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1. INTRODUCTION

The International Panel on Climate Change (IPCC) predicted, from current trends

in emissions and uptake, that the atmospheric CO2 concentration (C^2 would rise from

its 1990 level of 354 ^irnol mol" * to ca, 530 /xmol mol'1 by 2050 and to over 700

fimol moH by the end of the next century; i.e. a doubling of the present

concentrations (Watson el al., 1990). This increase in the concentration of CO2 and

other heteroatomic gas molecules in the troposphere is expected to lead to an increase

in mean global temperatures of ca. 3°C by 2050 and ca. 4°C by 2100 (Watson gi aj.,

1990). Tropospheric O3 concentrations in western Europe are expected to rise in

parallel with CO2 concentrations from ca. 50 nmol mol*1 in 1990 at ca. 0.5% p.a.

(Dizengremel, 1992) and are likely to depress concentrations of rubisCO in leaves

which develop in these atmospheres (Pell, 1992). Rising tropospheric CO2 and O3

concentrations will modify the response of photosynthesis to a wide range of

environmental variables, in particular temperature (Long, 1991). Any consideration of

the effects of rising CO2 concentrations on photosynthetic production must therefore

incorporate the interactive effects of rising temperature and rising tropospheric O3

concentration (Farage et al., 1991; Long, 1991; Long & Hutchin, 1991).

Carbon dioxide is a substrate of photosynthesis and is physiologically limiting to

the rate of photosynthesis in C3 species at all light levels. Photosynthesis is not only

the major physiological process by which plants sense change in Ca (Mott, 1990), but

is also the process a priori by which plant production is most likely to be affected by

change in Ca and the process which sets the upper limit on potential C-uptake into

vegetation.

For C3 species in the short term, increase in Ca will lead to increased net leaf

photosynthetic CO2 uptake (A), by increasing the velocity of carboxylation of ribulose-

l:5-bisphosphate (rubP) and suppressing photorespiration. In theory, some increase is



expected regardless of whether light is limiting or saturating (Long, 1991) and

regardless of whether efficiency of carboxylation or maximum electron transport rate

are limiting, although not if end-product utilization is limiting (Stitt, 1991; Sharkey &

Socias, 1992). Will plants be able to sustain increased rates of CO2 uptake with

prolonged elevation of Ca?

It has been questioned as to whether this "short-term" stimulation would be

reflected in increased yield of crops or increased production by natural ecosystems with

continuous exposure to a gradual rise in Ca. This doubt is based on observations that

show photosynthesis to decline following transfer to an elevated Ca (Delucia gj al.,

1985) and on the suggestion that in natural ecosystems, production is limited by factors

other than CO2 concentration (Melillo §j al., 1990; Schimmel, 1990). It has also been

argued that the decrease in photorespiratory losses resulting from rising C a may be

offset by an increase in photorespiration resulting from the projected concurrent rise in

mean temperature (Eamus, 1991).

The view that there would be little stimulation of growth with rising Ca is reflected

in many current models for predicting the production of crops and natural ecosystems

with climate change. The models of Parry & Carter (1988,1990), used for predicting

regional patterns of change in crop production for the "UNEP - World Climate Impact

Studies Programme (WCIP)", make no allowance for any direct effect of rising Ca .

The model of Esser (1987) underlies the "Osnabriick Biosphere Model" and its

progenitors and has been used to assess future changes in global primary productivity.

It similarly ignores the direct effects of rising Ca on photosynthetic carbon uptake. The

"1990 - Greenpeace Assessment" (Schimmel, 1990) used the CENTURY model to

predict the likelihood of ecosystem feedbacks on rising atmospheric CO2, yet this

model only considers the indirect effect of rising C a on the water use efficiency of

vegetation and not its direct effects on photosynthesis (Agren ej aj., 1991). Despite

these doubts that there could be a direct and sustained biological impact of rising C a on



photosynthetic production, the empirical evidence that crops grown in elevated C a

show increased dry matter production appears overwhelming. Kimball (1983) cites

over 450 studies in which crops were grown at an elevated Ca and concluded that

average crop yield is increased and transpiration is decreased by 34%.

