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We studied the effect of high ozone (O3) concentration (110–490 nmol mol1) on regenerating aspen
(Populus tremuloides) and maple (Acer saccharum) trees at an open-air O3 pollution experiment near
Rhinelander WI USA. This study is the first of its kind to examine the effects of acute O3 exposure on
aspen and maple sprouts after the parent trees, which were grown under elevated O3 and/or CO2 for 12
years, were harvested. Acute O3 damage was not uniform within the crowns of aspen suckers; it was
most severe in the mature, fully expanded photosynthesizing leaves. Young expanding leaves showed
no visible signs of acute O3 damage contrary to expectations. Stomatal conductance played a primary
role in the severity of acute O3 damage as it directly controlled O3 uptake. Maple sprouts, which had
lower stomatal conductance, smaller stomatal aperture, higher stomatal density and larger leaf surface
area, were tolerant of acute O3 exposure. Moreover, elevated CO2 did not ameliorate the adverse effects
of acute O3 dose on aspen and maple sprouts, in contrast to its ability to counteract the effects of longterm chronic exposure to lower O3 levels.

Introduction
Tropospheric ozone (O3) is one of the serious air pollutants1 that
have negative effects on both plants and animals.2 Results from
large-scale field experiments have shown conclusively that forest
trees are adversely affected by O3 at concentrations as low as 50–
60 nmol mol1.3,4 Due to increasing concentration of O3 in the
troposphere, mainly as a result of anthropogenic activities,5–8
greater portions of the global forest ecosystem are now subject to
toxic O3.9,10 In plants, O3 toxicity is manifested as visible foliar
symptoms such as necrotic lesions,11,12 decreases in yield13 and
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growth,14 changes in carbon assimilation and stomatal conductance,15–20 and total leaf necrosis.21
Previously, O3 damage was thought to be mainly due to
external exposure (external contact with air pollutant not
uptake),22 whereas more recently it is understood that leaf O3
uptake is more directly related to O3 injury.23–25 Ozone uptake by
leaves occurs through stomatal and non-stomatal pathways.26–30
Non-stomatal uptake includes O3 deposition on cuticles,31 while
stomatal uptake is associated with stomatal conductance. Low
stomatal conductance observed in Mediterranean plants has
been associated with their high O3 tolerance,16 as this leads to
lower O3 uptake, and lower O3 concentration inside the leaf,
causing less damage.18 More recently Fares et al.31 observed that
O3 fluxes inside the leaves were directly affected by stomatal
conductance and both decreased with leaf age. Short term acute
O3 exposure does not significantly affect stomatal conductance
unlike long-term exposure which can cause significant decreases
in stomatal conductance,32 possibly due to the sluggish nature of
stomata under high O3 levels.33 Heavy O3 doses could lead to

Environmental impact
We tested the effect of acute O3 exposure on regenerating trembling aspen and sugar maple trees in an open-air exposure experiment.
We found that aspen leaves in the mid canopy were severely damaged in 3 days, with 100% necrosis. Those leaves had the highest
photosynthesis and stomatal conductance rates in the canopy, whereas newly expanding or mature lower canopy aspen leaves, and
sugar maple leaves, had low conductances and therefore lower O3 uptake. Our study confirms that leaf O3 uptake is a more robust
indicator of O3 damage to plants than is atmospheric O3 concentration. Also, acute O3 uptake is not ameliorated by elevated CO2
unlike chronic exposure at lower concentrations.
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rapid O3 accumulation in intercellular spaces before stomatal
closure occurs,27 resulting in acute O3 damage.
In addition to O3 resistance via low stomatal conductance, the
ameliorative effects of elevated CO2 concentration on the adverse
effects of O3 have been documented in experiments involving
simultaneous exposure to both gases.17,34–39 Under elevated CO2
plants often have decreased stomatal conductance, which, in
turn, decreases O3 uptake and therefore reduces O3 damage.5,40,41
Recently, Uddling et al.42 reported that the interaction between
elevated CO2 and O3 at the stomatal level may not necessarily
result in a decrease in adverse O3 effects. This is because elevated
CO2 did not decrease stomatal conductance significantly as much
as predicted by various models, and hence, stomatal O3 uptake is
not decreased much especially in northern hardwood forests.
Most of the previous reports come from studies involving
chronic exposure to moderately high O3 and not acute exposure
to a high dose of O3 in a short period of time (72–96 h). Hence
there is the need to examine the interactive effect of elevated CO2
and acute dose of O3 under field conditions.
In this paper we report the effects of a short term, very high
dose of O3 on first-year trembling aspen and sugar maple coppice
regeneration from trees that were exposed to elevated O3 their
entire lives (12 years in the former Aspen FACE experiment43),
harvested, and then allowed to sprout under elevated concentrations of CO2 and/or O3. Our objectives were to determine
whether: (1) there were any physiological factors that enable
maple to tolerate very high doses of O3 without visible foliar
symptoms compared to aspen; (2) leaf age affects sensitivity to
acute O3 concentration over a short period of time under field
conditions; and (3) elevated CO2 will ameliorate the adverse
effects of acute O3 dose on aspen leaves.

