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Development of water stress under increased atmospheric
CO, concentration
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Abstract

The increase in water nee efficiency {the ratio of photosynthetic to transpiration ratcs)
is likely to be the commonest positive effect of long-term clevation in €O,
coneentration (C1i). This may not necessarily lead to decrease in long-term water use
owing o increased leal area. However. some plant specios seem to cope better with
drought stress under CILi, because increased production of photosynthates might
enhanee osmotic adjustment and decrcased stomatal conductance and transpiration
rate under CTE enable plants to maintain a higher leaf water potential during drought.
In addition, at the same stomatal conductance, internal CO, concentration might be
higher under CE which results in higher photosynthetic rate. Therefore plants under
CE of the future atmosphere will probably survive eventual higher drought stress and
some species may even be able to extend their biotope into less favourable sites.

ddditional ey svords: plobal climate change. net photosynthetic rate, stomatal conductance,
LHSpIraion raie, water polential, water transport, water use efficiency.

Intraduction

Environmental stresses hinder plants prowing in agricultural ccosystems  from
expressing their full genetic potential Tor production. One of the environmental
stresses that is crucial Tor productivity is drought and the risk of its occurrence wil}
probably increase in some areas in the tuture.
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Abbrevictions:  CA - ambient (O, concentration: U - clevaled CO.  concentration;
IL - transpiration rate: g, - stomatal conductance: Iy - net photosynthetic rate; RWC - relative water
content, WUL - water use ciliciency; WUL, - biomass accumulation per water consumption:
Yo - leal water potential; y, - pressure potential; yr, - osmotic potential.
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Different mechanisms developed during plant evolution that led to avoidance of
dangerous water deflicit, and to tolerance to mild water deficit. Shoot desiceation is
prevented mainly by the cuticle and by stomatal regulation of transpiration rate. With
the decrease of bulk water potential below a threshold value, the stomata close, cven
il"other environmental conditions are optimal. In addition. stomata close in response
to increasing rales of peristomatal transpiration induced by decreasing air humidity.
"o in response to decreasing soil moisture and rate of water absorption by roots.
Abscisic acid (ABA) is the main signal messenger in regulating stomatal closure.
Some plant species acclimate (o water deficit by a shifl in the relationship between
waler and pressure potentials, reached by a decrease in osmotic potential due Lo
accumulation of osmotically active substances (osmolic adjustment), increased cell
wall elasticity, increased apoplastic water fraction. and/or increased hydraulic
conductivity. A number of genes that respond to drought at the transcriptional level
have been described and stress-induced proteins identified.

since vield and dry matter accumulation are usually highly related. considerable
ctfort has been expended o gain a beiter understanding of carbon metabolism in
response to water stress. Inomany cases, water deficit reduces growth, leal aren
expansion and lifespan. Stomatal closure which decreases the water efflux also
decreases the CO; influx, usually limiting photosynthesis under mild water stress.
Under high irradiance restricted €O, influx may cause photoinhibition. The sevete
waler atress also direetly affects the photosynthetie capacity of the mesophyll,
causing decrease in carboxylation as well as electron transport chain activities. and/or
ultrastructural changes in chloroplasts.

Carbon dioxide concentration is cxpected almost to double within the next
cenlury. The increase is oceurring because global CO, consumption in photosynthesis
and other absorption does not keep pace with CO, released from all sources (sce, Cr,
Mutray 1997).

Plant specics differ in their responses to €O, and thesc differences can be very
large. even among co-occwrring species in a community. Physiological respotses to
Clare usually more evident in Cy than in Cy plants. For plant species, they are
ditferent ai leaf, plant, and stand scale. They depend on CO, concentration (double,
triple. or supraoptimal) and duration of CI: treatment (lasting for weeks, months or
years). The range of effects of individual physiological parameters by long-term CL
is Turther dependent on other environmental factors. In addition, CE affects not only
absolute values of physiological parameters. but also modifies the responses of plants
to vther environmental factors {Kellomaki and Wang 1097a, Wang and Kellomiiki
1997).