The primary site of action of increased CO2 concentration in C3 photosynthesis is

the enzyme ribulose-l:5-bisphosphate carboxylase/oxygenase (RubisCO).

Understanding of this enzyme provides a mechanistic basis for projecting the response

of photosynthesis to atmospheric CO2 concentrations and modification by concurrent

increase in temperature and tropospheric O3 concentrations. This mechanistic basis is

used here to explore the potential of this three-way interaction between CO2,

temperature and O3.

First, the responses of photosynthesis to elevated CO2 and the interaction with

temperature are examined by utilizing the known interactions of CO2 concentration

and temperature on carboxylation in a mechanistic model of leaf photosynthesis; these

predictions are compared with measurements. These results will be used to

demonstrate the very strong interaction between temperature and Ca , which lead to

very much greater stimulation of CO2 uptake at higher temperatures and indicate the

potential synergism between rising temperature and Ca.

Secondly, the theoretical consequences of decreased Rubisco activity during long-

term elevation of Ca and O3 exposure for leaf photosynthesis will be examined. This

will be used to show that despite significant decreases in activity, rates of

photusynthetic CO2 uptake will usually remain above those of leaves growing in the

current atmosphere.



2. THEORY AND MODEL

2.1 RubP oxygenation and carboxylation.

RubisCO catalyses both rubP carboxylation and oxygenation, CO2 being a

competitive inhibitor of oxygenation and O2 a competitive inhibitor of carboxylation.

Uptake of CC7 via carboxylation of rubP leads to carbohydrate synthesis through the

Calvin cycle whilst uptake of O2 via oxygenation of rubP leads to carbohydrate

anabolism via the photosynthetic carbon oxidation cycle with the resultant release of

CO2 in photorespiration. Rising Ca will therefore favor photosynthetic carbon

accumulation at the expense of photorespiration, assuming that the intercellular CO2

concentration rises in proportion with increase in Ca.

Increased Ca will therefore result in increased net CO2 uptake by inhibiting the

oxygenation reaction. Increased temperature will have the reverse effect of favoring

oxygenation. Rising temperature effects both the solubility of CO2 and the specificity

of RubisCO for CO2, relative to O2 (Long, 1991). With a given ratio of O2 to CO2 at

the site of carboxylation, the specificity factor (x) describes the partitioning of carbon

between rubP carboxylation and oxygenation, where x = (Vcmax.KoVtVomax.Kc).

Extrapolating from the data of Jordan & Ogren (1984), x decreases by 86% between

0°C and 50°C. The major cause of this change is a marked decrease in the affinity of

the enzyme for CO2 as indicated by a strong increase in the Michaelis constant for CO2

(Kg) with temperature, whilst KQ shows no significant increase between 7°C and 35°C

(Jordan & Ogren, 1984). The activation energies calculated here from these data were

65800 J mol"1 for KQ and just 1400 J mol'1 for KQ. Between 7°C and 35°C decrease

in specificity accounts consistently for 68% of the decrease in the velocity of

carboxylation relative to oxygenation (Vc/V0), the remaining 32% being attributable to

solubility changes (Jordan & Ogren, 1984). Both of these changes with increasing

temperature will strongly depress Vc/V0, leading to decreased efficiency of



photosynthesis. This assumes that Cj is directly proportional to the dissolved

concentration of CO2 within the chloroplast. The close agreement between the

relationship of the CO2 compensation point of photosynthesis with temperature and the

relationship predicted from solubility and specificity changes (Jordan & Ogren, 1984)

suggests that the assumption holds. How important is this interaction of temperature

with the solubility of, and specificity for, CO2?

2.2 A model of steady-state leaf photosynthesis

Understanding of the effects of rising Ca and temperature on the rate of leaf

photosynthesis has been effectively incorporated into the mathematical model of

Farquhar gj al. (1980), and subsequent models developed from its principles (Long,

1991; Evans & Farquhar, 1992; Harley & Tenhunen, 1992). This model of leaf

photosynthesis is centered upon the kinetics of the reactions catalyzed by rubisCO, and

encapsulates the primary mechanism by which the photosynthetic process responds to

changes in intercellular CO2 concentration, i.e. rubP carboxylation/oxygenation.

