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Knowledge about the-effects of the rise in atmospheric CO” concentration on trees
and forest is assessed and, the converse, the possible impact of forests on the
atmospheric COg concentration is discussed. At the cellular scale, much is known
about the role of CO” as a substrate in photosynthesis, but only little about its role
as an activator and regulator. At the leaf scale, the response of COg assimilation to
COg concentration has been described often and is well represented by biochemically
based models, but there is inadequate information to parametrize the models of
COj-acclimated leaves. Growth and partitioning to the roots ofseedlings and young
trees generally increases in response to a doubling in atmospheric COj concentration.
Experimental results are very variable, because of the differing length of the
experiments, the artificial conditions and the artefactual constraints. At larger scales,
direct measurements of responses to increase in atmospheric COg are impractical but
models of canopy processes suggest that significant increases in CO” assimilation will
result from the rise in atmospheric concentration. Inferences from the increase in
amplitude of the seasonal oscillation in the global atmospheric CO” concentration at
different latitudes suggest that forest is having a significant impact on the global
atmospheric concentration, but it seems unlikely that expansion of the forest resource
could effectively reduce the increase in atmospheric COg.

Introduction

Hie present average atmospheric concentration of COg is ca. 350 (imol of COj per mole of dry
urt, and the concentration is rising at a rate of ca. 1.2 molmor” per annum (Conway
1988).
. This rapid increase in atmospheric COg concentration at present is largely attributable to
burning of fossil fuels. However, the increase became perceptible about 200 years ago
(Ncftel et al. 1985; Raynaud & Barnola 1985; Pearman et al. 1986) when population
®”\pation and the associated intensification of agriculture over large areas, particularly in
America, led to the destruction of extensive areas of forest and the cultivation of
?~nically rich soils (see, for example, Delcourt & Harris 1980). The oxidation of wood and
5®organic matter led to a slow, but progressive, increase in atmospheric COg concentration
AAntil about the middle of the 19th century. From the ratio of in tree rings (Peng
51-1983) and from the composition of gas bubbles trapped in the polar ice (Pearman et al.
it has been estimated that the atmospheric COj concentration then was about 270 nmol
mWith the onset of the Industrial Revolution, the exploitation offossil fuels began around
and the atmospheric COg concentration has increased strongly ever since, with the result
in the past 130 years the concentration has risen about 75 ~imol mol'* Up until ca. 1900,

Ff
an atmospheric pressure of 105 Pa, 350 nmol mol"* is equivalent to a partial pressure of 35.0 Pa and a
fraction of 350 x 10"* or 35Q cm”™ m'*,
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the dominant source of the increase was the oxidation oforganic matter from soils and forests*
over the past 180 years the increase has been approximately 1.6:1 for soil + forests:fossil fuel
(Peng et al. 1983). The much steeper rise in atmospheric COg concentration today, however

is completely dominated by the burning of fossil fuels, and, to a much lesser extent, the
manufacture of cement (Rotty 1983).

Since the introduction of infrared gas analysers in 1957, when the concentration was t<
315 jimol mo!"~, detailed seasonal and annual changes in the atmospheric COj concentration’
have been measured. From 1953 to 1973 the rate of increase of fossil fuel emissions was 4.3 %-
per annum. During and following the oil crisis, this rate diminished sharply and there was a'
perceptible reduction in the rate of increase of COg'in the atmosphere. However, global fossil
fuel emissions have now recovered to a rate of increase of around 4% per annum and thci
atmospheric COj concentration is, again, increasing at an exponential rate. The consumption j
of fossil fuels is currently yielding ca. 5 Gt per year (5x 10™kg per year) of carbon to whichi
may possibly be added a maximum ofca. 2 Gt per year of carbon for COj from the oxidation|
ofsoil and wood. Combustion of fossil fuels may well be yielding 10 Gt per year of carbon by!
the end of the century and, depending upon the continuing rate of increase of consumption dj
fossil fuels, an atmospheric COg concentration of 600 nmol mol”~is variously forecast for some”
time 60-100 years hence. For practical reasons, in many experiments with plants, the high
CO2 treatment is generally taken as double the present concentration (i.e. ca. 700 nmol mor") i
and this might conceivably be reached by the end of the next century.

These predictions are uncertain, not only because of uncertainty as to the future
consumption of fossil fuels, but also because ofuncertainty in the fate of the COj produced andj
in the size of the fluxes between the oceans and the atmosphere, and the biosphere and the
atmosphere. Of the COj released in the burning of fossil fuels over the past 100 years, only
about 56% has contributed to the increase in COg concentration in the atmosphere. The
whereabouts of the other 44% is uncertain, but it is presumed that it has been taken up in th”
oceans and will ultimately be deposited in the deep ocean. There are several hypotheses as W»
the fate of this COg in the oceans (see, for example, Sarmiento el al. 1988) but there is no j
evidence at present that it is accumulating in surface layers that might become saturated”
However, as the climate warms, the physical and biological processes in the oceans may chan™”
in ways not currendy understood, leading to changes in the carbon distribution and in the
potential of the oceans to absorb COj.

Figure 1 shows one set of current estimates of the annual influxes and effluxes betwe/~”
biosphere and atmosphere and oceans and atmosphere. The fluxes are all relatively large
relation to the influx derived from the burning of fossil fuels, and suggest that the net chang”
in the atmospheric COj concentration should be quite sensitive to comparatively small chang”®
in the fluxes to and from the atmosphere. However, the estimate of the net flux between
biosphere and the atmosphere, here indicated as zero, is particularly uncertain and
currently a matter of considerable controversy as to whether the biosphere is a
CO2 or asink for CO”. There is no doubt that land use is changing extensively throughout
world. In some areas climax forests are being cleared; in other aVeas young,
plantations are being established. In some areas forests are being killed by pollution; #» 2
areas they may be fertilized by pollutants. Yields of agricultural crops are increasing)
also are rates of turnover of organic matter. The problem is essentially one of assessing 5
changes of land use with a sufficient degree of resolution to estimate likely changes m



annual CO, flux between biosphere and atmosphere with adequate accuracy. Several

estimates derived from the inclusion ofsuch data in global ecosystem models suggest a net efflux

{jom the biosphere of 2-4 Gt per year of carbon over the past 10 years (see, for example,
*Noodwell ei al. 1978; Moore etal. 1981; Houghton etaL 1983). However, such estimates are

not compatible with a more or less constant proportional uptake by the oceans of 44% over
\ the past 30 years or with the recent increase in amplitude of the seasonal oscillation in
atmospheric COg (discussed later). The models of changes in the carbon content of the
atmosphere or the oceans are also not sufficiently sensitive to resolve whether the biosphere is
a net source or sink for COj at present, so other methods must be addressed.

Figure 1. A diagram to show current conceptions of the sizes of the carbon reservoirs (in gigatonnes) and of the
carbon fluxes (in gigatonnes per year) in the global cycle. From King €l al. (1987).