Materials and methods
Experimental design
The former Aspen FACE experiment near Rhinelander WI,
USA (45.6 N, 89.5 W) laid the foundation for the present
study. That experiment site was established in 1997 as the first
open-air facility to study the responses of northern forest trees to
interacting elevated concentrations of CO2 and O3.7,43,44 The
experiment was designed with three replicates of four treatments:
control (C), elevated CO2 (+CO2) of 560 mmol/mol, elevated O3
(+O3) of 1.5 times ambient, and elevated concentrations of both
gases (+CO2 + O3). Ozone was generated on-site from pure O2
gas. The twelve open-air fumigation treatment plots, or ‘‘rings’’,
were 30 m in diameter with treatment gas concentrations monitored at plot center and regulated using FACE technology as
described by Hendrey et al.45 Each FACE plot was surrounded
by a ring of 32 vertical gas-emitting pipes that dispensed the
treatment gasses under computer control. At any one time, only
ten of the thirty two vertical emitter pipes operated in each ring
depending upon wind direction. The diluted gasses were injected
where they quickly mixed with the ambient air, against the wind
and were carried into the plots. Further details of the site and
experimental design are described in Dickson et al.43
Each treatment ring was planted in 1997 with six month old
rooted cuttings of five clones of trembling aspen (Populus tremuloides Michx.) and six-month old seedlings of sugar maple (Acer
This journal is ª The Royal Society of Chemistry 2011

saccharum Marsh.) and paper birch (Betula papyrifera Marsh.)
from open-pollinated seed sources. All trees were planted at a 1 
1 m spacing. The east half of each treatment ring was a random
distribution of the 5 aspen clones, the northwest quadrant was
a 50/50 alternating arrangement of aspen (only clone 216) and
maple, and the southwest quadrant was a 50/50 alternating
arrangement of aspen and birch. The trees were allowed to grow
under the fumigation treatments and natural climatic conditions
from 1998 through 2008. In July and August 2009, the subplots
within each FACE ring were experimentally harvested to fully
assess the final above- and below-ground distribution of
biomass, C and N. All remaining trees were removed (cut to
ground level) during the winter of 2009–10. Beginning in spring,
2010, the rings were allowed to naturally regenerate with aspen
root suckers and maple and birch stump sprouts, under the
previously established treatments (Aspen FACE, Phase II). Thus,
this was the first open-air facility to study how forest vegetative
regeneration will be affected under a future, modified
atmosphere.
Per the established treatment protocols, neither CO2 nor O3
were dispensed at night or when the maximum daytime
temperatures were projected to be less than 15  C for O3 (since O3
formation declines below this temperature) and 4.5  C for CO2
(since photosynthetic activity is insignificant at this temperature).
In addition, O3 was not dispensed during periods when leaf
surfaces were wet (from fog, dew, or rain), or when sustained
winds exceeded 5 m s1 (for both treatments).
Field measurements
During the brief period of this study (DOY 197, 198 & 200), wind
directions were predominantly from the northwest and the
combined effects of these low winds and the ozone treatments
were the basis for the study. Our measurements focused on the
northwest quadrant of the elevated O3 and elevated CO2 + O3
treatment rings, which consisted of the mixed aspen and maple
community. Acute O3 injury was observed by visual inspection.
Leaf blade of length 15mm was regarded as Leaf plastochron
index (LPI) of zero. Nine leaves per species were selected (from
upper [LPI 1–10  2], mid-canopy [LPI 11–20  5 depending on
height) and lower canopy [lowest 10 green leaves) from each
treatment for measurements of instantaneous photosynthesis
and stomatal conductance and photosynthetic light response
using a portable photosythesis system (Model LI-6400, LiCor,
Lincoln, NE, USA). All measurements were conducted between
0900 and 1200 h local daylight savings time.
Aspen and maple sprouts were 1.5–2.0 m and 1.0–1.5 m tall
respectively, at the time of the measurement. Yet, these differences in height between the aspen and maple sprouts did not
affect our results. Measurements were taken from plants within
5 m of the pipe vents and not the core section of the quadrant.
Gas exchange measurements were taken twice (first on DOY 194)
before visible necrotic symptoms were observed and (a second
one on DOY 202) after the visible symptoms were seen. Fumigation was carried out only on DOY 197, 198 and 200 between
the two measurement days (DOY 194 and 202) making a total
exposure days of 3.
Clear nail polish was applied to the lower side of the leaves
(both upper and lower canopy leaves) and allowed to air dry.
J. Environ. Monit., 2011, 13, 2436–2442 | 2437