Steady-state photosynthetic carbon assimilation is considered, with respect to the

intercellular CO2 concentration (Cj), to be either limited by the quantity of active

rubisCO or by the supply of rubP for carboxylation. For plants grown at current CO2

concentrations, Cj is typically about 250 (imol mol1 in full sunlight. Following the

model of Farquhar ej al. (1980) and subsequent modifications (Evans & Farquhar,

1992) it may be stated that A is related to q in the following manner:

A = [1 - P/Cj].min{Wc, Wj} - R4 (1)

Where:

05Vomax.Kc.Oi
(2)



Wc = (3)
Q + KJl + Oi/

j . q
Wj= (4)

4.5q + io.5r

At low values of CJ, A will be limited by Wc (Eqn. 1), since there will be excess

capacity for regeneration of rubP. Since, the affinities of rubisCO for CO2 and O2 are

considered to vary little among terrestrial C3 species, the main determinant of A at low

Ci will be V c m a x which will be directly dependent on the quantity of active rubisCO in

vivo. The initial slope of the A/q response, or in vivo carboxylation efficiency,

therefore provides an in vivo measure of the activity of rubisCO. Many studies have

shown a close agreement between the carboxylation efficiency predicted by the method

of Farquhar gj aj. (1980) and the extractable activity of rubisCO (Evans & Farquhar,

1982).

At higher q values A is limited by the capacity of the leaf to regenerate rubP for

carboxylation. Two factors are thought to determine this capacity. 1. Wj, the potential

rate of non-cyclic electron transport, which is a function of photon flux, size of the

apparatus for light capture, efficiency of energy transduction on the photosynthetic

membrane and pathway of electron transport; 2. Wp, the rate of regeneration of rubP

that may be supported by the rate of triose-phosphate utilization within the

photosynthetic cells. Wp is likely f,o be of importance under conditions of sink

limitation (Harley gj aL, 1992; Sharkey, 1992). Only Wj is considered as a potential

limitation in these simulations (eqn. 1). Eqn. 4 assumes that there is no Q-cycle

operating during electron transport and that the shortfall in ATP requirements for

Calvin cycle operation is made-up by Mehler reaction (Evans & Farquhar, 1992). The



relationship of the potential rate of electron transport to photon flux is simulated by the

method described by Evans & Sharkey (1992).

By reference to eqns. 1-4 increase in Q from a low value will result in a rapid

increase in A, whilst Wc governs the velocity of carboxylaion. When C[ is sufficient

that rubP supply becomes limiting and Wj governs the velocity of carboxylation, then

A increases slowly with further increase in Q . However, even when rubP limited,

some increase in A with increase in q occurs because the proportion of rubP utilized in

oxygenation will continue to decline increasing the efficiency of net photosynthesis.

This is accounted for in eqn. 1 by change in the CO2-compensation point of

photosynthesis after correction for dark respiration (P ) , which by definition (eqn. 2)

must decrease with all increases in Cj. If a stomatal diffusion gradient of 70 (imol mol~

1 is assumed, it may be shown by reference to these equations that at 25°C and in

saturating light that an increase in Ca from 350 to 700 /xmol m"2 s'l would increase A

by 78% if RubisCO activity was limiting (Wc limiting), by 23% if RubP supply was

limited by electron transport rate (Wj limiting) and have no effect if triose-phosphate

utilization (Wp) was limiting (Stitt, 1991).

Eqns. 1-4 were used here to predict leaf photosynthetic rates of CO2 uptake and

the significance of changes in temperature and Ca via their effects at the level of

carboxylation and oxygenation of rubP. Parameters, except where stated otherwise,

were as given previously (Farquhar et al., 1980; Long, 1991). These parameters are

assumed to represent an average for healthy C3 mesophytes. The parameters of

Farquhar ei al. (1980) were for a leaf temperature of 25°C. To examine the effects of

variation in temperature, rate constants and solubilities were recalculated here, relative

to their values at 25 °C (Long 1991).