The likely consequences for trees and forests of the increase in atmospheric COj concentration
*7into two categories, namely the effects of the increase in COj on regional climates and the
effects of CO2 per se on productivity and associated biological processes. K. V. Mellanby,

in The Times in January 1983 expressed the opinion that the rise in atmospheric
concentration was ‘probably the most difficult and controversial problem facing
®&ikind’. Only recently has awareness of this problem led to the initiation of one or two small
[®arch projects in the U.K. Although in the U.S.A. research projects oriented towards the rise
concentration have been in progress since about 1980, the amount of information
~emticularly relevant to trees and forests is small. Effects of the increase in CO, on regional
have yet to be demonstrated definitively and are consequently somewhat speculative,

some effects ofan increase in COg on processes in trees have been established and may,
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with caution, be scaled up to provide predictions about likely effects on forests, although tht
too are rather speculative. This essay is almost entirely concerned with this latter category
effects of the rise in atmospheric COj. i

Climatic change

In a review (1982) A.J. Crane wrote ‘the increase in atmospheric COj from burning fossi
fuels is the one single anthropogenic influence that could produce global, climatic chang”
observable above the climatic noise within the next 50 years’. The primary prediction is for ari
increase in average global temperature of 2-3 °C for a doubling in the atmospheric CO®
concentration. The detection ofsuch an increase is difficult, not least because over the past 5(
years the temperature in the temperate region of the Northern Hemisphere has been decreasing
at a rate of about 0.15 °C per year as a result of various superimposed climatic cycles (Crane
1982). There is no general agreement that an increase in temperature has so far been detected
although detection of an increase over the past 10,years has recently been claimed (Jones etai,
1988), but there is now agreement that such an increase should be clearly noticeable above th<
climatic noise by the end of the century. Currently global climatic models do indicate such an
increase in average temperature, but yield a variety of consequential predictions about th<
distribution of temperatures, precipitation and evaporation with respect to both latitude andj
longitude. Some likely consequences of a rise in average temperature of 2-3 °C for trees and]
forests can be estimated (Cannell et al. 1988) but detailed considerations of such a rise seei
unwarranted until there is a larger consensus about the likely changes in temperature in th?
main forested areas of the world and, more particularly, about the likely consequences forthj
zonal distributions of precipitation and evaporation.

Biological effects

The questions that should be addressed are of the following kinds.

1. What are the likely effects of the increase in CO2 concentration on the growth and
productivity of stands of commercial tree crops, and will the value of the crop be changed
a result?

2. In planning future forest research, silviculture and management practice, how should th»
rise in COg concentration be taken into account?

3. At a more ecological level, what are the likely consequences of the rise in CO*
concentration for the composition and structure of forests and for the wildlife within them.”
4. And, conversely, can the rise in atmospheric CO” concentration be influenced

manipulating forest or by increasing the area of forest?

There are considerable difficulties in addressing questions of this kind, because of the lack f
appropriate information at a stand or forest scale. It is impractical to expose areas of fo*
experimentally to increases in CO” concentration and ifit were possible, there might wcU ~
ethical objections. The information that is available is confined to experiments in which lea’
or small plants have been exposed to elevated COg concentrations for both short and
periods, and to an isolated experiment in which entire trees have been exposed to
concentrations for a short period (Wong & Dunin 1987). There are substantial difficult*®*»
scaling up from information at this scale to predict the likely consequences of an increas®

COg concentration on forests or even on commercial stands of trees.



In the following paragraphs | review briefly what has been learnt from experiments on
iloroplasts, leaves and young trees and, on the basis of that information, make some
redictions about the likely consequences for stands. The record of the seasonal changes in
tmospheric COj concentration in the Northern Hemisphere does itself provide some
iformation about interactions between atmospheric COg and the temperate and boreal
irests, and that will be considered. Finally, the question of manipulating the rise of COj by
rests is discussed.
Growth ofyoung trees

Pew plants of any kind have been grown from seed that was formed at elevated COj
>ncentrations and none have been grown for several generations at double the present
0 * concentration. It is likely that no experiments have been done, or responses to COj
ivestigated, on plants that are fully acclimated to a raised CO” concentration. At best, plants
cposed for weeks or months to elevated COj concentration may be largely acclimated
articularly with respect to some organs, but are probably still acclimating slowly as a whole,
atural populations in which many generations ofindividuals have occurred over the past 100
jars arc likely to have become genetically adapted to the rise in atmospheric COj
)ncentration through progressive selection, but this is less probable in forests where there may
ave been only one or two generations during this period.

There is little distinction in the literature between physiological responses that arc
nmediate, responses that have a developmental component and hence depend on the degree
[acclimation, and responses that may result from selection of better-adapted genotypes over
iveral generations. However, it is important to keep those distinctions in mind because
ifTerent processes arc likely to be involved.

In several experiments (approximately 30 on conifers and 30 on broadleaves), the effects
ra doubling of atmospheric COj concentration on the growth of young trees has been
ivestigated in controlled or partly controlled environments (Eamus & Jarvis 1989). The
tperiments were generally ofshort duration for trees, lasting from a few weeks up to 2| years,
nd the trees were almost invariably grown in pots, so that the results arc somewhat restricted
1their applicability to stands of trees or forests. In general, too, rates of growth were rather
)w (relative growth rates of ca. 1% per day) suggesting that the conditions were far from
ptimum in some respects.

In all cases, the rate ofgrowth ofdry matter was increased at the higher COj concentration,
le increase being in the range 20- 120% with a median of about 40%. In most of the
~periments there were increases in the mass of leaves as a result of increases in the number,
rea or thickness. Masses of both fine and coarse roots were also increased and there was a
®ticeable increase in partitioning to the roots (i.e. larger root:shoot ratios, especially in plants
~Awing with limited nutrient resources). To a considerable extent, an increase in ambient

concentration was effective in compensating for lack oflight, water or nutrients. In a series
fexperiments on several species, designed to test the hypothesis that lack of nutrients would
~Nent a response to a doubling in CO” concentration, it was unequivocally shown that this
~ not the case (sec, for example, Norby et al. (1986); review in Eamus & Jarvis (1989)).
®™ng trees growing in situations of low nitrogen or phosphorus, or on small volumes of

‘I"rient-poor soils, none the less showed increased growth in response to a doubling in ambient

* concentrations. A scarcity of nutrients does not prevent a growth response to increase in

t concentration. In the longer experiments lasting more than one year, however, the
?Ponse appeared to have been established in the first few months and there was no evidence



of the progressive increase in size difference between the trees in the two treatments that woui®j
be expected if a difference in relative growth rate was being maintained. However, this may
well have been an artefact resulting from constrained rooting conditions and the lack of an
adequate sink for carbohydrates.

The general conclusion from these studies of growth is that increase in COg concentration
primarily leads to young trees growing larger more quickly and that the majority of the changes
observed are normal, ontogenetic changes associated with growth and development. It ij
therefore pertinent to consider the processes by which an increase in CO2 concentration may
increase the rate of growth of trees.

