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We tested whether short-term exposure to realistic 0zone pollution (<150 ppb, 1 h) and soil water stress
(soil water content <15%) slow stomatal dynamics in an ozone-sensitive cultivar of snapbean. Both ozone
exposure and water stress caused stomata to be sluggish in the degree of closure after leaf severing, while
ozone also delayed the time the closing signal was perceived. Ozone-induced aberrations lasted up to
the night and caused incomplete closure of stomata. No synergic effect was observed in the dynamic
measurements. In contrast, at steady-state, water stress protected the plants from the negative ozone
effects on stomatal conductance. Ambient ozone peaks may thus cause sluggish stomatal response and
increase leaf water loss both under well watered and drought conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Tropospheric ozone (0O3) is an important secondary pollutant
resulting from emission of volatile organic compounds and nitro-
gen oxides, and is also recognized as a significant greenhouse gas
(Bytnerowicz et al., 2007; Serengil et al., 2011). Ozone is seriously
phytotoxic and causes negative effect on plants (e.g., NIES, 1980,
1984; Omasa et al.,, 2002; Paoletti, 2007). Stomatal O3 uptake is
crucial for assessing the adverse effect of O3 on plants (Omasa
etal., 1979; UNECE, 2004; Paoletti and Manning, 2007; Grulke et al.,
2007a; Cieslik et al., 2009). However, our understanding about sto-
matal responses to Os is still imperfect (Paoletti and Grulke, 2005).
Previous studies reported that O3 generally induces both stoma-
tal closure (Wittig et al., 2007, 2009) and sluggishness of stomatal
response to change of environmental factors (Paoletti and Grulke,
2005, 2010). Because plants live in a fluctuating environment, both
steady-state stomatal conductance and stomatal dynamics play
an important role in regulating leaf gas exchange. Ozone-induced
sluggishness of stomata has been reported in response to change
in photosynthetic photon flux density (PPFD) (Reich and Lassoie,
1984; Reiling and Davison, 1995; Paoletti, 2005; Grulke et al.,
2007a; Paoletti and Grulke, 2010), vapor pressure deficit (VPD)
(Grulke et al., 2007b) and severe water stress imposed by severing
a leaf (Paoletti, 2005; Paoletti et al., 2009; Mills et al., 2009). Such
aberrations may increase nighttime transpiration, as reported for
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several tree species exposed to daytime O3 exposure in controlled
(Skdrby et al., 1987; Matyssek et al., 1995; Wieser and Havranek,
1995; Giinthardt-Goerg et al., 1997; Grulke et al., 2007¢) and ambi-
ent conditions (Grulke et al., 2004). Ozone is known to induce
up-regulation of ethylene emission, which has been suggested to be
responsible for a reduction in stomatal sensitivity to abscisic acid
(ABA) and thus to closure (Wilkinson and Davies, 2010). Several
stressors, including water deficit, are known to stimulate ethylene
production by plants (Morgan and Drew, 1997).

Climate change is expected to increase O3 levels and alter
precipitation regimes, regionally increasing the probability of
drought (Ciais et al., 2005). Drought has the capacity to limit O3
injury through stomatal closure (Tingey and Hogsett, 1985), while
0s3-induced impairment of stomatal response may increase suscep-
tibility to drought (Nali et al., 2004).

Our main objective was to test whether short-term exposure to
realistic O3 pollution and soil water stress, singly and in combina-
tion, may slow stomatal dynamics in an ozone-sensitive cultivar of
snapbean (Phaseolus vulgaris, S156).