Stomatal conductance is affected independently by Ca. For a range of C3 species

stomatal conductance appears to interact with CO2 uptake to maintain an intercellular

CO2 concentration (C[) which is a constant proportion of the ambient concentration



around the leaf (C^ (Wong gj aj., 1979; Farquhar and Sharkey, 1982). Wong §i al.

(1979) determined a Cj/Ca of ca. 0.7 for C3 species when the leaf-air water vapor

pressure deficit is 2 kPa. This value appears unaffected by other environmental

variables, excepting where stomatal closure is effected by water stress or when the light

compensation point of photosynthesis is approached. For the purposes of this model it

was assumed that Cj/Ca was a constant 0.7. Since SA/SQ decreases with increase in

Cj this implies that stomatal conductance (gg) must decline with increase in Ca, if

Ci/Ca is a constant. Just as a gradient of CO2 into the leaf is assumed, so a gradient of

O2 concentration out of the photosynthesizing leaf must occur. Since the atmospheric

concentration of O2 is high, relative to rates of O2 production within the leaf, it was

assumed that the intercellular O2 concentration did not differ significantly from that of

the atmosphere (210 mol mol"*). Neither O2 nor CO2 are perfect gases, and because

of their differing properties in aqueous solution, the ratio of their respective solubilities

varies with temperature. In these simulations equivalent concentrations in solution,

relative to 25°C, were calculated from polynomial relationships fitted to tabulated

values of solubility at different temperatures (Long, 1991). Jordan & Ogren (1984)

provide data on the response of the kinetic constants of rubisCO (KQ, KQ, V c m a x ) to

temperature. Activation energies have been determined here from these plots (Long,

1991) and were used in preference to those of Farquhar ej al. (1980). The quantum

yield of CO2 uptake (<|>) was estimated as the predicted initial slope of the response of

A to absorbed photon flux.



3. RESULTS AND DISCUSSION

3.1 Light saturated photosynthesis
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Fig. 1. Predicted light-saturated rates ofleafCO2 uptake (Asat) with leaf temperature

for four atmospheric CO2 concentrations ( Q / fimol mol'l ofCC>2 in air). Arrows

indicate the optimum temperature, i.e. the temperature at which Asat is a maximum.

Increase in C a produces a progressive increase in A ^ with temperature. On

elevation of C a from 350 ^mol mol"1 to 700 /xmol mol'1, A ^ is predicted to increase

by 15%, 58% and 79% at leaf temperatures of 10, 20 and 30°C, respectively (Fig. 1).

This increase is very similar to that observed with elevation of C2 and temperature

(e.g. Berry and Bjdrkman, 1980). It also follows from this interaction of Ca and
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temperature that the temperature optimum (Topt) of A ^ must increase with Ca. This

has been observed frequently in measurements of C3 leaves (Berry and Bjdrkman,

1980; Long & Hutchin, 1991). T o p t is predicted to increase by 3, 7 and 10°C with

increase in C a to 500, 700 and 1000 /xmol mol"1, respectively (Fig. 1). The predicted

upper temperature at which a positive A ^ may be maintained is similarly increased.

The change in these characteristic temperatures underlies the importance of considering

rise in C a not simply as a factor which increases photosynthetic rate, but as one which

strongly modifies the response to temperature. When the interactive effects of

increased C a and temperature are taken into account (Fig. 1), a small increase in A ^

is indicated on increasing leaf temperature from 25 to 30°C. If temperature was

assumed to affect A ^ independently of Ca, i.e. the optimum remains unchanged at

elevated Ca , then it would have been predicted that A ^ falls rather than increases

between 25 and 30°C. Thus, failure to take account of the interaction would not only

fail to predict the magnitude of change in photosynthesis with temperature but also the

direction of change. Increase in the temperature optimum of photosynthesis with rising