Carbon dioxide at ike cell and leafscale

Carbon dioxide is primarily implicated in the growth of plants as the substrate for
photosynthesis. None the less, COj both activates and regulates the amount or activity of the
enzyme, ribulose bisphosphate carboxylase-oxygenase (Rubisco) and itis not improbable that
CO2 may also regulate some other enzymes that affect plant metabolism and growth. It is not
clear at present, for example, whether the larger rates of leaf growth of plants growing at
increased COg concentration are solely the result of enhanced COj assimilation and the
availability of more substrate for leaf growth or whether there are more direct effects on leaf
initiation and development. Carbon dioxide may also both reduce stomatal numbers per unit
area of leaf (Woodward 1987) and cause stomatal closure, thereby reducing stomatal
conductance to both water vapour and COj, by mechanisms that are still speculative but
probably result from action on non-photosynthetic processes (Eamus 1986). Whatever the
effect, it seems likely that physiological processes in leaves are responding to the CO|
concentration within the intercellular spaces of the leaves (see, for example, Mott 1988).I'~

i

The mean intercellular space COj concentration (CJ is a function of the CO” concentradoa
at the leafsurface (C,), which, in turn, depends upon the degree of coupling between the leaf
and the atmosphere above. For well-coupled plants and vegetauon, such as trees and forests,*
the leaf surface concentration of COj does not usually deviate by more than a few micromole<

The carbon dioxide concenlration in the intercellular spaces

per mole from that in the atmosphere just above the canopy.

The COj within the intercellular spaces lies at some point along a catena between the leaf
surface and the carboxylation sites in the chloroplasts, so that C, depends upon both the
stomatal conductance and the rate of CO2 assimilation. The general relation between Q and
C, is as follows;

(@)

For dry air, the definition of the parameters rf and <>is given by equation (Ifl) in table U
as originally proposed 35 years ago for the concentration of COg within the leaf. Although thc
concentration of carbon dioxide is uniquely defined with respect to dry air, in practice
concentration varies in relation to the amount of water vapour present in the air, as along
catena (Parkinson 1971). Moreover,'the flux of COg through the stomata is affected by
flux of water vapour in transpiration (Jarman 1974). These effects on the estimation of Ci ~
largely taken into account by equation (IA): a somewhat more rigorous treatment leN*n

N

equation (It).



Table |I. Definition of the parameters in equation (1)

rhe subscripts a, w and ¢ indicate dry air, water vapour and carbon dioxide, respectively; i and 1 indicate the
itcrccllular spaces close to the mesophyll cell walls and the external leafsurface, respectively, is the water vapour
onductancc of the pathway fronn mesophyll cell walls to leafsurfacc. A isthe C O, assimilation rate (negative) and
;Js the transpiration rate (positive), i) isa binary molecular diflusivity. In equation (If) <jf,> is the average molar
maction of dry air through the stomatal pore and is given by x~+ Aw/2; is given by —<jr,> E/AwW; where

Xj. Where, * is the molar fraction and the superscript ¢ indicates saturation at the appropriate

anperature.)
Equation v Rcfcrence

la zero Penman & Schofield (1951);
Gaastra (1959)-
von Caemmcrer & Farquhar

(1981)-

The derivation of C, in this way has been widely used but has recently been called into
question by observations o f‘patchiness’ in the distribution of stomatal apertures on abscisic-
icid-treated leaves (Terashima et al. 1988). Several studies are now in progress to determine
(vhether ‘patchincss’ in stomatal conductance is a significant feature of normal leaves because
patchiness’ was not observed in much of the classical work done on stomatal physiology with
the microscope during the 1930s to 1960s by Stalfelt and others.

EStcis on Rubisco

Experiments with herbaceous plants have shown that an increase in COg concentration leads
toa reversible deactivation of Rubisco in a matter of minutes: deactivation may reach 30 %
after ten minutes, and is readily reversible over the same interval (Sage el al. 1988).

Exposure to elevated COj concentrations for days or weeks generally leads to a sustained
reduction in the activity of Rubisco ofsimilar magnitude. This may result from a reduction in
theamount of Rubisco together with some associated reactivation, or from reductions in both
the amount and the activation state (Sage el al. 1989).

At the leafscale, this loss ofactivity of Rubisco in response to long-term exposure to elevated
CO, concentration is seen as a reduction in slope of the relation between COj assimilation rate
(™ and the mean intercellular space COj concentration (C,), the so-called ~/C, relation (figure
2). This relation shows that assimilation is a function ofthe COj concentration around the cells

the leafmesophyll. In accordance with the biochemistry of photosynthesis, this observed
relation is considered to be the resultant of two response functions of assimilation to carbon
eiioxide that intersect at the arrow (von Caemmerer & Farquhar 1981), At concentrations of
below the arrow, carboxylation is limited by the activity of Rubisco: above the arrow,
~rboxylation is limited by the rate of turnover of the photosynthetic carbon reduction cycle
(<= the Calvin cycle) and hence by the potential rate of electron transport, or by the
*"ailability of inorganic phosphorus. Thus the rate of carboxylation {V~) at any COj
concentration is the minimum of the Rubisco-limited rate {W”) and the electron transport
rate {W,): i.e.

* The rate of assimilation of CO2 is the rate of carboxylation of ribulose bisphosphate less the



RuBP/electron

mean intercellular CO, concentration, C,

(IImol mol'*)

Figure 2. The relation between assimilation rate {A) and the mean intercellular space CO, concentration (C)
needles of Ficea silchensis in the following conditions: quantum flux density 1100 jimol m"* nwdte
temperature 20 ®C water vapour saturation deficit 1.0 kPa. The line has been fitted in two sections to 72 datn
p>oints. The dashed sections are the hypothetical extensions of the two sections of the curve in the model oft

Farquhar & von Caemmerer (1982). n
rates of phoiorespiralion [VJ2) and non-photorespiraiory respiration the so-called ‘day
respiration) i.e. ANV -VI]I2-R,.

Photorespiration proceeds at half the rate of the competitive oxygenation of ribuld
bisphosphate (Tq) because one CO” miolecule is evolved for every two molecules oxygcnateii
VJ2 is given by where y"* is the photorespiratory CO” compensation concentratioB
and Cis the molar fraction of COg at the site ofcarboxylation-oxygenation in the chloroplast
Thus, if C is approximated by C,, the assimilation rate is

The parameters T, and can be estimated from /4/C, relations at different quantum fliw
densities (Brooks & Farquhar 1985).
Expressions for and W", and methods of estimation, are discussed by Farquhar &

Caemmerer (1982) and von Caemmerer & Farquhar (1981, 1984). The rate ofcarboxylatiM
when ribulose-bisphosphatc-saturated and Rubisco-limited is

(€]
where K~ and are the Michaelis constants for COj and Og, respectively; 0 is the oxyg"
concentration at the active sites and is the rate of carboxylation at infinite C,. The tcra

can be identified with the more familiar mesophyll conductance (/¢/;
Substituting equation (3) into equation (2) gives the expression for M as a function of Cp
Rubisco limited. In practice, the parameters in this expression can be found by fitting
C, data, particularly if the values of and are already known.
The rate of carboxylation when the rate of turnover of the carbon reduction cycle is
by the rate of potential electron transport (J) is

w,Mjl4{i+2rjc,).