2. Materials and methods

Seeds of the ozone sensitive cultivar S156 of snapbean devel-
oped at the Raleigh USDA-ARS (Burkey and Eason, 2002; Flowers
et al., 2007; Booker et al., 2009), were planted in 17-cm (1.7-1)
pots, filled with sand:peat:soil=1:1:1 (v:v:v). Seed were planted
over several days so that same-age (4-week old) plants were used
in the experiment. All plants were grown in a room with con-
trolled environmental conditions (air temperature of 20°C, PPFD
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Fig. 1. Changes in soil water content (£S.D., n=18) (%)and predawn leaf water
potential (+S.D.,n=2-3)after irrigation until field capacity. Different letters indicate
significant differences among mean values (Tukey HSD test, P<0.05).

of 500 wumolm—2s~1, and relative humidity of 55%). Well-watered
plants were supplied with water every day and in particular imme-
diately before the ozone exposure, while water-stressed plants
received no irrigation for 10 days before O3 fumigation. Soil water
content was more than 30% in well-watered plants and 6-15%
in water-stressed plants, corresponding to a predawn leaf water
potential of —0.32 MPa and —0.53 MPa, respectively (Fig. 1). Water
content was measured in 18 pots with an ECH20 EC-5 soil mois-
ture sensor (Decagon Devices, Pullman WA, USA) at root level. Leaf
water potential was measured at dawn in a selection of 2-3 plants
per day by means of an SKPM 1400 chamber pressure (Skye, Powys,
UK).

The fully expanded central leaf of the second trifoliate leaf was
selected as a target leaf. After 1-h exposure to 1000 pwmolm—2s-!
light, steady state leaf gas exchange was measured with a portable
infra-red gas-analyzer (CIRAS-2 PP Systems, Herts, UK), equipped
with a 2.5cm? leaf cuvette which controlled leaf temperature
(20°C), leaf-to-air vapour pressure deficit (0.9 kPa), saturating light
(1800 wmolm—2s-1) and CO, concentration (365ppm). Ozone
exposure to one of four levels (+SD), i.e. low (48 6.7 ppb), mid-
dle (87 9.4 ppb), high (150 & 10.9 ppb), and control (0 ppb, no O3),
was then carried out for 60 further min by a web fumigation sys-
tem (Velikova et al., 2005; Pinelli and Tricoli, 2008). Ozone was
added by an O3 generator (Model Heliozon, Milano, Italy) to the
fumigating air for the target leaf through a teflon tube. The concen-
tration around the leaf was recorded with an ozone monitor (Mod.
205, 2B Technologies, Boulder CO, USA), and adjusted through mass
flow controllers (Mod. GFC171S A alborg). At 30 min after the end
of O3 exposure, steady-state stomatal conductance (gs) was mea-
sured again. When g5 reached equilibrium under constant light at
1800 pmol m~2s~1, the methodology described by Paoletti (2005)
was applied to assess dynamic variations of gs after cutting the leaf
petiole (Fig. 2). Data were logged at 1 min intervals in the 45 min
after severing. In the experiment, two phases of gs response were
observed (Fig. 2). At first, gs increased for Iwanoff effect. This tran-
sient increase called as the transient ‘wrong-way response’ (WWR)
is due to a difference in turgor pressure between guard cell and
epidermal cells (Omasa and Maruyama, 1990; Powles et al., 2006).
Subsequently, stomatal conductance decreased with increasing
leaf water stress. WWR duration and magnitude of WWR and g
decrease at 45 min (Ags) were recorded.

After O3 exposure and steady-state measurements, 22 plants
were placed in the dark for 10h. Nocturnal steady-state gs was
measured with leaf temperature of 20 °C, leaf-to-air vapour pres-
sure deficit of 0.9 kPa, no exposure to light and CO, concentration
of 365 ppm.

Data were checked for normal distribution and homogene-
ity of variance (Levene’s test). Percents were arcsine square root

150 N
S Magnitude of WWR
o5 100 \
L
=
2 oe
50
Duration of
WWR
0
150 ®)
S
off
(5]
=
=
Q
7
0

0 5 10 15 20 25 30 35 40 45

Time after detachment (min)

—@— Well wat, control (0 ppb) —&—Well wat, O, (150 ppb)
—O—Wat str, control (0 ppb) —x—Wat str, O, (150 ppb)

Fig. 2. Time courses of stomatal conductance (gs) after severing a leaf at time 0.
Graph A shows an example of calculation of WWR magnitude and duration, and of
the degree of g; decrease (Ag;). At first, g showed a transient increase called ‘wrong-
way response’ (WWR) and a subsequent decrease with increasing leaf water stress.
Graph B shows the time course of average gs (£SE) under well-watered condition
(soil water content > 30%) and water-stressed condition (soil water content = 6-15%)
in control (0 ppb 03) and ozone-exposed (150 ppb O3) leaves.

transformed prior to analysis. Effects of soil water status and O3
exposure were tested using two-way analysis of variance (ANOVA).
Results were considered significant at p <0.05. Differences among
means were tested by Tukey’s HSD test. Statistical analysis was
performed with STATISTICA software (6.0, StatSoft Inc., Tulsa, OK,
USA), according to Statsoft (2001).