C a is of particular significance to expected change in climate. The "IPCC business-as-

usual scenario" suggests an increase in mean temperatures of 3°C by about 2050

(Watson ej a]., 1990). In temperate climates this would increase the frequency of

temperatures which are supra-optimal for A ^ . The results suggest that this inhibitory

effect can be negated if this temperature increase coincides with an increase in Ca to

500 /xinol mol"1, as projected (Watson et al., 1990), since this increase in C a would

apparently increase TOpt by 3°C. Predicted temporal patterns of temperature increase

with global warming suggest that in cool temperate climates, temperature increase will

be greatest in the winter (Watson et al., 1990), when T is commonly sub-optimal for

Asat- Thus, in this situation the interaction of rising Ca and temperature will be

strongly synergistic. Growth of plants in different temperatures can result in an

acclimatory shift in the response to A s a t to T. However, the relative stimulation of A

11



resulting from increase in C a remains unchanged (Berry and Bjorkman, 1980).

Some increase in mean leaf temperatures may be expected independently of any

increase in mean air temperature, because of decreased latent heat loss in transpiration.

To maintain a constant (CyC^ with the same rate of CO2 uptake at Ca = 350 and 700

fimol mol"1 a 42% decrease in gs would be required assuming the A/Q relationship

described by the equations and parameters assumed here. Measurements of foliage

temperatures suggest that the decrease in transpiration resulting from this decrease in

stomatal conductance will typically result in an increase in leaf temperature of + 1°C,

rising up to +3°C at high irradiances (Long & Drake, 1992). Thus, even in the

absence of any increase in mean air temperatures, with the development of the

"greenhouse effect", the stimulatory effect of elevated CO2 on A ^ may be further

increased by an indirect elevation of leaf temperature.

2.2 Light limited photosynthesis

Increased temperature decreases Vc/V0, and therefore decreases net rates of CO2

uptake under light limiting conditions. This results because an increasing proportion of

the NADPH produced by electron transport is diverted into photorespiration. Thus the

maximum'quantum yield of CO2 uptake (<}>) in C3 species decreases with increase in

temperature (Fig. 2; Ehleringer & Bjorkman, 1977). Increase in Ca will increase

Vc/Vo and decrease photorespiration, the decline in 4» with increase in leaf temperature

will be therefore be less pronounced when Ca is elevated. Fig. 2 predicts that if C a is

elevated from 350 to 700 fimol mol"1, <j> would increase by just 4% at 10°C, but by

68% at 40°C. At 28°C, 4 is predicted to be 0.062 at C a = 350 jumol mol"1 and 0.080

at C a = 700 /xmol mol"1. These values are close to the values of 0.064 and 0.078

measured for shoots of the C3 sedge Scirpus olneyi at 28°C growing in atmospheres of

C a = 350 /*mol mol"1 and 680 jtmol mol-1, respectively (Long & Drake, 1991).

12
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Fig. 2. Predicted response of the maximum quantum yield of CO2 uptake (<f>) to leaf

temperature at three atmospheric CO2 concentrations (CQ). Points indicate mean <f> (±

1 se) for plants ofScirpus olneyi grown for 3 years at a Ca of 350 fimol mol'l (closed

symbol) and 680 nmol mol'l (open symbols), data from Long and Drake (1991).

Maximum quantum yield (<)>) represents the initial and maximal slope of the light

response curve of photosynthesis. Since <|> is theoretically predicted to decline with

temperature, increase in temperature with the "greenhouse effect" will in part

counteract the effect of increased Ca . From the model it is shown that increase in C a

from 350 jumol n r 2 s'1 to 700 /xmol mol*1 at a leaf temperature of 25 °C v.ould

increase <|> from 0.064 to 0.080 (25%) if the increase in Ca is accompanied by a 4°C

increase in leaf temperature then § would increase to only 0.077 (20%), nevertheless

the relative gain resulting from increased C a is much greater than the relative loss due

13



to the projected increase in mean temperature.