'he 4 appears because approximately four electrons are required for each carboxylation and
j~ygenation. J is expressed as a function of the absorbed, eflective quantum flux density (Q)

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

lubstituiion of equations (4) and (5) into equation (2) gives the expression for Mas a function

and Q, when limited by the potential rate ofelectron transport. At the arrow, assimilation
5co-limited by both sets of processes (i.e. ( —IVj)( —IVWY) = 0) and there isevidence to show
hat the balance ofinvestment between the two adjusts, (see, for example, von Caemmercr &

‘arquhar 1984) so that assimilation is in the co-limited region at the prevailing ambient
’0, concentration.

As shown in figure 3, young trees grown at double the current atmospheric COj
onccntration show a reduction in slope of the i~/C, curve below the arrow and hence an
mpiied loss in activity of Rubisco. A range of stresses, nitrogen deficiency for example, also
ause a reduction in this slope and in Rubisco activity. One may suppose that the amount of
i(.ubisco is reduced in plants growing at high COj concentration, because amounts of carbon
»mmensurate with the availability of other resources, such as nitrogen, can be assimilated by
I lesser amount of Rubisco and the nitrogen can therefore be more effectively utilized in
)FOteins other than Rubisco. One consequence is that plants that have become acclimated to
ligh COj concentrations show a reduced rate of assimilation, in comparison with plants kept
Itthe current CO2 concentration, when returned to the current COj concentration,

p
d-
r
mean intercellular COg concentration, C,
» (nmol mol"?)

3. The average relation between assimilation rate {A) and the mean intercellular space COj concentration
(C,) for shoots of Picea sitchensis developed and grown on plants that were three months in current {x 1) (n =
5) and double the current (x 2) {n — 5) atmospheric CO, concentration. The slopes of the linear sections of
lhc curves are 0.061 and 0.051 mol m"* s"* for x 1 and x 2 CO,, respectively. Measurement conditions were:
temperature 20 *C, saturation deficit 0.6 kPa and quantum flux density 1200 ~imol m~*s"*. Unpublished
~ta of A.J. Brenner, A. P. Sandford and P. G.Jarvis.

ANiTength

~~meduction in the relation of the A/C” slope has been observed, particularly after long-term
An'Are to plants to high CO” concentrations, especially at high quantum flux densities, in
experiments with crop plants and in one or two with tree seedlings (Eamus & Jarvis
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1989). In some cases quantum yield has also been reduced and substantial starch accumulation
in the chioropiasts demonstrated. It seems likely that these are not acclimation responses to
elevated COj but indicate the lack of adequate sinks for assimilate. In rapidly growing q,
fruiting citrus, where growing active sinks were available, assimilation was maintained athigli
rates in high ambient CO” concentrations and Rubisco did not decline in activity (Koch etai
1986; Downton tl al. 1987). The maintenance of high rates of assimilation in response to
elevated COj concentration appears to require the existence ofsustained active sinks for carboa
and these did not occur in many of the experiments made on young trees in small pots.

Photorespiraiion j

Carbon dioxide and oxygen compete for the same active sites on Rubisco. When Oj is the
substrate, carbon previously fixed into ribulose bisphosphate is channelled into the
photorespiratory carbon oxidation cycle (i.e. the glycolate pathway) with the subsequent
release of COj in photorespiration. Photorespiration represents a significant loss of previously
fixed carbon. An increase in ambient CO” concentration increases the rate of supply of CO®
to the active sites and shifts the balance towards carboxylation rather than oxygenatioii}
leading to a reduction in photorespiration. This both conserves carbon and leads to enhanced
availability of NADPH and ATP, which would otherwise be used in the glycolate pathway”
and hence represents an increase in the efficiency of carbon fixation.

A result of the partial suppression of photorespiration by elevated COg concentration is an
increase in the quantum yield of CO” assimilation (i.e. in the slope of the relation between
assimilation rate and quantum flux density) and a reduction in the compensation quantum flux
density, leading to the more efficient of light by shaded leaves (Pearcy & Bjorkman.

1983). %
Stomalai conductance [

In general, stomatal conductance declines in relation to an increase in ambient CO[
concentration over a few minutes, but there is litde information to discriminate between this
short-term response and any long-term physiological acclimation. Reduction in the number of
stomata per unit area of leaf has been observed in one tree species after 123 days at elevated
CO2 concentration but not in another (Oberbauer elal. 1985), and Woodward (1987) claims
to have detected a reduction in stomatal density ofeight tree or shrub species near Cambridge
over the past 200 years by making comparisons with herbarium specimens. Whether the latter
is the result of developmental acclimation or genetic adaptation is, however, unclear.

Stomatal sensitivity to ambient CO” (figure 4) shows wide variation in tree seedlings. I®
general, conifers are less sensitive to COg than broadleaves, but sensitivity varies with
temperature and water stress and, in some cases, may have been induced inadvertently by the
application of stress (Eamus & Jarvis 1989).

Stomata sense the COj concentration in the intercellular spaces rather than in the ambic”
air (Mott 1988) and as a result, stomatal conductance is affected by both the rate
assimilation, because it influences Q, and by the ambient COg concentration. HoweveTi
stomata also respond independently of assimilation to other variables such as quantum””»
density and water-vapour saturation deficit, with the result that at normal ambient ~
concentrations, a change in stomatal aperture leads to a change in Cj, whereas a change”
C,, as a result of a change in the rate of assimilation, has a rather smaller effect on stoma



ambient CO, concentration, C,

(“mol mol"*)

Figure 4. The average relation between stomaial conductance for water vapour (5,) and the ambient CO,
concentration for leaves of Belula pendula on plants grown for two months in currcnt (x 1) (n = 7) and double
the current (x 2) (n = 4) atmospheric CO, concentration. Measurement conditions as in figure 3. Unpublished
data of A. P. Sandford, A.J. Brenner and P. G.Jar\'is.

conductance (Jarvis & Morison 1981). Thus, at elevated ambient COj concentrations, C, does
not rise as much as would be expected if the stomata did not close and, consequently, the
increase in assimilation rate is less than might have been anticipated.

The combined effects of a reduction in stomatal conductance and a reduction in Rubisco
activity lead to a smaller increase in assimilation rate in response to an increase in ambient
CQOj concentration in acclimated leaves than would be expected from a consideration of un-
acclimated leaves with unresponsive stomata at the present day CO« concentration (figure 5).