Then a clear tape was applied on the dried nail polish and peeled
off to capture the stomatal imprints for microscopic examination. From these stomatal imprints, stomatal aperture and
density were measured and counted using an upright biological
microscope (Motic BA 400 EPI-Fluorescence, Ted Pella Inc.,
Redding, CA, USA). These leaves were then harvested and their
leaf area measured with a portable leaf area meter (LI-3100C,
LiCor Inc., Lincoln, NE, USA). Leaf discs of 2 cm2 were taken
from these leaves (2 discs per leaf and 3 leaves per ring for each
species, oven dried at 65  C for 72 h and weighed to compute
specific leaf area.
The O3 flux equation used by Wieser and Havranek46 was
adopted here to calculate O3 flux into the leaves:
F ¼ [O3] * gO3

(eqn 1)

Where F is the flux or uptake rate of O3 (mol m2 s1), [O3] is the
ozone concentration in the ambient air (nmol mol1) and gO3 is
the stomatal conductance (mol m2 s1) for O3. Stomatal
conductance for O3 was calculated by multiplying the conductance for water vapor by the ratio of diffusivities of water vapor
and O3 (0.613).46 This method for calculating O3 uptake has
previously been found to be in good agreement with measured O3
fluxes into leaves.46–48
Ozone concentrations at the treatment gas emitters were
computed using the ozone generator output (3.25 g m3),
conversion from concentration to mixing ratio (510 000 nmol
mol1 (g m3)1, the estimated fan rate (100 000 L min1), and the
1-minute sample oxygen carrier gas flow rate reading in L min1.
If the systematic uncertainty in each of these four factors were
10%, then the overall systematic uncertainty in the vent mixing
ratio when combined in quadrature, i.e. uncorrelated, would be
20%. Based on these calculations, the daily average O3 concentration coming out of the vents when ozone treatment was active
ranged between 110 and 490 nmol mol1 over the three exposure
days and six treatment plots. Occasional brief peaks reached
1990 nmol mol1 (the average time for this maximum value is in
the order of 1 s with a recording interval of 1 min). Day-to-day
variation in ambient ozone mixing ratio affected all plots the
same way. The micrometeorological conditions in each plot also

Fig. 1 Distribution of hourly wind speed and direction measured at 2 m
above ground inside the rings. Wind speed measured on site during the
high dose exposure period (DOY 197, 198 and 200 in 2010) at NFEE site,
Rhinelander WI, USA.

had a strong influence on O3, and this varied day-to-day and
plot-to-plot.
Statistical analysis
Data were analyzed in a randomized block ANOVA, using
Tukey’s HSD post hoc test for multiple comparisons of treatment means. Treatment effects were regarded as significantly
different at P # 0.05. The statistical test was performed using the
SigmaStat version 3.5 by Systat Inc.

Results
During the study period (DOY 197, 198 and 200; there was no
fumigation on DOY 199 due to weather conditions), 68% of
hourly wind directions were from 304 to 326 , and 80% were
from 281 to 349 (Fig. 1). Moreover, wind speeds during this
period were unusually low with an hourly mean of 0.1 m s1).