If dark respiration is unaffected by increase in Ca, it follows that the light

compensation point of photosynthesis (Qc) must decrease if <t> rises. At all

temperatures, Q c is depressed by increase in Ca; again the effect being greatest at high

temperatures. For example, it can be shown from the model that at 35 °C the predicted

Q c decreases from 67 jimol m*2 s~l at C a = 350 /xmol mol"1 to 39 /tmol m"2 s"1 at

C a = 700 /xmol moH. Such decreases are of considerable significance in warm shade

environments where they would significantly alter the number of leaf layers that a

canopy could maintain above the light compensation point for net carbon gain. They

would greatly increase the potential photosynthetic productivity ui forest ground-flora

and under- story plants existing at photon fluxes little above the Qc attained at Ca =

350 /xmol mol"l. Decreases in Qc in excess of these predictions were observed in £*

olneyi growing in an elevated CO2 atmosphere (Long & Drake, 1991).

4.3 The potential effects of decreased rubisCO activity.

Decline in rubisCO activity represents one of the most consistent features of

acclimation of the photosynthetic apparatus to elevated CO2 concentration so far

identified (Idso, 1989; Allen, 1990). A survey of controlled environment studies

suggested that on average, elevated CO2 concentration results in a decrease in both

rubisCO content and rubisCO activity, each by about 15% (Long & Drake, 1992).

Similarly, decrease in rubisCO activity has been observed as a frequent initial response

to both short-term exposures to high concentrations of O3 and to growth in elevated

background concentrations of O3 (Pell, 1992).

If decreased rubisCO activity is accepted as a common response of leaf

development in atmospheres in which CO2 and O3 concentrations have been elevated

to the concentrations predicted for the 21st, what significance might this have?

14
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Figure 3 The predicted change in the ratio of light-saturated rates ofleafCO2 uptake

(Asat) in an elevated CO2 atmosphere of 700 \tmol mol'l relative to that predicted for

a Ca of 350 ymol moll (Asati 70&^sat,350)> and tne potential effects of a decrease in

rubisCO activity produced by putative acclimation to elevated Ca or to development in

elevated O3 concentrations. The lines assume: i) no change in rubisCO activity and ii)

a 30% decrease in rubisCO activity of leaves grown in a Ca of 700 \anol moH.

Fig. 1 shows that if Ca is increased to 700 /*mol mol"* without any acclimation of

photosynthesis, A ^ is increased at all temperatures, although the increase is most

pronounced at the highest temperatures. The significance of decreased rubisCO activity

to leaf photosynthesis can be predicted via the model of leaf photosynthesis by

decreasing V c m a x and V o m a x . Fig. 3 shows that even if a decrease in total activity of

30% were to occur, A ^ at 40°C will be 75% greater, despite this loss of rubisCO

activity, i.e. the loss in activity is more than offset by the gain from decreased

photorespiration. Below 18°C however decreased rubisCO activity results in a

decrease in A ^ (Fig. 3). This coincides with the reports of Idso (1989), that elevated

C a reduced plant growth when temperature was below 18.5°C. The studies that have so
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far demonstrated a decrease in rubisCO activity in leaves grown in elevated CO2 have

used relatively high temperatures (>20°C)(e.g. Campbell §1 aj., 1988; Sage ej alM

1989). The significance of the low temperature decrease in photosynthesis suggested

here will depend on a similar decrease in rubisCO activity occurring in plants grown at

high Ca , but low temperatures. There is no reason however to suspect that decreases in

rubisCO activity observed in leaves exposed to elevated O3 concentrations would be

strongly affected by growth temperature.