Water use efficiency

An increase in COj concentration increases the rate of assimilation and decreases the
Stomatal conductance. In leaves well coupled to the atmosphere, a reduction in stomatal
conductance leads to a near proportional reduction in transpiration rate (Jarvis &
McNaughton 1986). Thus, in growth chambers and assimilation chambers or cuvettes, a rise

concentration leads to an increase in water use efficiency (moles of COg assimilated per
“Jolcs of water transpired) on both counts. Even in species in which stomatal conductance
Ganges little, there is still an increase in water-use efficiency on account of the increase in
Aniilation.
is generally true for trees in the field because both individual trees and stands of trees
generally extremely well coupled to the atmosphere. The only major exceptions are
*ndiings and young trees in a dense understorey or with a multi-layered canopy above. In the
*n*ngrstorey of moist tropical forest, for example, COj concentrations are high (500-1000 ~mol
*) even today, on account of the respiration of soil, litter and wood (see, for example,
~Qina ei al. 1986), and water-vapour saturation deficits are very small, relative to the
‘Nosphere above (Shuttleworth el al. 1985). In these circumstances, assimilation by seedlings

N



CO, concentration, C/(“mol mol *

Ficcre 5. A diagram to show the possible consequences of an increase in ambient CO, concentration for*®
assimilation rate, taking into account likely effects on stomatal conductance. The line fZ is an A/C” functioa
as in figure 2. The line C, D depicts the stomatal conductance that intersects at point X to give the assimiladoi”
rate A™. If the stomata open or close somewhat the intereecdon moves xo Y or W giving the new assimiiadorf
rates of or A”, respectively. If Rubisco activity increases or decreases then assimilation moves onto the lina'
FD orrc, respectively, with higher or lower assimilation rates. A rise in the ambient CO” conccntradoo’
to 600 jtmol moi'™ with no change in Rubisco activity orstomatal conductance would increase the assirailatioo
rate to A®. Reductions in both could bring the assimilation rate back to Ai, or anywhere within the area
defined by CJ, CJ. and YZ.

is enhanced by ihe high COj concentration, although strongly light-limited for much of the
time (Kwesiga etd. 1986), and transpiration is very insensitive to changes in cither stomatai
conductance or saturation deficit, and is small except when the sun penetrates to the forest flooc
(Jan’is & McNaughton 1986).

Carbon dioxide at the stand andforest scales

For practical reasons, direct measurements of the effects of a controlled increase in CO|
concentration on processes in forest stands are extremely difficult, if not impossible, to make;
as yet there are no directly measured data and little likelihood of any in the immediate futuris,
Thus, at the present time, the likely effects of an increase in CO2 concentration can only te
estimated through the use of models from measurements of processes and variables made 0o,
unacclimated stands at present day CO” concentrations, and from measurements on seedling*
and young trees acclimated to increased CO” concentrations in artificial surroundings.

Measurements have been made of the exchanges of v/ater vapour and carbon dioxide by
range of plantation and woodland canopies in current atmospheric conditions (Jarvis et
1976; Jarvis 1986; Verma et al. 1986; Baldocchi et at. 1987) and these data can be used to
models of the influence of environmental and stand variables on the carbon dioxide baJan*
and water use efficiency of stands. Several suitable models for this purpose exist. 9@
codenamed MAESTRO (Grace el al. 1987; Wang 1988), is straightforward to run n
existing crown structure, stand structure and set ofenvironmental conditions and can indi”-
answers to the question; what would be the consequences for the assimilation, transpir™”
and water use efficiency of a stand of a doubling of the ambient atmospheric coi
concentration?

In attempting 10 answer this question, it is difficult to know what aspects of acclimatloo
increased co 2 concentration to take into account. It is clear from the preceding secuon
acclimation of the photosynthetic and stomatal parameters at the leaf scale sho



considered, but it is far from clear at present what other features of tree or stand structure and
processes, such as the distribution ofleafarea density, ratesofsoil respiration and decomposition
processes, etc. may also be subject to acclimation. In figure 6, COg assimilation by the canopy
of a stand of Picea sitchensis at the current ambient COg concentration, calculated using
appropriate leaf parameters in an assimilation sub-model based on that of von Caemmerer &
Farquhar (1981), is compared with estimates of canopy assimilation in an atmosphere of
double the current CO” concentration, again using appropriate parameters. The parameters
iised were determined for seedlings grown in controlled environment rooms at current and
ty/ice the current ambient COj concentrations so that the simulation compares current COj
concentration with current tree parameters against doubled CO” concentration with
appropriately changed parameters. The use of parameters measured on seedlings acclimated
in controlled environment rooms, although convenient, must be regarded as suspect. An
alternative currently being tried in pollution studies with Pinus laeda (R. O. Teskey & P. H.
Dougherty, personal communication), would be to expose whole branches of mature trees to
different COj concentrations in chambers, in situ in the canopy, for one or more growing
seasons, and to measure parameters on the foliage, which is likely to be at least partly
acclimated and also rather more appropriate in other respects.

800 1600
incident quantum flux density,
(?/(nmol m"* s~")

6. The relation between the total net CO, influx to a stand of Picea sitchensis calculated by using the canopy
niodel MAESTRO with appropriate parameters in the CO, and water-vapour exchange routines for the
currentatmospheric CO,concentration (L-L) and double the currentatmospheric CO, concentration (H-H).

1 ~e line L—H shows the resultif parameters for the current atmospheric composition are used with a doubling

in the atmospheric CO, concentrations. The solar beam fraction was assumed to be 0.5, the leafarea index 9.0,
the solar zenith angle 45®, the air temperature 20 °C and the water vapour saturation deficit 1.0 kPa.

figure 6 shows that canopy assimilation is likely to be increased by a doubling of the
,*Nospheric COj concentration, but not as much as would be expected if the parameters for
~nacclimated trees were used in the calculations for double the atmospheric COg
~Tcentration. Changing the parameter set or the CO” concentration did not have a large
j on the degree of co-limitation within the canopy, indicating that it is the influence of
structure on light interception, particularly the area ofleaves and the distribution ofleaf
density, that ensures that the majority of the leaves operate in the co-limited region,
~ch predictions cannot be verified directly but depend for their acceptance on adequate
Cation of the model against measurements of canopy functioning in the current
[ 207 ] Vol. 324- B



CO2 environment with respect to other variables. MAESTRO, for example, has been sho\vn
to predict accurately the radiation environment beneath the canopy ofstands  Pinus radiata
and P. silchensis (Wang 1988), and consequently may be applied with some degree of
confidence. ¢

Experiments on seedlings have shown that a doubling of the ambient COg concentration
may compensate to a degree for a reduction in the quantum flux density (see, for example’
Tolley & Strain 1984). If an increase in atmospheric GOj concentration compensates for
shading of the lower leaves in the canopy and thereby reduces leaf senescence, the sustainable
leafarea will be increased, more radiation will be absorbed, and there may be a further increase
in CO2 assimilation and growth. That the growth of forest may increase in relation to the
increase in COj concentration, as a result ofincreases in both the assimilation flux density and
the leaf area concentration, seems likely but is speculative. J

At the stand scale, we must necessarily also be concerned about the consequences of an’
increase in COj concentration on mineralization processes in the soil and on nutrient cyclingl
through the system because these processes may ultimately limit the extent to which®
photosynthetic efficiency can be increased or leaf populations maintained. Similarly, ani
increase in stand leaf area will lead to an increase in both the amount of precipitation
intercepted by the canopy and evaporated directly to the atmosphere and the transpiration loss®
of water (Jarvis & McNaughton 1986), so that the availability of water may act to limit the®
projected increase in growth resulting from the increase in COj concentration. This point is*
further complicated because there may be increases in both water use efficiency and in leafarea®
per tree, with opposing effects upon total tree water use. More complex models of stand-
processes are required to take these possible feedbacks into account.

