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ABSTRACT

There is abundant evidence that a reduction in mitochon-
drial respiration of plants occurs when atmospheric CQ
(Cp is increased. Recent reviews suggest that doubling
the presentC, will reduce the respiration rate [per unit
dry weight (DW)] by 15 to 18%. The effect has two com-
ponents: an immediate, reversible effect observed in
leaves, stems, and roots of plants as well as soil microbes,
and an irreversible effect which occurs as a consequence
of growth in elevatedC, and appears to be specific to £
species. The direct effect has been correlated with inhibi-
tion of certain respiratory enzymes, namely cytochrome-
c-oxidase and succinate dehydrogenase, and the indirect
or acclimation effect may be related to changes in tissue
composition. Although no satisfactory mechanisms to
explain these effects have been demonstrated, plausible
mechanisms have been proposed and await experimental
testing. These are carbamylation of proteins and direct
inhibition of enzymes of respiration. A reduction of foliar
respiration of 15% by doubling present ambient C,
would represent 3 Gt of carbon per annum in the global
carbon budget.
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INTRODUCTION

There have been indications in the literature of a direct
effect of elevated atmospheric €€ncentration,) par-
tially suppressing higher plant respiration since the late
nineteenth century (Kidd 1916; Mangin 1896 quoted in
Murray 1995). Over the last 15 years such an effect has
been frequently reported both as rapid reversible responses
to elevatedC,, and as longer term responses measured on
plants grown continuously at elevat€ (reviewed in
Amthor 1997; Drakest al. 1997b; Curtis & Wang 1998).
Inhibition of respiration by elevate@, has also been
reported for microbial respiration (Dralet al. 1997b).
Mechanisms for this inhibition have not yet been demon-
strated unequivocally, the fast acting reversible response
being particularly mystifying. If there is a significant effect
of the globally risingC, on higher plant or microbial respi-
ration rates then there are likely to be substantial implica-
tions for the global carbon cycle and agricultural systems.
To quantify the implications and understand them suffi-
ciently to allow a predictive capability, requires knowledge
not only of respiration and the exact character of the sup-
pression, but also of the role of autotrophic and het-
erotrophic respiration in ecosystem processes.

We use the term respiratioR, (umol g DW™) to mean
the consumption of Qor the efflux of CQ per unit dry
matter and we concentrate on effects observed @hén
in the range of 0—100@mol mol™. Two kinds of effects of
elevatedC, on apparent dark respiration in intact plants or
tissues have been reported (Amthor 1991; Gonzalez-

g Meler, Drake & Azcon-Bieto 1996a; Drakeal 1997b): a
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reduced by exposure to elevateg and an indirect effect
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in which respiration of plants grown in elevategddiffers expressed on a dry-mass basis. In an expanded meta-anal-
from the respiration of plants grown in normal ambi@gt  ysis, Curtis & Wang (1998) reported that leaf respiration
when measured at a common valu€gf expressed on a dry-mass basis was reduced by 18% in

In this paper, we review the data available on the effect woody plants grown at elevat€j concentrations.
of elevatedC, on respiration, discuss the potential bio-  The analyses of Poortet al. (1992), Curtis (1996), and
chemical candidates for a mechanism whereby changes irCurtis & Wang (1998) did not attempt to separate the direct
ambientC, could bring about changes in the rate of respira- effectsper sefrom the indirect effects which probably occur
tion, and consider the potential effect of elevafxdon as a result of acclimation of the plant to eleva@gdDrake
changes in construction, maintenance and transport costset al. (1997b) indicated an average 18% direct inhibition for
With the aid of a model for the global carbon cycle, we foliage while Amthor’s (1997) analysis of 36 species in 45
evaluate the significance for the global carbon budget of studies reported 15% direct inhibition in shoots, leaves and
reduced dark respiration in foliage. We also suggestroots due to a doubling of tt@, Both Amthor (1997) and
research goals for determining the mechanistic basis forDrake et al. (1997b) reported that the indirect effect was
the impact of risin@, on dark respiration of plants. smaller than the direct effect. The acclimation effect gener-
ally results in reduced respiration (Bakeal 1992; Azcon-
EVIDENCE FOR THE EEFECT OF ELEVATED Bieto gt al. 1994), alth.ough in some experiments acclimation
C. ON RESPIRATION led to mcrgased respiration (Thonqmal. 1993). _

a Mechanisms suspected to be involved in the direct and
An increasing number of studies have reported directindirect effects (discussed below) include changes in car-
and/or acclimation responses of higher plant respiration tobohydrate availability, growth rate and biomass allocation,
C, enrichment (Table 1). These responses have beeraltered chemical composition of tissues, interactions
observed in leaves, whole-plants, roots and in the stems obetweenC, and key respiratory enzymes, and dark,CO
woody plants (Gonzalez-Melet al. 1996a; Ryaret al. fixation (Amthor 1991). Other aspects of the responses that
1996; Wullschleger, Norby & Hanson 1995). have been explored include the effect€gbn growth and

Poorteret al. (1992), who produced the first quantita- maintenance respiration, the apparent paradox of increased
tive analysis of data on the tissue-specific response of resgrowth rate and reduced respiration (Bunce 1994) the
piration to elevatedC, reported both increases and potential interaction of nutrients and temperature in the
decreases in leaf, root and whole-plant respiration as aresponses t€, (Wullschleger, Ziska & Bunce 1994) and
result of exposure to elevatét]. Estimated changes in the biochemical mechanisms involved in a direct effect of

respiration due to elevatdgj, averaged across 41;@nd C,on mitochondrial respiration (Gonzalez-Meler, Drake &
six C, species ranged from a 168timulationof respira- Azcon-Bieto 1996a).
tion when expressed on a leaf-area basis to aithi- Is the effect of elevate@, on respiration an artifact of sys-