The upward trend in atmospheric CO, concentration has probably atrcady
enhanced the photosynthesis of many plants, especially C species, and potentially
will continuc to do so. In spite of thousands of papers on Py responses to CE, the
central question—whether long-term exposure of plants to CE results in a down-
regulation of photosynthesis, i.e., that Py under CE is lower than it would be expected
based on shori-term assessment of photosynthetic rates as a Funetion of CO,
concentration—is still not satisfactorily explained (for reviews sec. e.g.. Mott 1990
Bowes 1993, Allen 1994, Reining 1994, Sage 1994, Sage and Reid 1994, Sharkey
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19943, In addition, increased Py under CE seems to be maintained only il the
acquisition of ather resources is sufficient as it usually is in agrosystems but not in
natural ccosystems.

The global climate change includes not only an increase in CO; concentration but
also increases in temperature and drought probability in some areas. The aim of this
review is to illustrate whether clevated CO, concentration might /) slowdown the
development of water stress, 2) increase the efficiency of water use. and
3) ameliorate the negative effects of water stress on carbon metabolism. From a
voluminous literature only important up-to-date references have been selceted.

Stomatal conductance and transpiration rate

Water stress in plants usually develops in consequence of insufficient water supply
and/or high evaporative demand of the atmosphere. Increased CO» concentration can
affect the development of water stress mostly by its effects on slomatal conductance
and transpiration rate.

Long-term CL often leads to a decrease in stomatal conduetance (g.) (for reviews
see, e.g., Morison 1987, Bowes 1993, Beerling 1994, Field ef af. 1995, Jones and
Jongen 1996, Drake et al. 1997, Pospidilova and Catsky 1999) which results in
decreased transpiration rate (K} per unit leal area (for review sce, e.g., Jarvis 1003,
Jones and Jongen 1996, Saralabai er af. 1997). However, no response or even an
increase in g, and I to CE was also found (sce Table 1).

Desides contraction of the size of stomatal pores, lower stomatal density is usually
observed under CE (¢.2. Woodward and Kelly 1995). However, a larger reduction in
g, than in stomatal frequency may indicate that stomatal closure predominates
(Ceulermans and Mousseau 1994, Clifford ef af. 1995). Persistent deercase in g of
many plant specics grown near a natural C(, source was not assaciated with changes
in stomatal density (Bettarini e al. 1998). Also increased cpicuticular wax deposition
under CLE {e.g. Murray 1997, Paoletli es af. 1998) miay lead to decreased 15,

The effect of CE is dependent on CO; concentration during measurements: ¢ g.. in
Trifidinm repens, the highest g, was found when plants were grown and measured at
ambient CO, concentration (CA), followed by that in plants grown under CH and
measured at CA or grown at CA and measured under CL, and the lowest when plants
were grown and measured under CE (Ryle er al. 1992). In Euecalyptus tetrodonia
(Berryman er af. 1994), Ginkgo biloba (Beerling ef al. 1998}, and Muaranthes
corvmbosa (Berryman ef al. 1994), the CE-induced decrease in g, was only observed
when it was measured at CA. The lower E of CE-grown than of CA-grown Festuca
ripicola and Dactviis glomerata plants was found at all internal €O, coneentrations,
however, in Filipendula volgaris slightly higher [ under CE-grown than at CA-
arown plants was observed at low internal €O, concentration and in Salvia nemorosa
at high internal CO; concentration {Tuba ef af. 1996).

The situation is complicated because the magnitude of g, decline induced by CI% is
often affected by other environmental factors, such as irradiance, temperature, and
vapour pressure deficit (Wilson and Bunce 1997, Wang and Kellomiki 1997,

-
2



1. POSPISILOVA, I CATSKY

Seneweera ef af. 1998), and may be different in adaxial and abaxial surface (e.g. in
Rumex obtusifolins - Pearson ef af. 1995). A greater reduction in g, was usually
observed under sufficient water supply than under water stress (Grant ef af. 1995,
Tschaplinski ef ¢/ 1995, Groninger er al. 1996, Knapp e/ af. 1996, Faria ¢f af. 1997,
Goodfellow ef «f. 1997, Lauber and Korner 1997, Ferris er a/. 1998, Rabha and
Uprety 1998}, In Quercus ilex and Q. pubescens, CE induced much higher decrease
in g, it the morning than in the allernoon (Tognetti ef /. 1998a). On the other hand,
in Triticum aestivim, the CE induced decrease in g was more pronounced at midday
than in the morning or afiernoon but did not change during the season (Garcia et af.
1998). In Fragaria x ananassa grown under Cli, g, and F were reduced in old leaves
but inereased in young leaves (Chen et o/, 19972).