Effects of forests on atmospheric CO?2

Forests accumulate large amounts of carbon in woody branches, stems and litter. The]
standing crop ofdry matter may typically vary from 100-500 t ha“~t- ~ stand of 320 t ha'* of:
dry matter of typical composition will have taken up approximately twice that amount
CO2 during its period of growth, thus reducing the content of the atmosphere by thata
amount. H

Measurements of the net CO2 flux made about the canopy show that during the growing™
season, net assimilation of COj from the atmosphere by forest reaches a maximum during the
course of the day of around 20 (£ 10) jimol m”~s“~ (figure 7), whereas losses of COj by,
respiration from the stand at night may range from about 10 % of the daytime fluxes in young™
stands to 50 9% in old growth stands that have a net exchange of zero over 24 h (Jarvis W
1976; Jarvis 1986, 1987; Verma etal. 1986; Baldocchi eial. 1987). High temperatures andlo”
humidities reduce the CO2 influx by increasing stand respiration and decreasing canopy”
conductance, (figure 8), and water stress causes a similar reduction. The daily course of <
COg assimilation from the atmosphere by agricultural crops and many other kinds j

vegetation falls within the same range of values. SN
On a regional scale, the effect of these rates of uptake on the atmospheric COj concentrati'”

can be estimated from a COj mass balance of the convective boundary layer (cbl)~A™ ~
conditions overnight often result in high concentrations of COg of 400-600 nmol

of 1 hcctare (ha) = 10" m®.



quantum flux density, Q/(}JAmol m"* s“*)

fiouRE 7. The relation between the net CO, influx from above to a stand of Picea silchensis (/<<) and the incident
quantum flux density (Q). The data shown were classified with respect to the water vapour saturation deficit
of the air, which is strongly correlated with air temperature. Each point is the median of 6-20 mean hourly
measurements. Adapted from Jarvis el ai (1976).

surface layex close to the vegetation. As the sun rises and fluxes of heal, water vapour and
CO, are generated at the surface, the overnight inversion disperses and the COg concentration
in the cb1 is reduced by the vegetation. If we assume, for simplicity, an average daytime
COj flux density of 10 ~mol s“*, the total daytime influx will be of the order of 450 mmol
m'. As the day develops, in unstable conditions the cb1 may grow from a few metres to
hundreds of metres in depth, driven by the fluxes ofheat and water vapour at the surface (sec
Andr”?, this symposium). Thus, as CO” is removed by the vegetation, entrainment through the
capping inversion at the top of the cbl adds warmer, drier air containing CO2 at the current
~asonal atmospheric concentration (McNaughton 1989). If the cbl grows during the day to
adepth of 1000 m, from which a total 0 f450 mmol m"® COg are removed, the average daytime
reduction in COg concentration throughout the cb! will be 10 nmol mol”* The concentration
will be uniform throughout the mixed layer but there will be a substantial vertical gradient in
surface layer so that the maximum daytime reduction of the COj concentration near the
leaf surfaces within the vegetation may be up to ten times as large, or 100 jimol mol™\
depending on the degree of coupling of the vegetation to the atmosphere (Jarvis 1985). This
drawdown in the COj concentration by vegetation is usually measured relative to the
atmospheric concentration at a reference level just a few metres above the vegetation surface
®nd, does not take into account the reduction in concentration across the surface layer above
throughout the mixed layer, and hence is generally considerably underestimated
(McNaughton & Jarvis 1983). Thus, on a regional scale, there is frequently a substantial daily
*Aillation in the CO2 concentration from, say, 500 jimol mol“~in stable conditions at night to
A~ Mmol mol'* in unstable conditions during the daytime close to the leaf surfaces, and
~emfespondingly smaller oscillations occur some distance above the vegetation.

Measurements of COj influx to forest stands are few and restricted to short periods of a
*\per of days during the main part of the growing season, usually in better than average
~Niher. There are insufficient measurements of this kind from even one site to enable
ANputation of seasonal fluxes. Estimates of seasonal changes in CO” flux on a regional scale

of necessity therefore, be made using much coarser methods. Recently, Fung el al. (1987)



have partitioned estimates of soil respiration and net stand COj assimilation month by monti
on the basis of seasonal variation in the normalized difference vegetation index (ndvi'
determined by remote sensing for 32 different vegetation types in 4° x 5° grid boxes, to obtain
the seasonal exchanges of CO” shown in figure 8. Over the seasons, assimilation and respifatioi
of temperate and boreal evergreen forest generally follow temperature synchronously so tha'
there is scarcely any period of net carbon loss (figure 8«/). Young trees of spruce and pine u
Norway and Scotland, for example, have a positive net carbon balance in every month of th<
year on average (Hagem 1947, 1962; Bradbury & Malcolm 1978). For deciduous forest, or
the other hand, substantial asynchrony occurs in the spring and autumn, particularly th(
former when stand respiration may substantially exceed assimilation, and this can lead tc
significant periods ofconsiderable net carbon loss (figure 8<r). By contrast, in the tropics, when
seasonal variation in environmental variables isgenerally small, there is little seasonal variatiolD
in either assimilation or respiration rates so that the net flux of CO” also shows little seasonal
variation, and in climax forest, where the fluxes of respiration.and assimiladon ajJ
approximately equal, little departure from zero (figure 8"I). ij
This comparison shows the way in which seasonal variation in assimilation and respirati(w
is likely to lead to an annual oscillation in the regional net COj flux between atmosphere and
vegetation. The seasonality of temperature and radiation in particular, generates th"
oscillation and this is exaggerated by asynchrony between respiration and assimilation, largclj
resulting from the phenology of leaf growth. N
The amplitude of the measured oscillations in atmospheric COj concentradon is small n
the Equator and in the Southern Hemisphere, but increases to abopt 17 *mol mol" atlatitudl
of ca. 75° N (figure 8} (Komhyr a/. 1985). By combining the seasonal CO, fluxes of t?
different vegetation types with a three-dimensional tracer model, Fung et al. (1987) macS
predictions of the seasonal oscillations in the atmospheric CO” concentration as a function'0
latitude. Figure 9 shows that the mode! ofseasonal COg influx and efflux by different kinds C
vegetation also predicts the change in amplitude of the annual COj oscilladon with ladtud
quite adequately (Fung et al. 1987). The increase in amplitude of the oscilladon at higfi
latitudes can be attributed to the more extensive areas of vegetadon in the Northert
Hemisphere as compared with the Southern Hemisphere, associated with large seasohJ
variations in day length, quantum flux density and temperature, together with seasom
changes in the standing crop ofthe vegetation and a degree ofasynchrony between rpiratio
and assimilation (Fung et al. 1987). !
A large part of the oscillation can be attributed to the northern, temperate and boreal fortf
Figure 10 shows that at Point Barrow (71° N) approximately 50% of the oscillation can W
attributed to the boreal forest, whereas at Mauna Loa (20® N) the boreal forest may accoi
for about 30% of the total amplitude (D’Arrigo et al. 1987). These calculations suggest
the COg dynamics of forest in the Northern Hemisphere have a major role in determining
annual seasonal oscillation in atmospheric CO2 concentration. Unfortunately, however, \
is no means of determining whether the estimated fluxes used in the calculations 3
appropriate, because at present there are no appropriate field measurements being made
net CO2 exchange of forests or other areas of vegetation. .
Since 1976, the amplitude ofthe COj concentration oscillation in the Northern Hernisp” 3
has increased by about 10%, or close to 1% per annum. The oscillation at Mauna
for example, increased from 6.0 [imol mol"~ in 1976 to 6.6 jimol mol"* in 1986, an incrcase”
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*sio0URE 8. Examples of monthly fluxes ofcarbon (grams persquare metre per month), using an exponential relation
to describe the dependence of CO, assimilation on the remotely sensed ndvi for: (a) tropical rainforests, 6* S,
60* W ; (b) tundra, 70* N, 160° W ; (r) deciduous forests, 54* N, 35® E; and {d) evergreen forests, 54* N,