tion when expressed on a dry-mass basis. By contrasttematic measurement errors? Two candidates for producing
Curtis (1996) conducted a statistical meta-analysis of pub-systematic artifacts in gas exchange systems are dilution of
lished data on leaf respiration for trees grown at elevatedthe air by transpired water vapour and leaks between the
C, and reported a significant reduction in respiration chamber and the surrounding air. Although each of these
regardless of whether the data were expressed on a masuld, under certain conditions, produce an apparent reduc-
or area basis. This analysis did support the basic conclution in CQO, efflux, in most available studies, insufficient
sion of Poorteret al. (1992) that the magnitude of the data are given to conclude whether or to what extent these
effect was dependent on how the data were expressederrors were necessarily a part of the experiment. Moreover,
with the apparent elevated,-induced effects on area- no one has produced a convincing set of experiments
based rates of respiration being only about half thoseaccompanying measurements of respiration to permit us to
conclude that these potential sources of artifacts are capable
of causing the sort of errors needed to produce the effects
Table 1. Estimates of the direct effed,(%) of elevatec,onR observed (only the direct effect is involved here since the
in leaves of plants= is expressed as the ratioRy the rate of indirect effect could only result from changes in the tissue as
respiration measured in tissues grown and measured at el€yated 5 rasult of growth in elevategl). The correction needed to

to R,, the rate of plants grown and measured at normal ambient: _—_—
E = [(RJR,~ 1)x 100]. Elevated, is defined in each review and account for the dilution produced by the small amount of

the range varied from 550 to 8phol mol™-. The number of water vapour added by transpiration in the _dar_k, even at
species$) and the number of values used in the analyiare 30 °C, alters the uncorrected values of respiration by less
also indicated than 2%. Data obtained using the oxygen electrode (Azcon-

Bieto, Gonzalez-Meler & Drake 1994; Gonzalez-Mader
Review E (%) S n al. 1996b; Reuveni & Gale 1985) and £ifra-red gas
Amthor 1997 15 23 140 analysers with chamber.s sealed- and immersed in a \(vater
Curtis & Wang 1998 18 14 31% bath (Box and Drgkg, .gnpybllshed results), allowing
Drakeet al. 1997b _18 23 53 measurement of the inhibition in the absence of leaks, show

that neither of these potential errors obviate the conclusion
* trees only that elevate, reduces the rate of respiration.
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Nevertheless, there remain data in the literature which of cytochrome oxidase (40-50%) by much higGg(over
do not fit the observed pattern of reduced respiration on1% CG, in air) has also been reported for plant cells, iso-
elevatedC, and these data challenge us to understand thelated mitochondrial and beef heart enzyme (Peteal
mechanistic basis for the effects of elevaigdather than 1991, 1992). The alternative oxidase appears to be insensi-
to dismiss the phenomenon. Evidence from controlled- tive to changes inC, (Gonzalez-Meleret al. 1996b;
exposure studies and related experiments suggests that reReuveniet al. 1995) even &€, up to a concentration of 5%
piration may increase, decrease or remain unchanged irin air (Paletet al. 1992). Inhibition of mitochondrial
response to elevate@, (Gifford, Lambers & Morrison enzymes and Quptake activity by twice normal ambient
1985). Area-based rates of respiration are sometimesC, provides evidence of a true direct effect of elevagd
higher for leaves exposed to elevategdthan are rates  on respiration but cannot account directly for the observed
based on dry weight (Poortet al. 1992), although Curtis  magnitude of the direct effect (Gonzalez-Meler & Siedow
and Wang (1998) found little difference between these two 1999). It is obvious that in cases where direct inhibition of
approaches to expressing the results. Two possible biologi+espiration by elevate@, exceeds the direct inhibition of
cal effects that could give very different results with ele- the reported mitochondrial oxygen uptake, other mecha-
vated C, are leaf age and carbohydrate (CHO) status. nisms are also responsible for the direct effect. Inhibition
When CHO is increased in leaves using light as the meanf respiration by elevated G@s a consequence of inhibi-
for increasing CHO, respiration usually increases (Azcon- tion of cytochrome oxidase is proportional to the degree of
Bieto & Osmond (1983). Similarly, in young, rapidly control that cytochrome oxidase exerts on respiratory
expanding leaves, respiration was higher in plants grownmetabolism. In most metabolic conditions the flux control
in elevatedC, (Hrubec, Robinson & Donaldson 1985) but coefficient of cytochrome oxidase is low (less than 0-10),
this effect persisted only for the first 3 weeks of growth. and therefore inhibition of the enzyme will result in little

To summarize this section of the paper; there is abundantinhibition, if any, of tissue Coefflux (Gonzalez-Meler &
evidence that the respiration rate measured in matureSiedow 1999). In mitochondria without ADP limitation of
foliage, stems and roots is often less in plants grown andactivity, the control coefficient can be as high as 0-66
tested in elevated than in normal ambi€pt Two effects (Gonzalez-Meler & Siedow 1999) and under these condi-
have been identified: a direct, reversible effect which tions, one might predict that inhibition of the activity of the
occurs in all plants tested; and an indirect, irreversible enzyme could result in reduction in the efflux of £LO
effect which has been observed onh\Cipiplants grown in Several potential mechanisms exist whereby elev@ted
elevatedC,, Artifacts of measurement may have altered the might act on plant enzymes to modulate their activity.
magnitude of the effect in the experiments reported to dateThese include the carbamylation of proteins by, Girect
but we have yet to identify a mechanism which would per- inhibitory effects of CQ bicarbonate acting either as a
mit us to explain effects in terms of a physical property substrate mimic or as the end-product of a particular
related to experimental protocol. We now consider the enzyme reaction, direct inhibition of respiratory £O
effects of elevate@, on respiratory control mechanisms.  uptake by enhancement of the rate of dark G@ake, and

effects of increase@, on intracellular pH.
Carbamylation involves the reaction of dissolved,CO