In addition, CE also affects the response of stomata to other environmental factors.
In Maranthes corvmbosa and Picea abies, but not in Encalyptus tetrodonta and Picea
rubens, g was more sensitive to leaf water status under CE, which may decrease the
risk of water stress (Berryman ef /. 1994, Samuelson and Seiler 1994, Dixon #f af
1995). On the other hand, the g, of Glveine max (Ferris et al. 1998) or Alnus firma
(Liang and Maruyama 1995), which was lower under CE, decreased less during a
perind of water stress than that at CA. Kimitarly, the closing response of Fagus
syfvatica stomata lo drought was delayed in CE but only when plants were grown
with low nutrient supply (Heath and Kerstiens 1997a). CE-grown Quercus suber
seedlings were less responsive in terms of g, to high temperature (Faria ef af. 1006)
than those grown at CA. On the other hand, no interactions between CIZ and growth
lemperature were found in Befula, Larix, Picea, Pinus, and Papulus (Tjoelker ¢f al.
1098). Similarly, the response of g in Acer psendoplatanus to air humidity was not
affected by CO, concentration (Woodward 1987), but in Pinus svivestris the
sensitivity of g, to low air humidity was increased in trees grown under CE
{Kellomiki and Wang 1997b). On the other hand, in CE-grown Quercus ilex, the
response of g, to decreasing air humidity was less steep than in CA-grown trees
{Tognetti ¢f al. 1998b). In addition, in Andropogon gerardii, more rapid stomatal
tesponses W sun/shade transitions were observed under CE (Owensby ¢r «f. 1997).
Conversely, g, of CE- and CA-grown Cercis canadensis, Quercus rubra, Popilus
deltaides < P nigra, and Pinis taeda seedlings were similar and responded in the
same manner to €'Ch concentration, irradiance and humidity during measurements
(Will and Teskey 1997).

Under CE, leaf arca per plant is often increased. This may be the reason why E per
plant may not necessarily decline. Decreased g, and no differences in E per plant due
to larger leaf area were found, e.g., in Glvcine max (Jones ef af. 1985a. Baker and
Allen 1993) and Acacia smallii (Polley et al. 1997a). Similarly, due to the leaf arca
increase a small effect was found of CE on cvapolranspiration in grassland
ccosystems (Jones and Jongen 1996, Lauber and Kérner 1997) and in a Lolim
perenne stand (Schapendonk ef af. 1997). Canopy conductances were lower by as
much as 20 % in Medicago sativa and by 60 % in Dactvlis glomerata, but the
evapolranspiration rate never differed by more than 3 % in the former or by 8 % in
the latter (Bunce ef al. 1997). The lower magnitude of response of canopy
evapotranspiration to CE is also a result of less effective cooling of leaves due to
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lower E. CE affccts leaf energy balance by reducing latent heat flux and increasing
sensible heat flux (Ilam ef af. 1995). Increased leaf temperature and decreased
humidity in the boundary layer could increase the gradient of waler vapour
concentration between leaf and its surroundings, and so it might increase b
Therefore cvapotranspiration under CE is a result of increased driving force and
deereased g, (Famus 1991, Lawlor and Mitchell 1991, Jarvis 1993, Morison 1993,
Allen 1994, Jones and Jongen 1996, Boote ef ad. 1997).

Water uptake and transport to leaves

Reduced F can improve leal water potential by decreasing water loss from leaves,
although it might be accompanied by reduced rate of water transport to them
(Table 1). Reduced sap flow under CE was found. e.g., in Andropogon gerardii
(Bremer ef «f. 1996). Quercus ilex (Tognetti ef af. 1998b), Pinus svivestris
(Kellomiki and Wang 1998), Sorghastrum nutans (Bremer et al. 1996) and Vernonia
baldwini (Bremer ¢f af. 1996), Small differences in sap flow were found in Triticum
aestivium (Senock ef af. 1996) and Fagus svivatica (1leath erf al. 1997). but no effect
was found in ossypinm hirsutum (Dugas ef af. 1994). Hydraulic conductance
increased under CE in Quercus ilex, . robur, and Prunus avium x P. pseudocerasis
(Atkinson and Taylor 1006, 1907) but decreased in Abwtilon theophrasti, Amoranthus
hvpochondriacus, Glveine max, Medicago sativa, and Zea mavs (Bunce 1996, Bunce
and Ziska 1998), In Quercus iflex, hydraulic conductance was similar under sufficient
water supply but deercased less during water stress in CE-grown trees (Tognetti ¢f al.
1998h). Increased hydraulic conductance in Q. ilex was connected with increased
number of vessels per stem and total vessel lumen cross-sectional area per stem
(Atkinson and Taylor 1996).