95* W. Respiration (positive is shown by (---)> assimilation (negative) by {----) and the net carbon
flux by (-—--—--). From Fung el al. (1987).
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Oscillation at the earth’s surface in relation to latitude by using data like that in figure 8 for 4® latitude x
5" longitude model grid boxes. From Fung elal. (1987).

*®*pUtude equivalent to 0.8 Gt ha“~ofcarbon since 1976 (Revelle & Kohlmaler 1986). In the
y~Rjust before 1976 there was a hiatus in the atmospheric COj concentration record as a
ANt ofthe oil crisis, and there is less evidence for such an increase in amplitude in the period
feeding the oil crisis in 1973. Over the 23 years 1961-1984, there has been an average
A*nhase 0f0.8% per yearat Mauna Loaand 1.1 % peryear at PointBarrow (G. H. KohImair,



Figure 10. The calculated annual oscillation of atmospheric CO, at Point Barrow Alaska (71“N, 157*
including (------) and excluding {--¢) the temperate and boreal forests. From D’Arrigo etal. (1987).

R. Revelle and C. D. Keeling, unpublished report 1985). The reason for this increase m]
amplitude over the past ten years is at present unclear, but on the basis of the above'
demonstration of the involvement of boreal forest, we may suppose that an increase ini
amplitude does reflect an increase in the rate of assimilation by the temperate and boreali
forest.

An increase in the annual oscillation of 1% represents a fluctuation in the amount ofj
CO2 in the atmosphere that is equivalent very approximately to an increase in 1% of t»
annual net productivity of the temperate and boreal forests. Thus a small increase in forcit’
productivity could be sufficient to account for the increase in the oscillation.

An increase in assimilation by these forests could result from one or more of the consequenc
of the rise in atmospheric COj concentration. It could, for example, result from the rise in
COg concentration itself leading to an increased rate of assimilation at the leafscale. Allowing*
for a CO2 compensation concentration of the forest ofabout 150 jimol mol"~ (Jarvis 1985), an ;
increase in ambient COj concentration of 15 nmol mol“~ could be expected to lead to a 7%
increase in the rate of assimilation. This fertilizing effect of COj might also be supplemented j
by the addition ofsignificantamounts ofnitrogen in the precipitation (10-20 kg ha"~ perycar)®
as a result ofthe global increases in pollution, and both effects may lead to long-term increases™
in leaf area of the vegetation. There is some evidence for increase in leaf area in the rccenljj
measurements ofndvi but the record only goes back eight years and consistent calibration over®
the period is a problem. A global increase of temperature over the past 10 years 0f0.25 “C,
demonstrated by Jones etal. (1988), could also be expected to increase assimilation by a smau”
percentage, and although respiration would also be increased, a degree of asynchrony betwce**
the two would lead to an increase in amplitude of the oscillation.

If the atmospheric COj concentration is so sensitive to the physiological activities
vegetation, particularly forest, proper consideration must be given to the possible role
vegetation in ameliorating the rise in atmospheric CO2 concentration. A forest accumuiaO”,
dr\- matter of average composition with respect to fats, proteins, carbohydrates and ;
a rate of 5 tonne ha"” per year, the approximate average for the U.K. (Jarvis 1981))
assimilate COg at a rate ofca. 10 tonne ha"~ per year (Jarvis & Leverenz i983)> remo



carbon from the atmosphere at 2.7 t ha"* per year. Consequently, an area of such forest of
2Gha would be able to assimilate the 5-6 Gi per year of carbon currently being added to the
global atmosphere annually by the burning of fossil fuels and the possible oxidation ofsoil and
~vood organic matter. The approximate area of Europe is 1Gha (10x 10®km*). Thus a new,
young, actively growing forest twice the area of Europe, could, in principle, assimilate all of the
COj produced through combustion and oxidation at the present rate. This could rvot, however,
proceed indefinitely.

If the eventual standing crop of dry matter reached 400 t ha~* (218 t ha~* of carbon), such
a2 Gha forest would be able to absorb 5-6 Gt per year of carbon for ca. 80 years. As a forest
approaches maturity, however, the annual respiration increases, so that eventually a steady-
state is achieved, the total standing crop becomes constant and there is no further increase in
the amount of COj being sequestered each year. If the forest is left unmanaged, the trees will
eventually die at different times and be replaced naturally: assimilation of CO” and its
oxidation will go on at the same annual rate, and there will be no further net gain of COg to
the forest or net exchange with the atmosphere. Thus, every 80 years or so, it would be
necessary to establish an additional new forest twice the size of Europe. This is clearly an un-
tenable projection.

Alternatively, if the forest is managed so that as the trees mature they are harvested and
replanting occurs, the total biomass over the area will remain constant, but the forest will be
growing all the time. This prospect carries with it the corollary that the timber produced must
not, on any account, be oxidized and that means that it must be utilized in some way so that
the risk of it burning is negligible. Most of the wood products in our society are of relatively
recent origin, wood harvested more than 300 years ago mostly having burned or decayed. It
seems unlikely that large, annual crops of timber could be treated or stored in such a way that
there was absolutely no risk of their combustion. One possible location to store them might be
the bottom of the sea: another might be to put them in the coal mines! In cither ease, no
additional energy should be consumed in the process, as this would further exacerbate the
increase in atmospheric CO* concentration!

Conclusions

Adoubling of the present atmospheric COj concentration is likely to occur by the end of the
"ext century and will have many 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, but the details of its action as an activator and regulator of
Aubisco arc only being elucidated at present.
Many measurements at the leaf scale of COg assimilation in relation to ambient COg
~ncentration show a marked stimulation of COg uptake, but few such measurements have
made on fully acclimatcd plants or trees. There are useful biochcmically based models of
assimilation at the leaf scale, but there is little information on which to base
PANmetrization of these models for fully acclimated leaves. Because COj regulates stomatal
*Pcrture to some extent many observations have been made of the effects of raising the ambient
concentration on stomatal conductance. The results are very variable and in some trees,
~ "ticularly conifers, stomatal conductance seems rather unresponsive to changes in ambient
~2 concentration. However, lack of a mechanistic model of stomatal action makes
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explanation difficult. The possible role of COg in regulating other physiological processes suclh
as leaf growth is unexplored. j

