̂land area s ’) 6.1 (1.4) 3.3 (1.2) -50

grassland (Field etal, 1995) and priarie (Ham rto/., 
1995) and a wheat a o p  (Pinter et al, 1996) showed 
increasedbiomassproductionatelevatedCOj. Except 
in the arctic tundra, long-term exposure to elevat^ 
COj increased canopy photosynthesis inall the field 
level experiments with native and agricultural 
ecosystems (Drake et al, 1997). Thus terrestrial 
ecosystems may continue to be a sink for increasing 
atmosphericCOj.

Abrief summary of some of the important findings 
from the longest running field experiment on the 
effects of elevated COj on rmti ve ecosystem is given 
in Tables 1 and 2. These results show how the leaf 
level responses to elevated COj were trar^slated to 
ecosystem level processes.

Table 2. Long-term effects of continuous exposure to 
elevated COj in a wetland ecosystem domi­
nated by Scirpus olneyi, a C3 sedge

Single leaf level % change 
compared 
to normal 

ambient COj

Photosynthesis +20 to 100
Carbohydrates +25 to 50
Soluble Proteiits - 40 to 52
Rubisco -30 to 55
Tissue N content -18
Nitrogen Use Efficiency +60 to 80
Respiration Ecosystem level -30
Photosynthesis +40
Respiration -45
Evapo transpiration -20
Water Use Efficiency +79
Shoots & Leaves +12 to 15
Roots +40
Insects & Fun^ -30
Decomposition -22
Soil invertebrates +25 to 100
SoilC +5

Scirpus o/n«/i,aC3sedgegrowingina wetlandmarsh 
ecosystemwasexpos^ to elevatedCOjinits natural 
habitatusingopentopchambersGacobrffl/.,1994)for 
several years, ̂ c h  v^ueisameanofmorethenl&-15 
replications. SE is shown in parenthesis.

Growth at elevated COj increased leaf area per plant 
(Devakumar, 1994)andextensivebranching inmany 
species (Rogerseffl/., 1984)andmoretillerin§ingrasses 
(Sionitrtfl/., 1981). Several spedesshowedariinaease 
in the specific leaf weight presumably due to increase 
in the starch content at elevated COj (Huber et al, 
1984). Root growth wasfoundstimulatedatelevated 
COj (Del castiilo et al, 1989; Devakumar and Jacob, 
1997;Bakerrffl/.,1990;Deyrffll.,19%).ElevatedCO, 
canalso influence the reproductive biology of plants 
(MarcandGlfibrd,1984)whichcanbeanindirectefect 
of COj concentration through altering the 
development process (Lawlorand Mitchel, 1990).

Will warmer regions of the world respond better
to elevated COj?

Atelevatedtemperatures,Rubisco will tend tobemore 
of an oxygenase than carboxylase due to better 
solubility of in water and increased specificity of 
RubiscoforOjComparedtoGDj.BymakingmoreCOj 
available to the en2yme, elevated COj prevents the 
increased oxygenaseactivity (Longand Drake, 1992). 
Thus stimulation in photosynthesis induced by 
elevated COj is more at warmer than at cooler 
temperatures (Table 3).

Scirpus and scrub oak were exposed to elevated COj 
(700 ppm) in their natural environment day and night 
throughout the growing season. The other three 
species were grown at normal ambient CO  ̂and 
exposed to elevated CO^ while making the 
measurements. Each value is a mean of 10-15 
replications. SE is shown in parenthesis.



Table 3. Extent of elevated COj stimulated leaf photosynthetic rates at 30°C and 10°C

Species Measurement Temperahire ICTC Measurement Temperature 3(KI
COj= 350ppm COj= 700ppm % increase COj= 350ppm COj= 700ppm % increase

Scirpws 5.5 (1.1) 6,9 (1.8) 25 14.3 (2.1) 24.5 (2.9) 71
ScriU) oak 2.5 (0.8) 3.4 (1.1) 36 8.6 (1.7) 14.5(2.1) 69
Heuea 3.4 (1.2) 4.1 (0.9) 21 11.5(2.9) 18.7 (3.7) 63
Sunflower 13.7 (2.2) 16.7 (3.9) 22 23.5 (3.2) 35.8 (4.1) 52
Wheat 14.4 (2.9) 18.1 (3.4) 26 21.5 (2.8) 32.4 (3.7) 51

Ecosystem  pho tosyn thesis also show ed g rea ter 
s tim u la tio n  a t  e le v a te d  C O j a n d  w a rm e r  
tem peratures (Long, 1991; M cM urtrie and  W ang,
1993). W henCOj was increased ftom360to550ppm , 
canopy photosynthesis in  w heatw asstim ulated  by 
40 per cent in sum m er and  only 10 per cent in spring 
(Pinter etal., 1996). There w as little stim ulation in 
canopy photosynthesisatelevatedC O jinthearctic 
tundra {Oechel a/., 1994). T^iusthewarmer tropics 
and  subtropics m aybe a better sink for COj and  gain 
m ore biom ass than the tem perate regions as COj 
g o e s  u p  d u e  to  th e  fa v o ra b le  e ffec t o f h ig h  
tem peratu reon  photosynthesis. But a  m inor offset 
can b e  expected because of the stim ulation in  dark 
respiration rales a t w arm er tem peratures.