3. Results
3.1. Steady-state and dynamic stomatal responses

Ozone exposure induced a decline of steady-state gs under well-
watered conditions (Fig. 3). gs was 73% in the low O3 treatment
and 25% in the high O3 treatment compared to the control plants.
Areduced soil water availability significantly reduced g relative to
well-watered plants and resulted in no effect of O3 on gs.

After severing a leaf, two phases of g5 response were observed
(Fig. 2): a transient increase as WWR and then a linear decrease.
Ozone exposure increased WWR duration from 11.942.7 min in
the control plants to 17.1 + 3.2 min in the high O3 treatment, while
the effect of water stress was not significant (Fig. 4A). Magnitude
of WWR was not affected by both O3 and soil water availabil-
ity (Fig. 4B). Ozone reduced the degree of stomatal closure over
time (Ags) in both soil water conditions (Fig. 4C). Also soil water
deficit reduced Ags relative to the optimal soil water availabil-
ity. In well-watered plants, the high O3 treatment resulted in
smaller stomatal closure than in control leaves (48% vs. 75%). In
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Fig. 3. Effect of 1-h exposure to four levels of O3 (control: 0 ppb; low: 45 ppb; mid-
dle: 90 ppb; high: 150 ppb) and soil water availability (well-watered 30% water
content; water-stressed: 6-15% water content) on steady-state stomatal conduc-
tance (gs). Data are means (N=5-8)+SE. * denotes significance at 5% levels; **
denotes significance at the 1% levels; n.s. indicates no significance. Different letters
indicate significant differences among bars (Tukey HSD test, P<0.05).
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Fig. 4. Effects of 1-h O3 exposure (Control: 0 ppb; low: 45 ppb; middle: 90 ppb;
high: 150 ppb) and soil water availability (well-watered 30% water content; water-
stressed: 6-15% water content) on dynamic g response after severing a leaf (A:
duration of transient increase in gs after severing; B: magnitude of transient increase
in g after severing; C: degree of g decrease at 45 min after severing). Data are means
(N=3-4)+SE. * denotes significance at the 5% levels; n.s. indicates no significance.
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Fig. 5. Effects of 1-h O3 exposure (Control: O ppb; low: 45 ppb; middle: 90 ppb;
high: 150 ppb) and soil water availability (well-watered 30% water content; water-
stressed: 6-15% water content) on nocturnal steady-state stomatal conductance (gs)
relative to the pre-exposure daytime value. Data are means (N =2-4) + SE. * denotes
significance at the 5% levels; n.s. indicates no significance.

water-stressed plants, high O3 and control treatment resulted in
41% and 61% stomatal closure, respectively.

3.2. Nocturnal stomatal conductance

Fig. 5 shows nocturnal steady-state gs relative to daytime pre-
exposure gs. Ozone exposure caused an increase of nocturnal gs. A
reduced soil water availability did not affect nocturnal gs. Nocturnal
gs increased in well-watered plants from 7% in the control plants
to 23% in the high O3 treatment.

4. Discussion

Increasing O3 exposure under optimal water availability pro-
gressively decreased steady-state gs. Although the mechanisms
that regulate stomatal responses to acute and chronic O3 expo-
sure may differ, the unifying result is a reduction of steady-state gs,
in both crops and trees, under different experimental conditions
(e.g., Grulke et al., 2007a; Wittig et al., 2007). Dynamic measure-
ments of g5 in Arabidopsis, in contrast, showed a rapid decrease
triggered by acute exposure (Vahisalu et al., 2010) and followed by
reopening to overshooting values (Moldau et al., 2011). Soil water
stress is usually considered to reduce O3 injury because it reduces
gs and thus O3 entering into a leaf (Tingey and Hogsett, 1985). The
result of our steady-state measurements supports this conclusion.
Simulated water deficit resulted in no effect of O3 on gs (Fig. 3).
During the dry summer of 2003 in Central Europe, no difference
in steady-state g5 was reported for beech trees exposed to ambi-
ent and twice-ambient O3 in free air (Léw et al., 2006). Figures
obtained from steady-state observations have been used to model
plant responses to O3 in a changing climate (e.g., Ollinger et al.,
2002).