Fig. 2 (a) Mean hourly [O3] recorded in the middle of the rings for DOY 197, 198 and 200 (b) Ozone concentrations recorded every minute showed
peaks of up to 160 nmol mol1 in the middle of the rings. These measurement were taken on DOY 197, 198 and 200 at the NFEE site Rhinelander WI,
USA.
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This low wind speed decreased diffusion and transport rate of the
emitted O3 treatment gas which, in turn, caused higher O3
around the sprouting aspen and maple trees in the ring quadrant
that were closest to the vertical vent pipes and outside the core
section where long-term measurement are taken. Occasionally,
O3 peaks of up to 160 nmol mol1 were recorded by the monitor
at plot center over the study period (Fig. 2b).
Mid canopy leaves of plants close to the emitters (less than 4 m)
had 100% necrosis, while those 8 m away had 50% and those 14 m
away had hardly any (<5%) necrotic spots on their mid-canopy
leaves. We also observed that acute O3 damage was not uniform
on the young aspen canopy and that leaves of different ages and
species responded differently. Expanding and recently expanded
aspen leaves of leaf plastochron index (LPI)49 1–10  2 observed
during the study period did not have signs of severe O3 damage
(Fig. 3a). Fully expanded, matured leaves were the ones that
suffered most severely as they were killed (100% necrosis) and shed
within 72–96 h. Older or lower canopy leaves had few necrotic
spots (about 30% necrosis) on them but did not abscise. Interestingly, maple leaves immediately adjacent to dead aspen leaves
did not show any visible symptoms of acute O3 damage (Fig. 3b).
Instantaneous gas exchange rates were measured in the upper
and mid canopy before the occurrence of acute O3 damage
(Table 1). There were no significant differences (P>0.05) in either
photosynthesis or stomatal conductance rates of aspen upper
canopy leaves under control treatment compared to those under
+O3. We observed a significant difference between upper- and
mid-canopy leaves in both photosynthesis (P < 0.01) and
stomatal conductance (P ¼ 0.02) rates under +O3 treatment. The
mature, mid-canopy aspen leaves that became damaged by O3
had nearly three times (P < 0.01) the gas exchange rates of
adjacent, mature maple leaves. Moreover, gas exchange rates of
upper canopy leaves (measured on DOY 202), indicate that
instantaneous photosynthesis and conductance rates of
expanding aspen leaves with no visible damage were not significantly different (P > 0.05) from those of mature, undamaged
maple leaves (mid canopy leaves). This is in contrast to the midcanopy aspen leaves that had three times higher stomatal
conductance rates (P < 0.01). This implies that stomatal O3
uptake was three times higher in mature aspen leaves than in
maple leaves or young expanding aspen leaves.
Stomatal aperture was significantly larger (P < 0.01), but
stomatal density lower (P > 0.05) in mature aspen than maple
leaves (Table 1). Despite lower stomatal density, stomata apertures occupied a larger proportion of the leaf surface in aspen
(8%  1%) compared to maple (3%  0.3%).
Specific leaf area did not differ significantly between species
(0.0076  0.0002 cm2 g1 and 0.0078  0.0003 cm2 g1 for aspen
and maple respectively) indicating that the photosynthetic tissues
in aspen leaves were serviced by 2.7 times the stomatal pore space
as that of maple.
We observed equally severe acute O3 damage under elevated
CO2 + O3 as in O3 alone. The images in Fig. 3 were taken from
the elevated CO2 + O3 treatment. Even though photosynthesis
rates were significantly higher in both species under elevated CO2
+ O3 relative to control (P < 0.001 for both species), stomatal
conductance did not differ significantly between treatments in
both species. Consequently, stomatal uptake of +O3 did not
differ between treatments for each species (Table 2).
This journal is ª The Royal Society of Chemistry 2011

Fig. 3 (a) Visible acute O3 damage is more severe on mature, actively
photosynthesizing leaves (mid-canopy leaves) compared to young
expanding leaves (upper-canopy leaves) and older leaves (lower-canopy
leaves. Hence, damage is not uniform in the canopy profile or with leaf
age. (b) Although aspen and maple were equidistance from the fumigation vents, there were no visible symptoms on maple leaves but aspen
leaves were severely damaged (100% necrotic).

