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• 5 modern cultivars of wheat were
investigated under fully open-air ﬁeld
conditions.
• Regressions of photosynthetic responses
with different O3 metrics were
calculated.
• Performance was slightly better for ﬂuxbased than for exposure-based O3
metrics.
• The more robust indicators were Asat,
Jmax, Vcmax and chlorophyll content.
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a b s t r a c t
Five winter wheat cultivars were exposed to ambient (A-O3) and elevated (E-O3, 1.5 ambient) O3 in a fully openair fumigation system in China. Ozone exposure- and ﬂux based response relationships were established for
seven physiological variables related to photosynthesis. The performance of the ﬁtting of the regressions in
terms of R2 increased when second order regressions instead of ﬁrst order ones were used, suggesting that effects
of O3 were more pronounced towards the last developmental stages of the wheat. The more robust indicators
were those related with CO2 assimilation, Rubisco activity and RuBP regeneration capacity (Asat, Jmax and
Vcmax), and chlorophyll content (Chl). Flux-based metrics (PODy, Phytotoxic O3 Dose over a threshold
y nmol O3 m−2 s−1) predicted slightly better the responses to O3 than exposure metrics (AOTX, Accumulated
O3 exposure over an hourly Threshold of X ppb) for most of the variables. The best performance was observed
for metrics POD1 (Asat, Jmax and Vcmax) and POD3 (Chl). For this crop, the proposed response functions could be
used for O3 risk assessment based on physiological effects and also to include the inﬂuence of O3 on yield or
other variables in models with a photosynthetic component.
© 2017 Elsevier B.V. All rights reserved.

Abbreviations: AOTX, Accumulated O3 exposure over an hourly Threshold of X ppb; Asat, light-saturated net photosynthetic rate; Car, carotenoid content; Chl, total chlorophyll content;
gs, stomatal conductance; Jmax, maximum rate of electron transport; PhiPS2, quantum yield of non-cyclic electron transport; PODy, Phytotoxic O3 Dose over a threshold of
y nmol O3 m−2 PLA s−1; Vcmax, maximum carboxylation efﬁciency.
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1. Introduction
Tropospheric ozone (O3) is a pollutant affecting human heath, ecosystems and food security (The Royal Society, 2008). Rural O3 concentrations have been increasing from a background of ca. 10–15 ppb to
approximately 40–50 ppb (8-h summer seasonal average) in industrialized and fast developing countries since the end of the 19th century, due
to increased emissions of O3 precursors from anthropogenic sources
(The Royal Society, 2008; Cooper et al., 2014). In Asia, the fast economic
development of the last decades has caused a rise at a higher pace than
in other countries in parallel with higher increases in O3 precursors,
mainly NO2 (Feng et al., 2015).
Ozone causes reductions in the yield of many sensitive crop species
(Feng and Kobayashi, 2009). Wheat is one of the most important crops
worldwide with an annual production of 729 million metric tons in
2014 (FAO, 2016), and its production must increase in the future in
order to meet expected demands imposed by population growth
(Singh et al., 2007). Model estimates suggest that global yield losses
for wheat due to current ambient O3 concentrations are 12%, with
large regional differences (The Royal Society, 2008). A meta-analysis
based on chamber studies found that elevated O3 concentration (average 73 ppb, representative of future concentrations) reduced leaf photosynthesis and grain yield of wheat by 20% and 29%, respectively, as
compared with plants grown in carbon-ﬁltered air (Feng et al., 2008).
It is known that the impact of O3 increased with developmental stages,
and grain ﬁlling period is the most sensitive stage; decreased photosynthesis appears to be the key driver for the yield loss (Pleijel et al., 1998).
In Feng et al. (2008) meta-analysis, no signiﬁcant response differences
to O3 were observed between spring wheat and winter wheat, although
it is well known that there are signiﬁcant differences in sensitivity to O3
among cultivars (Feng et al., 2016).
Given the economic importance of yield, many studies have focused
on crop yield responses against different exposure and dose metrics
(e.g., LRTAP, 2015; Feng et al., 2012). However, studies on physiological
or biochemical responses are still scarce despite the fact that these variables could represent relevant indicators of early responses to O3
(Bagard et al., 2015; Shang et al., 2017; Sun et al., 2014) and that this
type of responses are of interest to understand mechanisms of damage
and for the application in modelling of O3 effects. Exposure- and ﬂuxresponse analyses of these variables provide information on which
ones are more sensitive to O3, allowing quantiﬁcation of the magnitude
of change for a range of O3 exposures or accumulated O3 uptake. It is
also possible to determine which type of response functions describes
better the impact of O3 for each variable, and which are the variables
showing more robust responses. Finally, knowledge of the type of
exposure- and ﬂux-responses of photosynthetic variables against O3 is
of critical importance to accurately incorporate the impact of O3 in
models with a photosynthetic component (Fares et al., 2013; Wu
et al., 2016).
In last decade, O3 risk assessment has evolved from the use of
exposure-based metrics such as the AOTX (Accumulated O3 exposure
over an hourly Threshold of X ppb) to the use of ﬂux-based metrics
such as the PODy (Phytotoxic O3 Dose over a threshold of
y nmol O3 m−2 s−1) (LRTAP, 2015). As the latter approach takes into account the inﬂuences of meteorological, soil moisture and phenological
factors on the O3 uptake by the plants, the use of this metric has been
reported to represent an advantage over AOTX (Danielsson et al.,
2003; Pleijel et al., 2004). For winter wheat, response functions for O3induced yield losses in subtropical regions have been proposed using
AOT40 and POD12 (i.e., thresholds 40 ppb and 12 nmol O3 m−2 s−1, respectively) as the predictive O3 metrics in the regressions (Feng et al.,
2012). The main objective of this paper is to improve the assessment
of O3 impacts on wheat with respect to O3 exposure- and ﬂux-based
metrics in a range of important physiological leaf traits. For this objective, ﬁve modern cultivars of winter wheat fumigated under fully
open-air ﬁeld conditions have been investigated. Cultivar-speciﬁc