4. LIMITATIONS OF THESE RESULTS AND CONCLUSIONS

The simulations presented here are for a very limited sub-set of possible climatic

conditions and leaf properties. Leaves within and between species vary markedly in

their contents of active rubisCO (V c m a x ) and maximum rates of electron transport

( J m a x ) . However, these variations will lead to variation primarily in the magnitude

rather than patterns of the response. Critical to the predictions is the specificity

constant of rubisCO for CO2, fortunately this seems a remarkably constant value

between diverse photosynthetic organisms and growth conditions, varying only with

temperature (Jordan & Ogren, 1984; Woodrow & Berry, 1988). The purpose of this

article was to highlight the fundamental basis for expecting an important interaction of

rising temperature, CO2 and O3 concentrations on leaf photosynthesis. Prediction of

steady-state leaf photosynthetic rates from the kinetic properties of rubisCO, following

the framework provided by Farquhar et al. (1980), have proved a powerful and robust

procedure. The results presented here are likely to represent the maximum of what

could occur at the leaf level. Increases in light saturated photosynthesis would be less

if whole chain electron transport rather than rubisCO activity represents the

predominant limitation. The predicted increases would be nullified if triose-phosphate

utilization is limiting, this is most likely to occur where photosynthesis exceeds sink

16



capacity, i.e. the capacity of the plant to utilise and store carbohydrate. Any

independent response of stomata to growth in elevated CO2 and O3 concentrations

could also alter the pattern of response. These potential modifications are considered

briefly below.

4.1 Stomata

A constant ratio of Q/C a is assumed in these simulations and no account is taken of the

possibility that climate change, e.g. through increased Aw, may force even lower

stomatal conductances than would be necessary to simply maintain this ratio (see

McMurtrie & Wong, 1992, for a mathematical treatment of this response). Because

6A/5Ci decreases with increase Q (eqn. 1), it follows that maintenance of a constant

Ci/Ca will require a decrease in gs as Ca rises. Typically, an increase in Ca from 350

/*mol mol'l to 700 ^mol moH will require a ca. 40% decrease in g s to maintain a

constant Cj/Ca and this agrees closely with values observed for a range of plants (Mott,

1990; Eamus 1991). Acclimation of stomatal conductance could involve a change in

sensitivity to C a or humidity or a change in stomatal size or number. Abscissic acid

(ABA), which is known to accumulate in leaves in response to drought, increases

sensitivity of the stomata to CO2 concentrations. Since transpiration generally falls

when C a is elevated, a lower accumulation of ABA might be expected and hence a

decreased sensitivity to C[. Plants of Pinus radiata. R. menziesii. and of cotton grown

in elevated C a showed this expected decrease in the sensitivity of g s to CO2 (reviewed:

Long & Drake, 1992). In these cases, then the closing action of stomata in response to

elevated C a would be less allowing, slightly higher rates of photosynthesis than those

predicted here.

Predicting the effects of elevated Ca on CO2 uptake via models developed from

that of Farquhar el al. (1980) and interpretation of A/Cj responses has assumed that

17



stomatal apertures are constant within leaves. Water stress and treatment of leaves with

ABA have been shown to induce stomatal heterogeneity (Terashima si ai., 1988). In

heterobaric leaves, i.e. leaves in which the intercellular air space system is divided into

discrete patches by the pattern of venation, differential closure of the stomata associated

with these patches results in heterogeneity of Q and assimilation. As noted above,

decreased transpiration in elevated Ca is likely to improve plant water status and

decrease ABA levels, thus the factors so far known to induce this heterogeneity should

become less important as C a rises. In summary, stomata appear to become less

limiting to photosynthesis with elevation of Cj, even though stomatal conductance is

invariably decreased.

4.2 Decline in rubisCO activity.

Schimmel (1990) suggests that at the ecosystem level, longer term effect of climate

change will be decreased availability of nitrogen, negating the "CO2 fertilization

effect". Since rubisCO can account for a large proportion of plant protein and

nitrogen, a likely result of any decreased availability of nitrogen would be decreased

concentrations of rubisCO. However, it is demonstrated here that even if plants grown

in elevated C a show a 30% loss of their active rubisCO, net photosynthetic rates will

still be enhanced by elevated CO2 when temperatures exceed 18.5°C.