Water, light and nitrogen use efficiency

Because of incr^ksed photosynthetic and  decreased 
tra r^ ira tio n  rates,instantanTO U swato:use^ds\cy 
wasnuirkedly im proved inplantsgrow nat elevated 
COj. Several s tu d ie s  show  increased  w ate r use 
efficiency atelevatedC0 2 (Ziskaefa/., 1991).Thetraid 
w assim ^inbothC jandC ^spedes(M orison,1985). 
Studies in the w etland (Arp, 1991), prairie (Hamef a/., 
1995)and grassland (Fieldef<i/., 1995)ecosystemshave 
show n that reduced transpiration rates of the leaves 
ledtodecreasedwaterconsum ptionattheecosystem  
levels. Elevated COj led  to  m ore than 75 per cent 
increase in field level w ater use efficiency in w heat 
(Pinterrffl/., 1996). Thiscan increase thesoil moisture 
statusandthusdelaytheonsetofsoilm oisturedeficit.

ElevatedCOjincreaseslight-limitedphotosynthesis 
by  inc reasing  the  a p p a re n t q u an tu m  y ie ld  for 
p h o to sy n th e s is  a n d  th u s  dec reases  the  lig h t 
com pensation po in t if respiration is not increased 
(Long and Drake, 19^).Thus thephotosyntheticligiht 
useeffidencyissubstantiallyinoeasedatelevatedCO^ 
(P in ter et ah, 1996). T h is w ill benefit the fo rest 
undergrow ths and  other lower canopy leaves in the 
forests in which photosynthesis is always limited by

low light It isecpectedthatelevatedCOjmayincrease 
therateofgrow thoftreeseedlir^(D evakum areffl/., 
1996;Kubisl<«andPregjt2er,1996).Oneofthepractical 
applications of this is to expose nursery seek ings to 
elevatedCOjforbetter iiutial growth (Table4)which 
wiU reduce the nursery period and also help to  get 
robust seedlings which canestablishbetter under the 
unm anaged conditions of the filed.

Ccmtinuous growth a t elevated CO^ often reduces 
the tissue nitrogen level considerably both due to 
reduction in  the absolute levels of several proteins, 
particu larly  Rubisco an d  d u e  to  the  increased 
caibohydratecOTitents. In ̂ ite o fie ss  tissue nitrogen, 
the plants have high photosynthesis and biomass 
production and hoice their nitrogen use efficiency is 
high. This is because w hen  there is m ore COj 
available for photosynthesis, flie plants only require 
fa r  less a m o u n ts  of R ubisco  to  p erfo rm  
photosynfliesis (Sharkey, \985; Long, 1991). C 3 ^ g e s  
in Rubisco contents can alter the tissue nitrc^en levd 
a g j^ c a n t ly  because this enzym e is p resa \t in 
large quantities in  photo-synthesizing o rp ins (Jacc^ 
e ta K W S ).

These plants w ere exposed to elevated CO^ using an 
indigenous m ethod (Devakumar et al., 19%) for 90 
days from  their germination. There w as species 
d ilfe re n a  in the extent o f dry m atter production by 
the se ed lin g  at elevated COj.

Litter decomposiHon and nutrient turnover

Studies have shown that increased supply of nitrogei 
increases photos)'nthesis and  that photosynthetic 
acclimation is more when nitrogen is limiting (Bowes, 
1993;Curtis, 1996). Therefore an important fector that 
can impair the photosynthetic productivity of native 
forest ecosystems can be the limited am ounts of 
available nitrogen in  the soils. W hen the litter 
decom position  is poo r d u e  to various reasons 
including soil biology, litter composition or weather



Table 4. Increased dry matter production in nursery 
seedlings when expos^  to elevated CO^

Species % increase in dry 
matter per seedling

Annona squamosa 36
Zizyphus jujuba 125
Tamarindus indica 12
Acacia auriculifi)rmis 14
Dalbergia sissoo 193
Spalhodia campanulata 88
Derris indica 135
Peronia elephantum 17
Ariocarpus integrifolia 155
Swietenia microphylla 101
Eucalyptus citriodora 51
Tectorn grandis 460
Dalbergia latifiilia 36
Hevea brasiliensis 25

conditions - all of which are expected to change in a 
hiture world - more and more nitrogen will get 
locked up in the organic matter making nitrogen 
imavailable to the plants.

Changes in the biochemical composition of the tissue 
(Jacob et al, 1995) affect the forage quality and 
palatability of the litter (Thompson and Drake, 1994). 
Plants grown at elevated COj tended to have a high 
C /N  ratio which reduced the nutrient value of the 
litter (Drake et al, 1997). This has been attributed as 
the reason for the reduced insect and fungus 
infestation in the plants grown at elevated COj 
(Thomson and D ra^, 1994). When there is no choice 
of food, the larvae may increase the quantity of 
consumption to make up for the poor quality of the 
feed. Growtii at elevated CO  ̂incr^sed phenoUcs and 
tarmins in Eucalyptus and the beetles that were fed 
with this had poor growth and high mortality 
(Lawler et al, 1997).

Differential response of species to elevated CO2 can 
create competition among various ̂ Jedes in a rutural 
vegetation (Bazzazand Carlson,19^). This may lead 
to changes in the composition of the vegetation 
(Leadley and Stocklin,1996). It is possible that such 
changes can affect the composition and structure of 
herbivorous pests and microbes which are vital links 
in the nutrient cycle in native ecosystems. An increase 
in the soil microbial biomass has been reported at 
elevated CO^ by Schenk et al. (1995). While a lot of 
information is available on the effects of elevated COj 
on primary productivity, little is known about its 
effect on litter decomposition and nutrient cycling

which can put a ceiling on the maximum response of 
forest ecosystems to rising concentration of COj in 
the atmosphere.
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