Discussion
Acute O3 damage was related to variation in leaf age and
physiology throughout the canopy
In our study, we found that leaf damage due to O3 exposure
varied throughout the aspen-maple canopy due to variation in
both atmospheric O3 concentration and physiological factors
related to leaf age. Ozone damage decreased along a decreasing
J. Environ. Monit., 2011, 13, 2436–2442 | 2439

Table 1 A comparison of physiological and morphological characteristics between lower, mid and upper canopy (young expanding, recently matured
and old matured shaded, respectively) leaves of aspen and maple under ambient and elevated O3 concentrations. The lower photosynthetic rates (Pn rates
in mmol m2s1), stomatal conductance (Gs in mol m2s1), stomatal aperture (Sa in mm2), Stomatal density (Sd) and larger Leaf area (La in cm2)
contributed to maples higher tolerance to acute O3. At the time measurements were taken, the subject leave were LPI 1–10–Upper canopy, LPI 11–21  3
mid canopy and LPI>21 for lower-canopy leavesa

Pn rate
Gs
Sa
Sd
La
a

Aspen Upper Canopy

Aspen Mid Canopy

Aspen Lower Canopy

Maple Mid Canopy

Control

+O3

Control

+O3

Control

+O3

Control

+O3

10.6  3b
0.16  0.02c

10.1  2.4b
0.15  0.03c

16.4  0.5a
0.45  0.03a
170  09a
26  03c
65  04b

16.4  0.4a
0.42  0.01a
119  13b
14  02d
52  03c

13.4  0.5b
0.38  0.02ab

08.7  1.0b
0.33  0.02b

09.7  0.40b
0.16  0.01c
89  04c
66  03a
104  06a

07.3  0.60b
0.13  0.01c
80  02c
47  03b
91  11a

Grouping by Tukey’s post-hoc multiple comparison test are indicated by different letters a, b, c and d (alpha ¼ 0.05).

O3 gradient from the emitters to the plot center [Mid canopy
leaves of plants close to the emitters had 100% necrosis, while
those 8 m away (midway between vents and ring center) had 50%
and those 14 m away had hardly any (<5%) necrotic spots on
their mid-canopy leaves], which corresponded to decreasing
visible O3 damage on aspen leaves. This is in agreement with the
localized ozone fumigation experiment conducted by Velikova
et al.,18 in which leaves close to the fumigation vents received
about 300 nmol mol1 while other leaves on a different branch 30
cm away received about 200 nmol mol1. In that experiment,
high variance in O3 concentration within the crown of one tree
affected the O3 dose received by each leaf. Thus, leaf-level visual
and physiological indicators of O3 stress varied substantially
across our large scale experiment.
Fig. 3 clearly illustrates that acute O3 damage was not uniform
across leaves of different ages: acute and severe O3 damage
(100% necrosis) occurred only on mature, fully expanded, and
actively photosynthesizing leaves. Plant response to atmospheric
O3 depends upon the amount of O3 that enters the tissue and
causes damage inside the leaves by disrupting physiological and
biochemical processes.50 Leaf O3 uptake is thought to be exclusively through stomata because the cuticle is highly resistant to
O3 conductance.29 Thus, O3 damage depends upon three factors:
external O3 which drives O3 diffusion (O3 flux) through stomata
and into leaves, the rate of stomatal conductance which allows
gas diffusion to occur, and internal resistance to oxidation,
primarily
through
production
of
antioxidant
compounds.29,46,51,52
In our study, the new expanding leaves (upper canopy leaves) of
aspen had up to about 50% (significantly) lower stomatal
conductance than the mature, sun-lit leaves at mid canopy, and
they had no visible O3 injury, which is consistent with other

studies.16,18 Likewise, mid-canopy maple leaves had no visible
symptoms of acute O3 damage, and had similar stomatal
conductance rates as the newly expanding aspen leaves. The high
rates of O3 flux into mature aspen leaves resulted in a mid-canopy
zone of 100% leaf necrosis for trees near the dispersal vents, followed by shedding of those leaves 2–3 days later. Older (lower
canopy), shaded aspen leaves, with decreased stomatal conductance, had much less visible damage compared to the mid canopy
leaves. This is in contrast to reports that O3 damage to leaves is
greater in lower canopy leaves and at low light levels despite the
lower stomatal conductance and O3 uptake relative to upper
canopy leaves.31,53 This contradiction could possibly be due to
differences in plant response to chronic compared to acute O3
dose. During the short, acute exposure time in our study, there was
no decrease in conductance of the most active leaves, which is
often not the case for plants exposed to long-term but lower O3.32
Many studies have discussed the role of stomatal conductance
and O3 dose on O3 damage,18,32,54 but few studies consider the
role that stomatal size and density play in O3 sensitivity. We
found that total stomatal pore space per unit leaf area was 3.3
times higher in aspen compared to maple. This is a speciesspecific (although somewhat plastic) morphological characteristic that contributes to differing rates of stomatal conductance
per unit leaf area, and consequently differences among species in
O3 dose.
A comparison of the O3 concentration measured in the middle
of the rings from 1998 through 2001 (21–65 nmol mol1)9 is
similar to what was recorded in July of 2010 (26–67 nmol mol1).
Because O3 did not differ at plot center between years, it is critical
to mention the importance of wind speed in diffusing the highly
concentrated O3 at the emitters for efficient mixing with ambient
air. The average wind speed at a height of 2 m during the study