The simulations presented here have illustrated only the effect of a 30% loss of

rubisCO activity. This is an average for plants grown at ca. 700 nmol mol"1 of CO2 in

air, but may at least in part be exaggerated by the artificial restriction of rooting

volume of many of the controlled environment studies from which this average was

calculated (Long & Drake, 1992). An uncertainty however is the additional loss of

activity that may result from concurrent increases in background O3 concentrations. If

the effects of growth in elevated O3 and in elevated CO2 concentrations are additive,

then decrease in rubisCO activity could greatly exceed 30% and light-saturated
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photosynthesis would be depressed at most temperatures.

4.3 "End-product" limitation.

The simulations used here assume that triose-phosphate utilization or end-product

utilization does not limit CO2 assimilation. Harley and Tenhunen (1992) suggest a

modification of the Farquhar gj al. (1980) model to take account of this. The major

limitation in constructing climate/atmospheric change response models is an ability to

predict triose-phosphate utilization. Triose-phosphate utilization will become limiting

when supply of carbohydrate in photosynthesis exceeds the capacity of sinks within the

plant to utilize that carbohydrate. Sink capacity and its plasticity is highly variable

between species. Increase in temperature may be expected to increase sink activity at

least in part counteracting the increase in carbohydrate supply. The mechanisms by

which triose-phosphate utilization limits photosynthesis is discussed by Sharkey &

Socias (1992).

4.4 Conclusions.

At the leaf level, under light saturating and light limiting conditions, it has been

shown that elevated C a not only alters the scale of the response of carbon gain to

rising temperature, but can alter the direction of response. These points bring into

serious question the value of any predictions of plant production which ignore not only

the direct effect of CO2 on carbon gain, but also the basic interactions of temperature,

CO2 and O3 Whilst many factors may potentially diminish the enhancement of light-

saturated leaf photosynthetic rates with increase in atmospheric CO2 concentrations, no

mechanism has so far been identified which could remove the parallel stimulation of

light-limited photosynthesis.
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Appendix 1

Definition of symbols

term units definition

A nmol m"2 s"1 net leaf rate of CO2 uptake per unit leaf area

Ajat fiinol m"2 s"* light saturated value of A

C a jtmol moH atmospheric CO2 concentration

C[ /xmol mol" * intercellular concentration of CO2 in air

J /tmol m"2 s"* Potential rate of electron transport.

J m a x fimol m*2 s" * Light saturated potential rate of electron transport

Kc /*mol mol" 1 Michaelis constant for CO2

KQ mmol mol"1 Michaelis constant for O2

O a mmol mol"* atmospheric O2 concentration

Oj mmol mol" 1 intercellular concentration of O2 in air

Qc ^mol m"2 s" * light compensation point of net photosynthesis

rubisCO ribulose-1:5-bisphosphate carboxylase/oxygenase

rubP ribulose-1:5-bisphosphate

R^ jtmol m"^ s"1 "Dark respiration rate"

T o p t °C The optimum leaf temperature for net CO2 uptake.

Vc jumol m"^ s" * Carboxylation velocity

V c m a x fimol m"2 s" 1 Maximum rubP saturated rate of carboxylation

Vo îrnol m"2 s"* Oxygenation velocity

V o m a x ntnol m"2 s* ̂  Maximum rubP saturated rate of oxygenation
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Wc

Wj jumol m"2 s"*

Wp /unol n r 2 s"1

a dimensionless

Aw mmol mol'l

F* ^mol mol'l

<j> mol moH

x dimensionless

rubP saturated and rubisCO activity limited rate of
carboxylation.
electron transport, ATP, or Calvin cycle
metabolism limited rate of carboxylation.

triose-phosphate utilization limited rate of
carboxylation.

gas solubility in pure water

Leaf-air saturation water vapour concentration
deficit.

CO2 compensation point of photosynthesis in the
absence of dark respiration.

The quantum yield of CO2 uptake determined
from the initial slope of the response of A to
absorbed photon flux.

Specificity of rubisCO for CO2 relative to O2.

1 This research was performed, in part, under the auspices of the US Department of Energy under Contract No.
DE-AC02-76CH00016. Contribution No. 47624 of Brookhaven National Laboratory.
2 See Appendix 1 for an explanation of abbreviated terms.
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