Measurements of dynamic stomatal responses revealed that
exposure to increasing O3 concentrations made stomata sluggish
i.e. progressively increased the duration of WWR and reduced the
degree of stomatal closure over time (Fig. 4A and C). After leaf
severing, duration of WWR and following linear reduction in g
are related to induction and execution of guard cell osmoregula-
tion, respectively (Powles et al., 2006). Omasa (1990) reported that
stomatal response was affected by the Osz-induced effects such as
slight increase in permeability of epidermal cell membranes and
alteration of the osmotic pressure modulating a balance in turgor
between the guard and subsidiary cells. Ozone may also delay sto-
matal responses by stimulating ethylene production and reducing
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stomatal sensitivity to ABA (Wilkinson and Davies, 2010), or tem-
porarily desensitizing the guard cells by blocking the K* channels
(Vahisalu et al., 2010).

We also demonstrated, for the first time that also a mild soil
water stress is able to cause stomatal sluggishness by reducing the
degree of stomatal closure, while no effect was recorded on the time
the closing signal is perceived. Following Powles et al. (2006), this
response suggests that water stress affects execution rather than
induction of guard cell osmoregulation. In contrast with steady-
state gs, water deficit did not provide any protection from O3 effects
on stomatal dynamics.

The effect of water stress on stomatal sluggishness, however,
lasted shorter than the effect of ozone exposure. The imperfect sto-
matal closure at night, in fact, with higher nocturnal steady-state
gs after short-term O3 exposure in well-watered plants, may be
considered as a long-lasting effect of the aberrations induced by
ozone. Enhanced nocturnal gs induced by O3 has been reported for
several plant species (Skdrby et al., 1987; Matyssek et al., 1995;
Wieser and Havranek, 1995; Grulke et al., 2004, 2007c). Ozone-
induced incomplete closure of stomata at night may translate into
losing control of water efflux at dark (Skarby et al., 1987; Grulke
et al., 2007c¢). Increase in nocturnal g may also enhance O3 uptake
at night. Giinthardt-Goerg et al. (1997) reported that considerable
03 uptake at night induced leaf injury in Betula pendula, Pop-
ulus x euramericana, and Alnus glutinosa. Matyssek et al. (1995)
reported that birch species exposed to O3 at night showed great
reductions in growth.

Ozone peaks may exceed 0.1 ppm h in suburban and rural areas
of California in the United States (Heath et al., 2009), southern
Europe (Paoletti, 2006) and East Asia such as Japan (Takigawa et al.,
2007).The present study revealed that realistic short-term O3 expo-
sure (<150 ppb) induced stomatal sluggishness with or without
drought stress. Although the effect is lighter than for ozone, also
soil water deficit can induce stomatal sluggishness. Climate change
brings about the risk of drought and flooding (Bytnerowicz et al.,
2007). Ozone- and drought-induced loss of stomatal function may
enhance both leaf water loss and O3 uptake. Current modeling
efforts of O3 effects on plants have been developed using steady-
state parameters (Emberson et al., 2000; Griinhage et al., 2001) and
the O3-induced losing control of dynamic stomatal response was
ignored. The results presented here suggest to reconsider the role
of O3 pollution on leaf gas exchange and highlight complex interac-
tions between ozone and drought. Further improvement about our
understanding of stomatal response to O3 and drought will con-
tribute to assess climate change impacts on plant water balance
and susceptibility to stress.

Acknowledgements

This work was supported by JSPS Fellowships for Young Scien-
tists. We thank Bill Manning for providing the seeds of the sensitive
cultivar of snapbean.