The root/shoot ralio under CE is usually altered in favour of roots (for review sce.
e.g., Bowes 1993, Morison 1993, Stulen and den Hertog 1993, Tyree and Alexander
1993, Polley 1996, Suralubai er af 1997), which might increasc water uptake.
However, no changes in root/shoot ratio in Befula pendula and Picea abies were
observed (Mortensen 1994} In addition. in Bowteloua gracilis the vesicular-
arbuscular mycorrhiza and thus water uptake was promoted under CE (Morgan er of.
1994). Increased water uptake was observed in Nolanum tiherasum (Mackowiak and
Wheeler 1996), whereas decreased water uptake and water consumption were
recorded in Chrvsanthemum x morifolivm (Gislerod and Nelson 1989).

The total amount of water used during growth was reduced in Arrhenatherum
clatins, Calluna valearis, Danthonia richardsonii, Erica tetralix, Molinia caerulea,
Orvza sativa, Rumex obusifolins, and Vaccinivm myrtillus grown under CE (Lutze
and Gifford 1995, Daker er «l. 1997ab. Arp et al. [998). CE-grown Triticum
aestiviom plants used less water per day during the first 30 d of soil drying, bul more
water per day during a further 10 d (Samarakoon ef af. 1995). Similarly, under high
irrigation a slight reduction in scasonal water use by Triticum aestivim was observed,
but under low irrigation the water use cven slightly increased (Grant ef af. 1995).
However, if the leal area increases we may expect even higher water use per plant
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and so water stress may develop more rapidly (Jones and Jongen 1996, Samarakoon
and Gifford 1996b). Thus whole-plant water consumption increased under CE in
Fagus sylvadica (Heath and Kerstiens 1997) and Gossypium hirsutum under sufficient
soil moisture (Samarakoon and Gifford 1995). In CE-grown Fragaria x ananasa
daily water consumption also increased despite decreased g, and E per leaf arca unit,
and increased water use efficiency (WUE) (Chen and Lenz 1997, Chen ef al. 1997b).
Similarly, Cl in well-watered Quercies petraea and Pinus pinaster increased water
consumption, but decreased it under water stress (Guehl ef al. 1994). llowever, in
voung Castanea sativa, Fagus svivatica, and Quercus robur trees grown under CIE,
stomata failed to close in response to increased evaporative demand of atmosphere;
hence additional carbon gain in CE was made at the expense of waler economy
(Heath 1998).

Water patential and ite eomponents

Many studies have shown that plants under CF tend to dry more slowly as water is
withheld, consistently with their lower g, and E (for review see Tyree and Alexander
1993). In Lotus corniculatus relative water content in droughted plants was higher
under CE than at CA (Carter ef ¢f. 1997). In many water-stressed plants higher leafl
water potential (y,,) was reported when grown under CE (see Table 1), but in Loliwn
perenne (Ferris et al. 1996), Picea abies (Dixon ef al. 1995), Quercus ilex (Tognetti
ef al. 1998a.b), and Zea mavs (Rozema 1993) no difference in vy was found. In
Lotinm perenne, pressure polential (yy) increased at elevated COy in spring and
remained similar in summer, and osmotic potential (y,) decreased in spring and
increased in summer (Ferris ef al. 1996). Decrease of w, and v, in Lofus.
Sanguisorba, Plantago and Anthvilis occurred under CF, while v, increased (Ferris
and Taylor 1994, 1995). [n Phaseolus vulgaris, yi,. and v, increased and vs, was not
affected by CT (Ranasinghe and Taylor 1996). Increased v, at zero wy, was
determined in Acer saccharum but not in Platanus occidentalis and Liquidambar
styraciflua (Tschaplinski er @l. 1993a). y, was not affected by CO; treatment in
Prosopis glandulosa (Polley ef al. 1996b). Sunlit leaves of Glveine max planis grown
under CH had higher yr, and lower y; than those of plants grown under CA. whereas
yr,, was similar. On the other hand, under water stress y,, remained higher under CE