RESPIRATORY CONTROL MECHANISMS with a free amino functional group, most commonly the e-
amino group on the side chain of lysine residues in pro-

teins, by the following reaction:
Inhibitory effects of CQbicarbonate levels on the vitro __
activities of a number of respiratory enzymes in different R—NH, + HCO;"= R-N(H) - C(0)0 + H,0
plant tissues have been reported (Amthor 1991; Gonzalezdf the formation of the carbamate affects enzyme activity
Meleretal. 1996a). These enzymes include both adenosine(positively or negatively), then a doubling ©f will dou-
triphosphate (ATP)- and PPi-dependent phosphofructoki- ble the amount of carbamylated protein present and affect
nases (glycolysis), malic enzyme (mitochondrial matrix), the enzyme’s activity accordingly. The site of inhibition of
and cytochromes oxidase and succinate dehydrogenase cytochromec oxidase byC, discussed above has not been
(mitochondrial electron transport chain). In the experi- established. However, it would not be surprising to find
ments just quoted, thé, used was much higher than the reaction with CQ to form a carbamate responsible for
expected atmosphert, rise. However, in the case of the reducing the activity of the enzyme. A large number of
two electron transport chain enzymes, recent studieslysine residues are known to exist throughout the protein
(Gonzalez-Meleret al 1996b; Reuveni, Gale & Mayer (Tsukiharaetal 1996).

Mechanisms for the direct effect

1995) have shown that inhibition by eleva@&gequivalent Direct competitive effects between €@nd substrate
to twice normal ambient, occurs within minutes of the  may be another mechanism by which elev&gdan theo-
elevation of the CQor bicarbonate. retically affect the activity of respiratory enzymes. This is