References

Booker, F., Muntifering, R., McGrath, M., Burkey, K., Decoteau, D., Fiscus, E., Man-
ning, W., Krupa, S., Chappelka, A., Grantz, D., 2009. The ozone component of
global change: potential effects on agricultural and horticultural plant yield,
product quality and interactions with incvasive species. J. Integrative Plant Biol.
51,337-351.

Burkey, K.O., Eason, G., 2002. Ozone tolerance in snap bean is associated with ele-
vated ascorbic acid in the leaf apoplast. Physiol. Plant. 114, 387-394.

Bytnerowicz, A., Omasa, K., Paoletti, E., 2007. Integrated effects of air pollution and
climate change on forests: a northern hemisphere perspective. Environ. Pollut.
147, 438-445.

Ciais Ph, Reichstein, M., Viovy, N., Granier, A., Ogei e, ]., Allard, V., Aubinet, M., Buch-
mann, N., Bernhofer, C., Carrara, A., Chevallier, F., De Noblet, N., Friend, A.D.,
Friedlingstein, P., Gru'nwald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G.,
Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J.M., Pilegaard, K.,

Rambal, S., Seufert, G., Soussana, J.F., Sanz, M.]., Schulze, E.-D., Vesala, T., Valen-
tini, R., 2005. Europe-wide reduction in primary productivity caused by the heat
and drought in 2003. Nature 437, 529-533.

Cieslik, S., Omasa, K., Paoletti, E., 2009. Why and how terrestrial plants exchange
gases with air. Plant Biol. 11, 24-34.

Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simpson, D., Tuovinen, ].P., 2000.
Modelling stomatal ozone flux across Europe. Environ. Pollut. 109, 403-414.

Flowers, M.D., Fiscus, E.L., Burkey, K.O., Booker, F.L., Dubois, ]J.B., 2007. Photosyn-
thesis, chlorophyll fluorescence, and yield of snap bean (Phaseolus vulgaris L.)
genotypes differing in sensitivity to ozone. Environ. Exp. Bot. 61, 190-198.

Grulke, N.E., Alonso, R., Nguyen, T., Cascio, C., Dobrowolski, W., 2004. Stomata open
at night in pole-sized and mature ponderosa pine: implications for O3 exposure
metrics. Tree Physiol. 24, 1001-1010.

Grulke, N.E., Paoletti, E., Heath, R.L., 2007a. Comparison of calculated and measured
foliar Os flux in crop and forest species. Environ. Pollut. 146, 640-647.

Grulke, N.E., Neufeld, H.S., Davison, A.W., Chappelka, A., 2007b. Stomatal behavior of
03-sensitive and -tolerant cutleaf coneflower (Rudbeckia laciniata var. digitata)
Great Smoky Mountain National Park. New Phytol. 173, 100-109.

Grulke, N.E., Paoletti, E., Heath, R.L., 2007c. Chronic vs. short-term acute O3 expo-
sure effects on nocturnal transpiration in two Californian oaks. Sci. World J. 7,
134-140.

Griinhage, L., Krause, G.H.M,, KélIner, B., Bender, J., Weigel, HJ., Jdger, HJ., Guderian,
R.,2001. A new flux-oriented concept to derive critical levels for ozone to protect
vegetation. Environ. Pollut. 111, 355-362.

Giinthardt-Goerg, M.S., McQuattie, CJ., Scheidegger, C.,Rhiner, C., Matyssek, R., 1997.
Ozone-induced cytochemical and ultrastructural changes in leaf mesophyll cell
walls. Can. J. For. Res. 27, 453-463.

Heath, R.L,, Lefohn, A.S., Musselman, R.C., 2009. Temporal processes that contribute
to nonlinearity in vegetation responses to ozone exposure and dose. Atmos.
Environ. 43, 2919-2928.

Low, M., Herbinger, K., Nunn, AJ., Haberle, K.H., Leuchner, M., Heerdt, C., Werner,
H., Wipfler, P., Pretzsch, H., Tausz, M., Matyssek, R., 2006. Extraordinary drought
of 2003 overrules ozone impact on adult beech trees (Fagus sylvatica). Trees 20,
539-548.