There have been several experiments to investigate the effects of increase in atmospheri*
CO2 on the growth of seedlings and young trees. The results are very varied in magnitude
response and the experiments generally suffer from several inadequacies. In particular, the
experiments are virtually all short term (less than twelve months) on very young trees that ar®
often pot-bound, with growth restricted by the lack of active sinks and in nutrient-deficient
condition. There is a considerable need for long-term experiments in which growth is not
artificially restricted by unsuitable, experimental conditions. i

The experimental approach is not practicable with much older trees, stands and forests. The
effects of COj on processes at the stand scale can only be assessed through models. Adequate
models of water vapour and COj exchange exist at the canopy scale and can be used "
demonstrate the likely effects of an increase in atmospheric COj concentration on canopj
processes. However, models ofstand processes taking into account feedbacks within the stand
such as the interactions between leafcomposition and rates ofdecomposition, are not availabl
At the larger scales of forest and region, a very complex network of processes requires to
taken into consideration and there is quite insufficient information about the effects of CO, ol
these processes to permit reasonable predictions. n

An alternative approach is to look at the effects of forests on the atmosphere and hence
deduce whether the atmosphere may also be affecting the forests. The amplitude of the seasons,
oscillation in atmospheric COj concentration is increasing and seems to indicate that thi
temperate and boreal forests are an mcreasmgly large smk for atmospherlc CO2. However, tI|
concentration of COj in the atmosphere contlnues to rise at a rapld rate and it seems unlikel;
that the area of global forests could be expanded sufficiently to have a significant impact
the rise in atmospheric COg concentration.
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b p.G.Jarvis. | agree that it is quite likely that the reported rise in temperature by Jones et al.

(1988) of ca. 0,25 °C over the past eight years could well contribute towards the increase in
j~pUtude of the seasonai CO” oscillation.

\V. G. Chaloner, F.R.S. [Department oj Biology, Royal Holloway <€ Bedford New College, Surrey,
i/.X.)* Professor Jarvis has commented on the problem of time-scale in assessing the capacity
ofplants to adjust or acclimate to a raised level of CO*. I invite him to consider what kinds of
Captation might occur if elevated CO” levels prevailed long enough to select, as it were,
ecotypes particular to that environment. One might speculate that higher CO2 might favour a
lower stomatal index in a given plant population. Might this in turn give marginally higher
water-stress tolerance? | only raise this to question whether acclimation experiments give an
adequate picture of what long-term changes might bring about

P.G.Jarvis. There have been only three acclimation experiments with young trees lasting
more than 12 months that 1 am aware of, and all three have been unsatisfactory because the
plants became pot-bound or suffered heat stress. 1 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 Derek Eamus and 1 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. Cannell {Institute of Terrestrial Ecology, Edinburgh, U.K.). Does elevated CO” decrease
the activity of Rubisco - its affinity for CO” - or does the plant produce less Rubisco? How
does nutrition affect the negative impact of elevated CO* on Rubisco activity?

P.G.Jarvis. There are only a few studies in which long-term effects ofa doubling of ambient
COMconcentration on Rubisco have been investigated, and none on trees that | am aware of
Some recent investigations by Rowan Sage (Sage et al. 1989) on herbaceous plants show
iHat several of the above alternatives may occur in various combinations, for example a
reduction in amount of Rubisco with either an increase, a decrease or no change in activation

I know of no experiments in which Rubisco activity has been related to elevated COj in
Ninbination with different rates of supply of nutrients.

J-Roberts [Institute of Hydrology™ Wallingford., I should like to raise another issue with
~Mspect to plants adapting to high CO” environments. Do not seedlings, understorey plants and
young saplings in any case grow in high COj conditions that occur at the forest floor?

Jarvis. Yes, this is certainly true in tropical forest. Close to the forest floor (i.e. within a
AQtimetre or two) in both temperate and tropical forest, the CO” concentration is several
~usand micromoles per mole and within the litter the concentration may be much higher,

lemperate forest, the concentration falls steeply with height above the ground because of
luite good coupling to the atmosphere above, so that seedlings are not really growing in
N8'Cnriched atmosphere during the daytime. (In stable conditions at night the
ANntration isvery much higher throughout the stand volume.) However, in multi-storeyed,
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tropical forest the air near the ground is very poorly coupled to the atmosphere above and, as
Ernesto Medina has shown, seedlings grow in an atmosphere ofincreased COg for most of the
time. This COj comes from the decomposition oforganic matter, much ofit from the canopy 3

above and thus represents an internal recycling that leads to large values in the seedling*
such as —40% (Medina et al. 1986). ’

4
H. G.Jones (AFJIiC Institute of Horticultural Research® Wellesboume, U.K.). Professor Jarvis m

mentioned the difficulty of using information from experiments where COg concentrations are
only altered for short periods for the prediction ofvegetation responses to altered atmospheric’
COj concentrations. In particular, he concentrated on acclimation of the photosynthetic
system, but can he comment on the importance of other possible developmental responses to
CO, such as altered leafarea and altered phenology?

P. G.Jarvis. Dr Jones has touchcd here on an important and as yet unresolved scientific!
question. There is no doubt that leaf area is enhanced in many experiments in which thcj
ambient COj has been doubled and a ‘direct’ effect ofCO2 on leafgrowth has been postulated'
more than once. It isvery difficult to tell from experiments done so far whether an increase inl
leaf area is purely and simply the result of an enhanced supply of substrate resulting from a
higher rate of photosynthesis, or whether there are actually direct morphogenetic effects of'
COj on the rate and duration of leaf production, number of cell divisions, and size of cells in]
the leaves, etc. Suitable experiments to discriminate between these two possibilities have not,i
so far as | am aware, been done.

There isabundant evidence, however, that increase in the ambient CO, concentration docsj
increase the root:shoot ratio ifnot accompanied by an increase in rate of nitrogen supply. TImj
is compatible with current models of assimilate partitioning in plants that relate alteration toj
root and shoot to the relative rates of supply ofcarbon to the leaves and nitrogen to the rootsJ
An increase in the rate of supply ofcarbon for photosynthesis has effectively the same result as
a decrease in the rate of supply of nitrogen to the roots. d

R. Amtmann {German Military Geophysical OJice, Mont Royal, F.R.G.). Looking at the Mauna®
Loa lime series, some scientists suggest that the most prominent relative peaks of this time scnes®
can be explained by the El Nino/Southern Oscillation phenomenon. Does Professor Jarvu
think that it is necessary to take this phenomenon into account or is it possible to explain thc?
occurrence ofthese major peaks by the natural variability in the photosynthetic activity of
global forests alone?

P. G.Jarvis. | am unable to give an adequate reply to this question.
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Discussion

J. I. L. Morison {Department of Meteorology, University of Reading, U.K.). Commenting on 1
increased amplitude of the seasonal cycle ofglobal COg concentration observed in recentyc
Professor Jarvis has attributed this speculatively to the direct effect of COg on biosph*
fixation rates or to the increased nitrogen inputs mentioned by D. Fowler (this symposiun
Equally, it should be recognized that climatic changes already occurring could introdu
asymmetry into the COj fixation and production ofthe biosphere. For example, workers at

CUmate Research Unit at East Anglia have identified that recent years,

been warmer.