The activity of cytochrome oxidase isolated from beef the mechanism of inhibition of succinate dehydrogenase
heart or obtained from soybean cotyledon and root mito- by bicarbonate, where a number of small anionic species
chondria was inhibited about 20% by an increasg,iof are known to displace succinate at the active site
360 umol mol™ (Gonzalez-Meleet al 1996b). Inhibition (DerVartanian & Veeger 1964). It is reasonable to expect
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that many enzymes whose substrates are small anions (e.dMechanisms for the indirect effect
anion transporters) could show some level of inhibition by
bicarbonate. While any such bicarbonate-sensitive enzymeAs a result of effects on photosynthesis and water balance,
would presumably be affected by current level€ gidou- the long-term exposure of plants to elevatdcan be
bling of C, will enhance the inhibition beyond the level expected to produce biochemical (i.e. such as increased
existing at present. Likewise, any enzyme, such as a decarearbohydrate concentration and reduction in protein con-
boxylase that gives rise to GQor bicarbonate) as a prod- centration), functional (i.e. increased translocation rates)
uct has the potential to be subject to end-product inhibition and perhaps morphological and phenological responses, all
by that species. Increas€gwould be expected to enhance of which may result in altered rates of plant respiration.
the observed level of inhibition, relative to that associated Increased substrate supply, as occurs when light inten-
with currentC, levels, through simple mass action. sity increases, results in a higher respiration rate, as shown
The enhancement of dark GQuptake through the by Azcon-Bieto & Osmond (1983). But when growth is
increased activity of PEP carboxylase in the presence ofstimulated by elevate@, the respiratory activity has been
higher concentrations of its substrate, HG@epresents an  shown to decrease (Azcon-Bietbal. 1994). Acclimation
additional mechanism by which eleva@gcould inhibit the of respiration to elevate@, in mature stems oBcirpus
observed rate of respiratory GQCefflux. For G, and olneyi and leaves of.indera benzoirgrown in open top
crassulacean acid metabolism plants, the magnitude of thischambers in the field was correlated with a reduction in
effect would be very small because the Michaelis-Menton maximum activity of mitochondrial enzymes (Azcon-
coefficient K,) of PEP carboxylase for bicarbonate Bietoetal 1994). No acclimation effect of elevat€ghas
(10-25um, Ting & Osmond 1973; Nott & Osmond 1982) been reported for leaves of, @lants (Azcon-Bietcet al.
suggests that the enzyme is acting close to maximum activity1994) or non-photosynthetic tissues afplants. This dif-
under current levels of GQvhere the cytosolic bicarbonate ference in the indirect response of respirationgrmu@ G,
concentration is around 20&. However, in some {plants, plants to elevate@, suggests that such a reduction in res-
the K., for HCO;™ has been reported to be in the range of piratory capacity by elevatec, reflects a reduced need for
100-300um, suggesting that a doubling ©f could have a  the respiratory component of photorespiration.
significant effect on PEP carboxylase activity. However, any In rapidly expanding leaves, an increase in the supply of
long-term increase in the net uptake of,GBsociated with  substrate for respiration results from higher rates of photo-
enhanced dark CQuptake would presumably be accompa- synthesis (Azcon-Bieto & Osmond 1983). Mature leaves
nied by a build-up of intracellular organic acids (e.g. malate) of wheat grown at elevategl, had higher rates of respira-
that could act to attenuate the stimulatory effect of elevatedtion than controls grown at lo®, and this effect corre-
C,on PEP carboxylase activity (Amthor 1997). lated with the concentration of carbohydrates, notably
Enhanced levels of dissolved €€buld theoretically act  fructose and glucose. Subsequent studies by Hretbeic
to lower intracellular pH, with consequent effects on cellu- (1985) also documented the tendency of respiration to
lar metabolism, including respiration were the magnitude of increase in response to elevat&genhanced carbohydrate
the change large enough to affect any particular enzyme’ssupplies in young, rapidly expanding soybean leaves less
activity. However, given the presence of robust mecha- than 3 weeks old. During rapid leaf expansion, rates of sin-
nisms for maintaining the constancy of intracellular pH in gle-leaf respiration were 50% greater for plants grown at
plants (Bown 1985), it seems unlikely that a doublinGof  elevatedC, than they were for controls grown at ambient
would have any significant effect on cellular pH. C, and cytox was increased at eleva@dHrubecet al.
Other non-specific mechanisms by which ZHICO;~ 1985; Perez-Trijo 1981). During the very early stages of
could operate to affect the activity of plant enzymes development, the respiratory machinery can increase very
undoubtedly exist, but additional work is clearly needed to rapidly (Robertsort al. 1995).
identify the potential role that of any of the mechanisms  Such observations have added fuel to the belief that res-
cited above might have on plant metabolism, including piration rates will likely increase followinG, enrichment
aerobic respiration, and the enzymes that might be affecteddue to an accumulation of carbohydrates in leaves. This is
by them. an attractive hypothesis because it has long been reported
To summarize what can be said about the direct effect:that plants grown in elevated, have higher concentra-
elevatedC, has been shown to inhibit the activity of at tions of carbohydrates than controls (Thoregal 1993).
least two respiratory enzymes (Gonzalez-Med¢ral Amthor (1989) cited a number of experiments in which
1996b; Gonzalez-Meler & Siedow 1999). The control rates of respiration were not related to carbohydrate status
coefficients for these enzymes are too low under the con-and suggested that except in young, rapidly growing tis-
ditions expected to apply to mitochondria in intact leaves sues, where carbohydrates are readily consumed to meet
to explain the inhibition of whole tissue respiration by this the biosynthetic demands of growth, respiration was sel-
mechanism. It is possible that many enzymes are similarlydom limited by substrate availability. Instead, it was sug-
affected by elevate@, through a combination of mecha- gested that respiration was regulated by the rate at which
nisms; the two most likely ones being carbamylation and respiratory products, namely adenylates, NAD(P)H, and
substrate competition with GOWe now consider factors  carbon skeletons, were used to meet the energetic needs
which may determine the indirect effect. of growth, maintenance, transport, and nutrient uptake.
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While the growth of plants at elevat€g almost certainly protein turnover rates and in some cases (Mousseau 1993;
increases leaf carbohydrate concentrations, we have littleZiska & Bunce 1993; Bunce 1995; Teskey 1995) the reduc-
understanding how either the supply of substrate or thetion in respiration at elevatég), was reversible, suggesting
demand for ATP, reductants, etc. affects respiration. Thesethat it was not caused by changes in composition.
processes are no doubt important to our biochemical inter-Additionally, experiments which have attempted to sepa-
pretation of how respiration is controlled at the cellular rate growth and maintenance respiration have needed to
scale, but we are unable to extrapolate these effects tanake various assumptions, including the equivalence of
those operating at the scale of leaves and roots, let alone tgreen tissue respiration in light and darkness, which may
plants and ecosystems. well be incorrect (e.g. Atkiret al. 1997). Thus, the evi-
These additional complexities may best be dealt with by dence that plants differ enough in their biochemical com-
obtaining a better understanding of growth and mainte- position to substantially affect the respiratory costs of new
nance respiration, and by separating their relative sensitiv-tissue synthesis is not convincing (Chapin 1989; Poorter
ity to C, enrichment. In rapidly growing plants, the largest 1994). Therefore, the primary variation in growth respira-
components of respiration are those associated with thetion that might be attributable to elevat€g may arise
synthesis of new plant biomass, termed growth respiration,from CO,-induced differences in rates of growth and trans-
and with the uptake of nutrients from the environment. The port, and less from the nature of the materials synthesized.
respiratory costs associated with growth were derived the- The export of carbohydrates from leaves and the uptake
oretically from the biochemical pathways (Penning de of nutrients from soils are major energy-consuming pro-
Vries, Brunsting & van Laar 1974), and these values havecesses. If these transport-related activities or their specific
been found to agree closely with experimental data costs change with elevat€, rates of respiration needed
(Loomis & Lafitte 1987). to supply energy for these processes might also change. In
Two questions seem especially noteworthy regarding thea re-analysis of existing data, Amthor (1997) illustrated
changes observed in construction costs for plants grown athow failure to account for increased translocation costs at
elevatedC,. First, are the slight reductions in construction elevatedC, could result in an underestimate of leaf mainte-
costs sufficient to alter rates of respiration? Poagtesl. nance respiration. The capacity of excised roots fog NO
(1997) estimated that a 3% decrease in construction costsiptake was higher for plants grown at elevated
due to elevate@, exposure would lead to an 11% decrease Although the reasons for this shift in preference are not yet
(range 4% increase to a 27% decrease) in growth respirationknown, it is worth noting that the energetic cost of uptake
assuming no change in carbon concentration. Similar reduc-and assimilation may be higher for NCthan it is for
tions (10-11%) in growth respiration can be estimated from NH," (Bloom, Sukrapanna & Warner 1992) and it is possi-
the carbon concentration and construction cost data pro-ble that the energy expended to acquire nutrients may
vided for both yellow-poplar and white oak saplings grown change in plants exposed to elevatd Specific costs
at elevatedC, (Wullschlegeret al. 1997). Such a decrease in  associated with nutrient acquisition also vary among
growth respiration is well within the range of published val- species and probably depending on environmental condi-
ues (Thomaset al. 1993; Wullschleger & Norby 1992; tions (Lambers, Atkin & Scheurwater 1996). Such varia-
Waullschleger, Norby & Gunderson 1992). Second, do ele- tion is partly accounted for by the efflux of nitrate, which
vated Cinduced reductions in construction costs signifi- tends to increase with decreasing relative growth rate of
cantly influence calculations of plant carbon budgets? the plant (Lamberst al.1997).
Assuming all other parameters were constant, Poorter & Acclimation of plants to elevated, often reduces pro-
Villar (1997) argued that a decrease in construction coststein while increasing carbohydrate concentrations, which
(due to elevatedC,) would translate into a proportional ought to reduce and increase dark respiration, respectively.
increase in relative growth rate. Noting that the effects of But analyses of these effects of elevafgwn respiration
light and/or elevate®, on construction costs were small, have proved inconclusive, showing that understanding of
Poorter & Villar (1997) suggested that the consequences ofrespiratory control mechanisms are too rudimentary to
altered construction costs were also likely to be small in rela-account for the (relatively) subtle effects of elevaigdn
tion to growth. Poortegt al. (1997) similarly concluded that  the respiration. We now turn our attention from the mecha-
a change in chemical composition due to elev&iedas nistic basis for the effects of elevat€gdon respiration to
not expected to influence a plant’s carbon balance to anythe impact of this effect on the rates of respiration mea-
appreciable extent. Lower protein contents in plants grown sured for higher levels of organization.
at elevatedC, could reduce the respiratory costs of tissue

maintenance by lowering the rates of protein turnover. LINKING EFFECTS OF CO, ON SPECIFIC