Matyssek, R., Glinthardt-Goerg, M.S., Maurer, S., Keller, T., 1995. Nighttime exposure
to ozone reduces whole-plant production in Betula pendula. Tree Physiol. 15,
159-165.

Mills, G., Hayes, F., Wilkinson, S., Davies, W.]., 2009. Chronic exposure to increas-
ing background ozone impairs stomatal functioning in grassland species. Global
Change Biol. 15, 1522-1533.

Moldau, H., Vahisalu, T., Kollist, H., 2011. Rapid stomatal closure friggere by a short
ozone pulse is follone by re opening to overshooting values. Plant Signal. Behav.
6,311-313.

Morgan, P.W., Drew, M.C., 1997. Ethylene and plant responses to stress. Physiol.
Plant. 100, 620-630.

Nali, C., Paoletti, E., Marabottini, R., Della Rocca, G., Lorenzini, G., Paolacci, A.R., Ciaffi,
M., Badiani, M., 2004. Ecophysiological and biochemical strategies of response
to ozone in Mediterranean evergreen broadleaf species. Atmos. Environ. 38,
2247-2257.

NIES (National Institute for Environmental Studies), 1980. Studies on Effects of Air
Pollutants on Plants and Mechanisms of Phytotoxicity. Res. Rep. Natl. Inst. Env-
iron. Stud. Jap., Japan.

NIES, 1984. Studies on Effects of Air Pollutant Mixtures on Plants. Part 1 & 2. Res.
Rep. Natl. Inst. Environ. Stud. Jap., Japan.

Ollinger, S.V., Aber, ].D., Reich, P.B., Freuder, RJ., 2002. Interactive effects of nitrogen
deposition, tropospheric ozone, elevated CO, and land use history on the carbon
dynamics of northern hardwood forests. Global Change Biol. 8, 545-562.

Omasa, K., Abo, F., Natori, T., Totsuka, T., 1979. Studies of air pollutant sorption
by plants. (II) Sorption under fumigation with NO,, O3 or NO, +Os. ]. Agric.
Meteorol. 35, 77-83 (in Japanese with English summary).

Omasa, K., 1990. Study on changes in stomata and their surroundings cells using
a nondestructive light microscope system: responses to air pollutants. J. Agric.
Meteorol. 45, 251-257 (in Japanese with English summary).

Omasa, K., Maruyama, Y., 1990. Study on changes in stomata and their surroundings
cells using a nondestructive light microscope system: responses to changes in
water absorption through roots. J. Agric. Meteorol. 45, 259-264 (in Japanese
with English summary).

Omasa, K., Saji, H., Youssefian, S., Kondo, K., 2002. Air Pollution and Plant Biotech-
nology. Springer-Verlag, Tokyo.

Paoletti, E., 2005. Ozone slows stomatal response to light and leaf wounding
in a Mediterranean evergreen broadleaf, Arbutus unedo. Environ. Pollut. 134,
439-445.

Paoletti, E., 2006. Impact of ozone on Mediterranean forests: a review. Environ.
Pollut. 144, 463-474.

Paoletti, E., 2007. Ozone impacts on forests. CAB Reviews: PAVSNNR, 2 (No. 68), 13

p.

Paoletti, E., Grulke, N.E., 2005. Does living in elevated CO, ameliorate tree response
to ozone? A review on stomatal responses. Environ. Pollut. 137, 483-493.

Paoletti, E., Grulke, N.E.,2010. Ozone exposure and stomatal sluggishness in different
plant physiognomic classes. Environ. Pollut. 158, 2664-2671.

Paoletti, E., Manning, W.J., 2007. Toward a biologically significant and usable stan-
dard for ozone that will also protect plants. Environ. Pollut. 150, 85-95.

Paoletti, E., Contran, N., Bernasconi, P., Gunthardt-Goerg, M.S., Vollenweider, P.,
2009. Structural and physiological responses to ozone in Manna ash (Fraxinus
ornus L.) leaves of seedlings and mature trees under controlled and ambient
conditions. Sci. Total Environ. 407, 1631-1643.