than under CA, but vero vy, was reached at the same ., (Allen o7 of. 1008),

b

Both drought and CE resulted in osmotic adjustment in Helionthus anniss
(Conroy e¢f al. 1988), Betnla populifolia (Morse et af, 1993), and Quercus robur
(Picon et al. 1997), Drought had a greater cffect than €O, and their interaction was
positive. On the contrary, no indication of enhanced osmotic adjustment was found
under CEin Pirus taeda (Uschaplinski et afl. 1993). In leaves of Quercus robur, a
water stress induced osmotic adjustiment was found only under CE, in roots under
both CA and CE (Vivin er a/. 19906). Under CL, decreased vy, and symplast water
fraction, and incrcascd modulus of clasticity, were found in Quercus pihescens and
(. ilex (Tognetti ef af. 1996).
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CARBON DIOXIDT ANTY WATER STRESS DEVELOPMENT

Effect of elevated CCO; concentration on water use cfficicncy

WUL usually means ratio of net photosynthetic rate (Py) to F, sometimes also
biomass production per amount of water used. The response of Py and E to some
environmental factors may be different and all these factors affect the Py/E ratio. In
addition. every change in g, brings about the change in PW/E ratio, because the effect
of g, on I is usually more marked than that on Py, duc to differences in the transport
pathways of water vapour and CO,. Thus the Py/F ratio is usually higher at lower g,
than at a higher one.

Under long-term CI the increase in WUE is the most common pesitive effecl.
Increased P/ ratio was observed not only in plants with increased Py but also in
plants where down-regulation of PPy was abserved, bacause in these plants a decrease
in Py was usually accompanied with decrease in g,. The range of increase in WUE
induced by CE depends on plant species and other environmental factors, especially
water stress (Table 1: for review see, e.g., Bazzaz 1090, Hogan e¢f a/. 1001, Morison
1993, Ceulemans and Mousseau 1994, Pospisilova and Catsky 1999),

WUL was increased under CE under both well-watered and drought treatments,
e.g., in Gheme max (Allen e al. 1991) and Picea sitchensis (Townend 1993). In
Alans firma (Liang and Maruyama 1995) and Anthvilis vulneraria, Panicum
coloratum, and Sanguisorba minor (Ferris and Taylor 1995, Seneweera ¢f of, 1998)
this usually oceurred with a higher average increasc under water stress. On the other
hand, the relative enhancement in WUE under CE was reduced in Quercus rubra or
even disappeared in Picea abies (I.e Thiec and Dixon 1996) when the trees were
subjected to diought. o Riizophora apientata and R, stvfosa, WUE was increased
under CF combined with high or lew air humidity and high or low salinity, even if g,
in R, apiculata grown under CI and low humidity was increased (Ball es af. 1997). In
Phaseolus vielgaris CE doubled the WUE at high nutrient supply and tripled it at low
nutrient supply (Radoglou er al. 1992),

WU in Chenopodium albwm more than doubled after a short-term doubling of
€O, concentration. However, WUL of plants grown and measured under CE was
only about onc and a half {imes that of plants transiently exposed to CE, due 1o
stomatal acclimation {Santricek and Sage 1996). Similarly. in Trifolinm repens the
merease in WUL was much more dependent on €O concentration, irradiance. and
leal temperature during the measurement than on C(), concentration during growth
(Ryle er al. 1992),

However, WUT. was not increased under CL in Abies fraseri (duc to strong down-
regulation of Py, - Samuelson and Seiler 1992), and in QOwercus robur (Atkinson ef «f.
1997). and even decreased in Prunus avius (Atkinson ef af. 1997). In orassiand
changes in WUE depended on the period of the year (Fredeen ef al. 1998).