Indeed, several experiments which have attempted to SePAn P IRATION IN CELLS AND TISSUES TO
rate growth and maintenance respiration in plants grown at

I . Z 7 T WHOLE PLANTS, ECOSYSTEMS AND THE
elevatedC, have indicated that maintenance respiration is GLOBAL CARBON CYCLE
lower at elevate@, (Bunce & Caulfield 1991; Wullschleger
& Norby 1992; Wullschleger, Norby & Gunderson 1992; Information (as developed above) on the physiology and bio-
Bakeret al 1992; Ziska & Bunce 1993; Bunce & Ziska chemistry of respiration have obvious implications for plant
1996). However, none of these studies actually measuredgrowth, ecosystem carbon balance and global carpde.
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The effects of elevate@, at these scales of integration hypothesis that the response of ecosystem respiration (per
have been studied and the observed responses are certainnit ground area) to elevat€y is determined by the effect
due to multiple effects of C{Opn processes (photosynthe- of elevatedC, on respiration of above-ground biomass
sis, water relations, allocation, plant nutrition). (e.g. study no. 7 Baket al. 1992 and study no. 8, Drake

If the specific respiration rate at the organ or plant level al. 1997b).
declines, what effects can be expected at the whole ecosys- Autotrophic respiration, measured as Leémission,
tem level? Respiration rate at the ecosystem level inte-accounts for the release of 40 to 60% of gross ecosystem
grates the effects of elevat€d on growth rate, total plant  photosynthetic C@fixation (Gifford 1994). Consequently
mass and allocation, species composition, and structuraleven a relatively small diminution of plant respiration by
aspects of the canopy. Studies that have reported the effecn increase in atmosphefig could have profound effects
of elevatedC, on whole ecosystem respiration are summa- on global carbon budgets and crop yield. The nature of the
rized in Table 2. respiratory effect of elevatét], would depend critically on

For the agricultural crops and native grasslands andwhether it were an expression of increased energetic effi-
ecosystems, ecosystem respiration (per unit ground area)¢iency of plant respiratory carbon utilization or whether it
was on average unaffected by elevatgg treatment leads to a decrease of all or some of the processes that are
although the results ranged above and below 1-0dependent for energy supply or carbon skeletons on respi-
(0-84-1-15). When respiration was normalized on biomass ratory activity. For example, if global gross primary pro-
there was an average of 17% reduction in the rate (exclud-duction were reduced by say 20% for a doublinG ghen
ing studies no. 3 and 7). The studies excluded are those byhe 90umol mol™ increase in CQconcentration that we
Bunce & Caulfield (1991), who found increases in biomass have seen since pre-industrial times would be causing a
with no increase or even a decrease in respiration and aiminution of global plant respiratory emission of g@l-
study by Schapendorét al. (1997) where during the first — ative to that in the pre-industrial atmosphere. Alternatively,
year of growth, alolium sward exhibited an increased if the reduction in plant respiration were matched by a
biomass but no increase in respiration, although bothreduction in all the ecosystem growth, transport and main-
growth and respiration increased during the second year. tenance processes that are fuelled by respiration then the

The response of respiration followed and was correlatedimplications are very different indeed and the biosphere
with the relative effects of elevatét), on above-ground  could be a diminishing resource on that account.
biomass. In their study in rice, Baketral. (1992), study In order to evaluate the potential impact of the effects of
no. 7) found increased ecosystem respiration, but at theelevatedC, on dark respiration for the global carbon bud-
same time, decreased specific respiration. Thus, most studget, a model, GTEC 2-0 (Global Terrestrial Ecosystem
ies of whole system respiration are consistent with the Carbon, Version 2:0), was run. GTEC 2:0 is a global model
of terrestrial carbon storage and £éxchange with the
atmosphere. An earlier version of the model (GTEC 1-0) is
described in King, Post & Wullschleger (1997) and Post,

Table 2. Ratio of elevated to ambient treatment for biomass, King & Wullschleger (1997). Several runs of GTEC 2.0

respiration and normalized respiration based on literature cited in

Table 1 were made and a value of 22-6 Gt(C) for year-1 was estab-
lished for global canopy (leaf) maintenance respiration.

Respiration/ Respiration/ Our estimate of maintenance respiration is between the

Study Biomass ground area biomass leaf-area-based estimate (27 Gt(C) year-1) and the dry-

mass-based estimate (12 Gt(C) year-1) of Ruimy, Dedieu

! 4:58 0-87 0-19 & Saugier (1996). If we assume that a doublingg#vill

2 1-39 0-99 0-71 . S .

3 1.26 8.46 6.74 reduce leaf maintenance respiration by 15% (direct effect
4 1.18 1.02 0-87 only) we calculate a 3-4 Gt(C) year-1 increase in the bio-
5 1.23 1.28 1-04 spheric sink. Independent of the direct effect, if we also
6 1-18 1.28 1.08 assume that the growth of plants @hd C) at elevatedC,

7 177 9-06 512 will reduced foliar nitrogen concentration by 15 to 19%
8 1-33 1.22 0-92 (Drake, Gonzalez-Meler & Long 1997a; Cotrufo, Ineson &
1?) i:gg g'_;g g'_gg Scott 1998) this contributes an additional 3-4 to 4-3 Gt(C)

1 1.00 0.95 0.95 year-1to a potential plospherlc 3|_nk. N

12 1.21 0-50 0-41 Terrestrial carbon sinks are an important provision of the
Ave 1.23 0-99 0-83 Kyoto protocol for managing greenhouse gas emissions.
90% ClI 1.12-1-34 0-84-1-15 0-67-0-97 Carbon sequestered in forests, for example, will be taken into

account in developing emissions reduction strategies; thus,
factors that affect the carbon balance of plants will determine
the quantity of carbon stored by forest ecosystems. The mag-