Y. Hoshika et al. / Environmental and Experimental Botany 88 (2013) 19-23 23

Pinelli, P., Tricoli, D., 2008. A new approach to ozone plant fumigation: The Web-0O3-
Fumigation. Isoprene response to a gradient of ozone stress in leaves of Quercus
pubescens. iForest — Biogeosci. For. 1, 22-26.

Powles, J.E., Buckley, T.N., Nicotra, A.B., Farquhar, G.D., 2006. Dynamics of stomatal
water relations following leaf excision. Plant Cell Environ. 29, 981-992.

Reich, P.B., Lassoie, ].P., 1984. Effects of low level O3 exposure on leaf diffusive
conductance and water-use efficiency in hybrid poplar. Plant Cell Environ. 7,
661-668.

Reiling, K., Davison, AW., 1995. Effects of ozone on stomatal conductance
and photosynthesis in populations of Plantago major L. New Phytol. 129,
587-594.

Serengil, Y., Augustaitis, A., Bytnerowicz, A., Grulke, N., Kozovitz, A.R., Matyssek,
R., Miiller-Starck, G., Schaub, M., Wieser, G., Coskun, A.A., Paoletti, E., 2011.
Adaptation of forest ecosystems to air pollution and climate change: a global
assessment on research priorities. iForest - Biogeosci. Forestry 4, 44-48.

Skdrby, L., Troeng, E., Bostrom, C.A., 1987. Ozone uptake and effects on transpira-
tion, net photosynthesis, and dark respiration in Scots pine. For. Sci. 33, 801-
808.

Statsoft, 2001. STATISTICA (Data Analysis Software System), version 6.0. StatSoft
Inc., Tulsa, OK.

Takigawa, M., Niwano, M., Akimoto, H., Takahashi, M., 2007. Development of a one-
way nested global-regional air quality forecasting model. Sola 3, 81-84.

Tingey, D.T., Hogsett, W.E., 1985. Water-stress reduces ozone injury via a stomatal
mechanism. Plant Physiol. 77, 944-947.

UNECE, 2004. Mapping critical levels for vegetation. Chapter 3 Manual on Method-
ologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air
Pollution Effects. Risks and Trends, Umweltbundesamt, Berlin.

Vahisalu, T., Puzorjova, L., Broschei, M., Valk, E., Lepiku, M., Moldau, H., Pechter, P.,
Wang, Y.-S., Lindgren, O., Salojarvi, J., Loog, M., Kangasjarvi, J., Kollist, H., 2010.
Ozone-triggered rapid stomatal response involves the production of reactive
oxygen species, and is controlled by SLAC1 and OST1. Plant J. 62, 442-453.

Velikova, V., Tsonev, T., Pinelli, P., Alessio, G.A., Loreto, F., 2005. Localized ozone
fumigation system for studying ozone effects on photosynthesis, respiration,
electron transport rate and isoprene emission in field-grown Mediterranean
oak species. Tree Physiol. 25, 1523-1532.

Wieser, G., Havranek, W.M., 1995. Environmental control of ozone uptake in
Larix decidua Mill.: a comparison between different altitudes. Tree Physiol. 15,
253-258.

Wilkinson, S., Davies, W., 2010. Drought, ozone, ABA and ethylene: new insights
from cell to plant community. Plant Cell Environ. 33, 510-525.

Wittig, V.E., Ainsworth, E.A., Long, S.P.,2007. To what extent do current and projected
increases in surface ozone affect photosynthesis and stomatal conductance of
trees? A meta-analytic review of the last 3 decades of experiments. Plant Cell
Environ. 30, 1150-1162.

Wittig, V.E., Ainsworth, E.A., Naidu, S.L., Karnosky, D.F., Long, S.P., 2009. Quantifying
the impact of current and future tropospheric ozone on tree biomass, growth,
physiology and biochemistry: a quantitative meta-analysis. Global Change Biol.
15, 396-424.



	Both ozone exposure and soil water stress are able to induce stomatal sluggishness
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Steady-state and dynamic stomatal responses
	3.2 Nocturnal stomatal conductance

	4 Discussion
	Acknowledgements
	References