Table 2 Elevated CO2 + O3 did not ameliorate the adverse effect of O3 on stomatal conductance and O3 flux since CO2 significantly increased
photosynthetic rate (mmol m2 s1) in both species, but CO2 had no effect on stomatal conductance (mol m2 s1) in both species, and had no effect on O3
(mol m2 s1) uptake on both speciesa

Pn
Gs
O3 flux
a

Control

Aspen + O3

+CO2 + O3

Control

Maple + O3

+CO2 + O3

17.9  0.8b
0.42  0.02a
15.3  0.4b

14.9  0.8c
0.40  0.02a
52.3  2.2a

26.4  0.7a
0.37  0.03a
48.3  2.8a

10.7  0.4d
0.16  0.01b
05.7  0.3c

08.5  0.7e
0.13  0.02b
17.0  0.9b

15.0  0.7c
0.14  0.01b
18.3  1.5b

Groupings by Tukey’s post-hoc multiple comparison test are indicated by different letters (alpha ¼ 0.05).
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period was 0.25 m s1 compared with 2.4 m s1 recorded in 1998
when the original planted trees were about the same age and size.
But there was no acute O3 damage because the wind helped to
diffuse the O3 quickly. Under the 3-day low wind conditions in
2010, the fumigation of between 110 and 490 nmol mol1 over the
study period and an occasional brief peaks reaching 1990 nmol
mol1, exposed plants near the emitters to very high O3
concentration. It should be noted, however, that although we
observed little visual evidence of O3 damage in the interior of the
treatment rings, those same lower O3 concentrations decreased
stand volume growth by 29%55 after 7 years, which was a function of both smaller tree size and increased mortality.56
Elevated CO2 did not ameliorate the adverse effects of acute O3
exposure
There have been many reports that elevated CO2 ameliorates
adverse effects of elevated O3;35 however, this is not always the
case.20,38,57,58 In our study, although there was ameliorative effect
of elevated CO2 on O3 effects with respect to photosynthetic rate,
there was no change in stomatal conductance indicating that the
CO2 effect on photosynthesis was largely due to a stronger CO2
diffusion gradient. These findings are in agreement with many
reports19,20,34,42,57,59–61 but not all.40,62 Because the stomatal
conductance of leaves under the elevated O3 alone did not differ
from leaves under elevated CO2 + O3, their O3 uptake rates were
similar. Interestingly, we observed greater incidence of leaf
necrosis in the CO2 + O3 treatment compared to O3 alone. This is
consistent with Gupta et al.39 who reported that elevated CO2 +
O3 at times exacerbated the adverse effect of O3 on gene
expression of aspen. For example, elevated CO2 exacerbated the
adverse effect of O3 on senescence-associated genes (SAGs) and
genes involved in the flavanoid pathway. The many contrasting
reports of CO2 effects on conductance and O3 injury might be
explained by variation in responses among taxa and climatic
conditions. Darbah et al.63 reported that elevated CO2 significantly decreased stomatal conductance in one aspen clone but
not another. In that same experiment, Darbah et al.,20 found that
climatic variation among different years contributed to stomatal
responses to elevated CO2 and O3. This shows that caution
should be used when making predictions about possible
ameliorative effects of elevated CO2 on tropospheric O3 pollution, especially where acute exposures are possible.

Conclusions
We found that severity of acute O3 damage is not uniform in
leaves of different physiological ages even on the same plant and
that this was related to stomatal conductance differences among
the leaves of various ages. Leaf morphology and physiology both
contributed to variation in sensitivity to acute O3 dose among
different leaf ages and species. Elevated CO2 did not ameliorate
the adverse effect of acute O3 damage on leaves as it did not
significantly decrease stomatal conductance rates. Finally, within
the same experiment, different plants and different leaves on the
same plant received different O3 doses depending on their relative
position to the source of the O3 and that determined how much
damage was caused to the leaf tissue and hence the photosynthetic machinery.
This journal is ª The Royal Society of Chemistry 2011
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