Cl, confidence interval; Cl excluded studies 1, 3 and 7.
Studies: 1 and 2, Bunce & Caulfield 1991; 3, Nijsl. 1989a;
3 and 4, Schapendoekal. 1997; 5, Casella & Soussana 1997;

Casellzet al. 1996: 6, Nijset al. 1989b; 7 Bakeet al. 1992; 8, nitude of plant respiration is one important factor governing
Drakeet al. 1997b, 1997a; 9, Hagt al. 1995: 10, 11, Diemer the intrinsic capacity of forests to store carbon. If respiration
1994, 12, Navast al. 1995. is likewise reduced by rising atmosphegi; the quantity of
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a carbon stored by forests will be enhanced. This amount ofwhole plant owing largely to an incomplete understanding
sink enhancement could theoretically offset an equivalentof the control of the rate of respiration by key enzymes.
amount of carbon from CQemissions, thereby lessening Two likely candidates for a biochemical mechanism, the
economic impacts associated with other measures. carbamylation of proteins and the inhibition of enzyme
The inhibition of the respiration observed in leaves and activity by substrate competition, await testing. Similarly,
other organs grown in controlled environments also an analysis of the functional aspects of the impact of respi-
appears in whole ecosystem studies (Table 2). When aration from the perspective of growth, translocation or
reduction of respiration of about 15% was tested for the maintenance, has produced a tempting but inconclusive
impact on the global carbon budget, the result indicated picture. Reduction of respiration of foliage by an amount
that risingC, may have a significant effect on the global indicated in recent reviews represents an increase in the
carbon budget. amount of carbon sequestered in forests as atmosyiheric
rises toward 50@mol mol™in the next century.

STRATEGIC GOALS FOR ASSESSING THE
EFFECTS OF RISING CO, ON RESPIRATION

REFERENCES
Robust and versatile prediction of large-scale responses ofymnor 3.5, (1989Respiration and Crop ProductivityBpringer-
vegetation to CQ@ requires integration of cellular-level Verlag, Berlin.

knowledge of respiration into a model which can be used Amthor J.S. (1991) Respiration in a future, higher,G@rld.

for whole plant and for scaling up to ecosystems and mod- Plant, Cell and Environmerit4, 13-20.

els of the global C budget. Empirical models (for example Amth‘t’_r IJ-S- (1997) PIEX‘J respiratory (r:es;t))onses_ t°_§'evé‘;r%d tCO
. Fn [ partial pressure. vances In aroon loxide ects

o rate, but hey are not versatle of fundamental nougn FEeeacieds L. Alen. M8, Kikham, DM, Olsayie & CE.

. ’ . . Whitman), pp. 35-77. American Society of Agronomy Special
to incorporate the acclimatory or direct effects of elevated  pypjication (Proceedings of 1993 ASA Symposium, Cincinnati,
C, and they contain implicit assumptions that are not mer-  Ohio). ASA, CSSA, and SSSA, Madison WI.
ited (i.e. that the respiration associated with growth is sup- Atkin O.K., Westbeek M.H.M., Cambridge M.L., Lambers H. &
ply driven and that with maintenance is demand-driven). Pons T.L. (1997) Dark respiration in leaves during light and
We need a better model which is based on the biogeochem- g?;ﬁ?liis;s% ﬁ)or;ﬁ”;gi‘ ‘;%Z'OW' and fast-grovtog species.
ical regulation of respiratiosensu strictdoy turnover of Azcon_Bie&; 1. &QOSmbn d C.B. (1983) Relationship between pho-
adenylates and NAD(H) and the supply of carbon skele- ", nihesis and respiratidplant Physiology7 1, 574-581.
tons. Its construction will benefit from an understanding of azcon-Bieto J.M., Gonzalez-Meler M.A., Dougherty W. & Drake
where control over respiration is exercised — where the B.G. (1994) Acclimation of respiratory ,Ouptake in green
high flux control coefficients are. It should also incorporate  tissues of field grown native species afdant Physiology 06,
acclimation — of changing the amount of enzymatic and  1163-1168.
electron transport machinery responsively. Baker J.T., Laugel F., Boote K.J. & Allen J.H. Jr (1992) Effects of

P daytime carbon dioxide concentration on dark respiration in rice.
The effects of elevate®€, on respiration cannot be Plant, Cell and Environmentss, 231-239.

explained solely by its in_teraction with known targets for gjoom A.J.. Sukrapanna S.S. & Warner R.L. (1992) Root respira-
elevatedC, namely Rubisco and stomata. One or more ton associated with ammonium and nitrate absorption and

additional sites of C@sensitivity must exist. Carbamy- assimilation in barleyPlant Physiology9, 1294-1301.

lation of enzymes such a cytochromexidase is one pos-  Bown AW. (1985) CQ and intracellular pHPlant, Cell and
sibility, but does not exclude either carbamylation of a _ Environmens, 459-465. o . ,

range of other proteins or a mechanism that does notBunce J.A. (1994) Responses of respiration to increasing atmo-

. . _ . spheric carbon dioxide concentratiofhysiologia Plantarum
involve carbamylation. A mechanistic understanding of 98 427430 ysiolog

such inhibition is an essential part of a systematic under-gynce J.A. (1995) The effect of carbon dioxide concentration on
standing of respiration in a higky, world. We need a pro- respiration of growing and mature soybean leafésnt, Cell
gramme of experiments at the tissue, mitochondria and and Environment8,575-581.

enzyme level which fully explore the consequences of Bunce J.A. & Caulfield F. (1991) Reduced respiratory carbon diox-
known effects of C@and search systematically for other ide efflux during g_rowth a_t elevated carbon dioxide in three
mechanisms of COsensitivity. These two goals require herbaceous perennial speciésnals of Botang7,325-330.

fund | hdi dati : K led Bunce J.A. & Ziska L.H. (1996) Responses of respiration to
undamental research directed at Improving our kKnowledge  j,reases in carbon dioxide concentration and temperature in

of respiration, its regulation and its g&ensitivity, inde- three soybean cultivar&nnals of Botany7,507-514.
pendent of how COmodulates plant respiration. Casella E. & Soussana J.F. (1997) Long-term effects ge@fith-
There is very convincing evidence that elevated ment and temperature increase on the carbon balance of a

reduces, rather than stimulates, mitochondrial respiration. temperature grass swardournal of Experimental Botarg8,
We are unable to explain this effect as an artifact of mea- 1309-1321.

surement nor have we found a mechanism that could beChapin F.S. 11l (1989) The costs of tundra plant structures: evalua-
tion of concepts and currenciésnerican Naturalisi33,1-19.

responsible for either of the two phases of the effect. cotrufo M.F., Ineson P. & Scott A. (1998). Elevated Geruces
Although some data indicate that two enzymes are inhib- the nitrogen concentration of plant tissu&iobal Change

ited by CQ, we are unable to extrapolate these data to the Biology4, 43-54.