CE also increased biomass accumulation per water consumption (WUE,,, Table 1),
or grain production per water consumption in Triticim aestiviom (Hunsaker es «f.
1996). In Gossypium hirsuum, Triticum aestivam, and Zea mays, WUE, increased
under CE for both wet and dry conditions. Similarly in Lolium perenne WUE,,
increased under CIL with no significant interaction with soil moisture or N supply
(Casella er al. 1996). Under supraoptimal €O, concentration, WUE,, was decreased
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in Glycine max (Wheeler et al. 1993) and Solanum tuberosum {Mackowiak and
Wheeler 1996).

Analysis of carbon isotope composition (8"C} in trec rings {e.g. Duquesnay ef al.
1998) or in herbarium lcaves (Beerling 1994) also showed increased WUE with
increased CO, concentration during the past century. Similarly, 3"C decreased in
needles of Pinns svivestris grown under CL for 3 years (Beerling 1997).

Amelioration of the negative effects of water stress on carbon metabolism

In most plant specics and under most circumstances, g, is the main limiting factor to
Py under mild water deficit. and elevated COsy concentration may compensale for
decreased g, by an increased gradient of CO, concentration between the exterior and
interior of the leaf {for review see, e.g., Chaves and Pereira 1992). In connection with
this, increased Py/g, ratio was found in Quercus ifex, . puhescens (Tognetti o1 al.
1998), Q. petraea (Picon ¢f al. 1996b), O. rubra (Dixon et al. 1995), Picea abies
(Dixon e al. 1995). Pinus pinaster (Picon ef al. 1996b) and Pinus taeda (Tissue et al.
19073 grown under CL, but not in Zea meyw (Bethenod ef af. 1995). In Querens rohur
the stimulating effect of CIL on the Py/g, ratio was obscrved in well-watered
seedlings, maintained under moderate drought, but it disappered with severe drought
(Picon ¢f af. 1997). Similarly, in Betila pendula (Rey and Jarvis 1008) and Glyeine
max (F'iscus et al. 1997) stomatal limitation of photosynthesis was less under CE than
at CA.

FHowever, another possible consequence of €T and water stress might be the
change in susceplibility to photoinhibition. The probabtlity of photoinhibition might
be increased due to reduction of photorespiration or decreased by better supply of
CO; (for review sce Chaves and Porcira 1992), Increased  photoinhibition and
premature senescence under CE was found in Hordeisn vudgare {Sicher 1998).

Increased y,, under CE could stimulate leaf expansion and carbon dioxide fixation,
and thereby contribute to the stimulation of growth (Bunce 1996, Polley e/ «l.
1996a). In Larrea fridentata, increased 1, under CE ameliorate negative effect of
drought on maximum Py, carboxylation efficiency, variable to maximum
Nuorescence ratio and photochemical quenching (Huxman ef af. 1998). In Orpca
safiva. reduction of evapotranspiration and enhancements in both Py and WUE under
CE helped to delay the adverse effects of severe drought and allowed the stressed
plants to continuc photosynthesis for further one or two days (Baker eraf. 1997,
Vu efal. 1998). In CE-grown Bauhinia multinervia, Quercus ilex, Q. robur, and
Spatiphylum cannifolinm maximum Py during the day and daily plant carbon uptake
were less responsive o decreasing vy than in CA-grown plants (Scarascia-Mugnoza
et al. 1996, Vivin and Gucehl 1997, Ferndnder et al. 1998). Decreased water usc.
observed, e.g.. for Orvza saliva (Baker ef af. 1997a), Triticum aestivem (Van Vuuren
et al. 1997), or for grassland (Field 1995) allowed photosynthesis or growth to
continue for some days longer during drought under CE compared to CA. CE
stimulates tallgrass prairie productivity during dry periods (Hamertynck ef af. 1997).
In many plant species, CI alleviates the negative effect of drought on plant growth,
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e.g., in Oryza sativa (Baker et al. 1997) and Panicum odoratum (Scneweera ef al.
1998}, or on slarch and sugar content of leaves, ¢.g., in Brassica juncea (Uprety and
Rabha 1969).

Glveine max photosynthesis recovered fully after a period of water stress only
under CE but not at CA (Ferris ef al. 1998). On the other hand, CE had no effect on
the rate of rehydration, nor on the de navo photosynthesis in desiccated Neropinta
scabrida (Csintalan e¢r ol 1996).
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