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 649-657



656 B. G. Drakeetal.

Curtis P.S. (1996) A meta-analysis of leaf gas exchange and nitro-Mousseau M. (1993) Effects of elevated @ growth, photo-

gen in trees grown under elevated carbon dioxflent, Cell synthesis and respiration of sweet chesti@dasfanea sativa
and Environment9,127-137. Mill.). Vegetatiol04105,413-419.

Curtis P.S. & Wang X. (1998) A meta-analysis of elevated, CO Murray D.R. (1995) Plant responses to carbon dioxdeerican
effects on woody plant mass, form, and physiold@gcologia Journal of Botany82,690-697.
113(3), 299-313. Navas M.-L., Guillerm J.-L., Fabreguettes J. & Roy J. (1995) The

DerVartanian D.V. & Veeger C. (1964) Studies on succinate dehy- influence of elevated C{»n community structure, biomass and
drogenase. |. Spectral properties of the purified enzyme and for- carbon balance of Mediterranean old-field microcosBiebal

mation of enzyme-competitive inhibitor complexd&ochim Change Biology, 325-335.

Biophys Act®2,233-247. Nijs I. & Impens |. (1989) Effects of long-term elevated atmo-
Diemer M.W. (1994) Mid-season gas-exchange of an alpine grass- spheric CQ concentration on Loilium perenne and Trifolium

land under elevated G@ecologiad8,429-435. repens canopies in the course of a terminal drought stress.
Drake B.G., Gonzalez-Meler M.A. & Long S.P. (1997a) More effi- Canadian Journal of Botary7,2720-2725.

cient plants: a consequence of rising atmospherig?@@nual Nijs I., Impens |. & Behaeghe T. (1989) Effects of different,CO

Review of Plant Physiology and Molecular Biologhg, environments on the photosynthesis-yield relationship and the

609-639. carbon and water balance of a white clover (Trifolium repens L.

Drake B.G., Muehe M.S., Peresta G., Gonzalez-Meler M.A. & cv. Blanca) sward.Journal of Experimental BotanyO,
Matamala R. (1997b) Acclimation of photosynthesis, respiration ~ 353-359.
and ecosystem carbon flux of a wetland on Chesapeake Bay,Nott D.L. & Osmond C.B. (1982) Purification and properties of

Maryland to elevated atmospheric £€ncentrationPlant and phosphoenol pyruvate carboxylase from plants with crassulacean

Soil187,111-118. acid metabolismAustralian Journal of Plant Physiolog9,
Gifford R.M. (1994) The global carbon cycle: a viewpoint on the 409-422.

missing sinkAustralian Journal of Plant Physiologi, 1-15. Palet A, Ribas-Carbo M., Argiles J.M. & Azcon-Bieto J. (1991)
Gifford R.M., Lambers H. & Morison J.I.L. (1985) Respiration Short-term effects of carbon dioxide on carnation callus cell

of crop species under G@nrichmentPhysiologia Plantarum respirationPlant Physiology6,467—-472.

63,351-356. Palet A, Ribas-Carbo M., Gonzalez-Meler M.A., Aranda X. &
Gonzalez-Meler M.A. & Siedow J.N. (1999) Direct inhibition of Azcon-Bieto J. (1992) Short-term effects of {Li@carbonate on

mitochondrial respiratory enzymes by elevated,C€bnse- plant cell respiration. In Molecular, Biochemical and

quences for tissue and whole plant level respiratibiee Physiological Aspects of Plant Respirati@us. H. Lambers &

Physiologyl9,253-259. L.H.W. van der Plas), pp. 597-601. SPB Academic Publishing

Gonzalez-Meler M.A., Drake B.G. & Azcon-Bieto J. (1996a) bv, The Hague.
Rising atmospheric carbon dioxide and plant respiration. In Penning de Vries FW.T., Brunsting A.H.M. & van Laar H.H. (1974)
Global Change: Effects on Coniferous Forests and Grasslands  Products, requirements and efficiency of biosynthesis: a quanti-
(eds A.l. Breymeyer, D.O. Hall, J.M. Melillo & G.I. Agren), pp. tative approachlournal of Theoretical Biologg5,339-377.
161-181. John Wiley & Sons Ltd., Chichester, UK. Perez-Trijo M.S. (1981) Mobilization of respiratory metabolism in
Gonzalez-Meler M.A., Ribas-Carbo M., Siedow J.N. & Drake B.G. potato tubers by carbon dioxid®ant Physiology7,514-517.
(2996b) Direct inhibition of plant mitochondrial respiration by Poorter H. (1994) Construction costs and payback time of biomass:
elevated CQ@ Plant Physiologyl12,1349-1355. a whole plant perspective. IA Whole Plant Perspective on
Ham J.M., Owensby C.E., Coyne P.l. & Bremer D.J. (1995) Fluxes = Carbon—Nitrogen Interactiongeds J. Roy & E. Granier), pp.
of CO, and water vapor from a prairie ecosystem exposed to  111-127. SPB Academic Publishing bv, The Hague.
ambient and elevated atmospheric CAgricultural and Forest Poorter H. & Villar R. (1997) The fate of acquired carbon in plants:
Meteorology77,73-93. Chemical composition and construction cost$lent Resource
Hrubec T.C., Robinson J.M. & Donaldson R.P. (1985) Effects of  Allocation (eds F.A. Bazzaz & J. Grace), pp. 39—72.Academic
CO, enrichment and carbohydrate content on the dark respiration  Press, New York.

of soybeansPlant Physiology’9,684—689. Poorter H., Gifford R.M., Kriedemann P.E. & Wong S.C. (1992) A
Kidd F. (1916) The controlling influence of carbon dioxide. Part Ill. quantitative analysis of dark respiration and carbon content as
The retarding effect of carbon dioxide on respiration. factors in the growth response of plants to elevated. CO

Proceedings of the Royal Society of London, Serie89B Australian Journal of Botang0,501-513.
136-156. Poorter H., van Berkel Y., Baxter R., den Hertog J., Dijkstra P.,

King A.W., Post W.M. & Wullschleger S.D. (1997) The potential Gifford R., Griffin K.L., Roumet C., Roy J. & Wong S.C. (1997)
response of terrestrial carbon storage to changes in climate and The effect of elevated C®n the chemical composition and con-
atmospheric C@ Climatic Change35,199-227. struction costs of leaves of 27, C3 speciémnt, Cell and

Lambers H., Atkin O.K. & Scheurwater I. (1996) Respiratory pat- Environmen0,472-482.
terns in roots in relation to their functioning.Phant Roots: the Post W.M., King A.W. & Wullschleger S.D. (1997) Historical varia-
Hidden Half (eds Y. Waisel, A. Eshel & U. Kafkaki), pp. tions in terrestrial biospheric carbon storag&lobal
323-362. Marcel Decker, Inc., New York. Biogeochemical Cyclekl, 99-109.

Lambers H., Scheurwater |. & Millenaar F. (1997) Variation in car- Reuveni J. & Gale J. (1985) The effect of high levels of carbon
bon utilization in root respiration and exudation as dependent on  dioxide on dark respiration and growth of plaftgnt, Cell and
a species’ potential growth rate and nutrient supplfRdwical Environmen8, 623-628.

Biology: Advances and Perspectives in the Function of Plant Reuveni J., Gale J. & Mayer A.M. (1995) High ambient carbon
Roots(eds H.E. Flores, J.P. Lynch & D.M. Eissenstat) Current  dioxide does not affect respiration by suppressing the alternative
Topics in Plant Physiology, Vol. 17. pp. 87-101. American cyanide resistant respiratioknnals of Botany6,291-295.

Society of Plant Physiology, Rockville, MD. Robertson E.J., Williams M., Harwood J.L., Lindsay J.G., Leaver

Loomis R.S. & Lafitte H.R. (1987) The carbon economy of a C.J. & Leech R.M. (1995) Mitochondria increase three-fold and
maize crop exposed to elevated Lfncentrations and water mitochondrial proteins and lipid change dramatically in post-
stress, as determined from elemental analyBedd Crops merismatic cells in young wheat leaves grown in elevateg CO
Researcii7,63-74. Plant PhysiologyL08,469-474.

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 649-657



Elevated CO, concentration and mitochondrial respiration 657

Ruimy A., Dedieu G. & Saugier B. (1996) TURC: a diagnostic et al. (1996) The whole structure of the 13-subunit oxidized
model of continental gross primary productivity and net primary ~ cytochromec oxidase at 2.8 AScience72,1136-1144.
productionGlobal Biogeochemical Cycld$),269-285. Waullschleger S.D. & Norby R.J. (1992) Respiratory cost of leaf

Ryan M.G., Hubbard R.M., Pongracic S., Raison, R.J. & growth and maintenance in white oak saplings exposed to
McMurtrie R.E. (1996) Foliage, fine-root, woody-tissue and atmospheric CQ enrichment. Canadian Journal of Forest
stand respiration ifPinus radiatain relation to nitrogen status. Researct?2,1717-1721.

Tree Physiology6,333-343. Waullschleger S.D., Norby R.J. & Gunderson C.A. (1992) Growth

Schapendonk A.H.C.M., Dijkstra P., Groenwold J., Pot C.S. & van  and maintenance respiration in leavekiabdendron tulipifera
de Geijn S.C. (1997) Carbon balance and water use efficiency of L. exposed to long-term carbon dioxide enrichment in the field.
frequently cutLolium perennelL. swards at elevated carbon New Phytologisi21,515-523.
dioxide.Global Change Biolog$®,207—-216. Wullschleger S.D., Norby R.J. & Hanson P.J. (1995) Growth and

Teskey R.O. (1995) A field study of the effects of elevated CO maintenance respiration in stems&fercus albafter four years
on carbon assimilation, stomatal conductance and leaf and of CO, enrichmentPhysiologia Plantarun®3,47-54.
branch growth of Pinus taeda trees. Plant, Cell and Wullschleger S.D., Ziska L.H. & Bunce J.A. (1994) Respiratory
Environmentl8,565-573. response of higher plants to atmospheric,CGfrichment.

Thomas R.B., Reid C.D., Ybema R. & Strain B.R. (1993) Growth Physiologia Plantarun®0,221-229.
and maintenance components of leaf respiration of cotton grown Wullschleger S.D., Norby R.J., Love J.C. & Runck C. (1997)
in elevated carbon dioxide partial pressupdant, Cell and Energetic costs of tissue construction in yellow-poplar and white
Environmentl6,539-546. oak trees exposed to long-term £@nrichment.Annals of

Ting I.LP. & Osmond C.B. (1973) Photosynthetic phosphoenol  Botany80,289-297.
pyruvate carboxylases. Characteristics of alloenzymes from Ziska L.H. & Bunce J.A. (1993) Inhibition of whole-plant respira-
leaves of Gand G, plants.Plant Physiology1,439-477. tion by elevated C® as modified by growth temperature.

Tsukihara T., Aoyama H., Yamashita E., Tomizaki T., Yamaguchi K. ~ Physiologia Plantarun87,459-466.

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 649-657