1539

responses have not been taken into account as they have been previously studied in Feng et al. (2016). Further objectives are: 1) To provide O3
exposure and stomatal ﬂux-response relationships for photosynthesisrelated variables for wheat. 2) To compare the performance of
exposure- and stomatal ﬂux-response metrics for these variables in
wheat. 3) To assess which thresholds are the most suitable for establishing response relationships for both O3 metrics. The main hypotheses to
be tested are: 1) The magnitude of the physiological responses will increase at more advanced wheat developmental stages; 2) The performance of ﬂux-based metrics for winter wheat is better than that of
exposure-based metrics.
2. Material and methods
2.1. Experiment site and plant material
The experiment was carried out in a fully open-air O3 fumigation
system (O3-FACE) in Xiaoji Town, Jiangsu Province, China (119° 42′ E,
32° 35′ N). The area has a subtropical marine climatic type with mean
annual precipitation of 1100–1200 mm and mean annual temperature
of 16 °C. The experimental ﬁeld was placed on Shajiang Aquic Cambisols
with a sandy-loamy texture, and the site has been traditionally subjected to a continuous rice/wheat or rice/rapeseed rotation. Further details
on the site and climatic conditions are provided in Feng et al. (2016).
During 2007/2008 growing season, ﬁve modern wheat cultivars
were used: Yannong 19 (Y19), Yangmai 16 (Y16), Yangmai 15 (Y15),
Yangfumai 2 (Y2), and Jiaxing 002 (J2). Cultivation practices followed
the standard local procedures (Zhu et al., 2011). Wheat seeds were
sown on 13 November 2007. A total of 210 kg N ha−1 (60% applied at
planting, 10% at early tillering and 30% at elongation stage), was applied
as urea and diammonium phosphate. Furthermore, 90 kg P2O5 ha−1 and
90 kg K2O ha−1 (60% at planting and 40% at elongation stage) were applied for P and K fertilization, respectively. Due to non-water-limited
subtropical climatic conditions, no irrigation was required as enough
rain water for growth was available.
2.2. Ozone treatments
Two O3 treatments were applied to the wheat plants: ambient (AO3) and elevated (E-O3) O3. The latter had a targeted level of 1.5 times
ambient O3 concentrations. For each treatment, there were 3 replicated
rings. O3 fumigation started on 5 March 2008, when wheat plants were
at tillering stage, and continued until the grain maturity, lasting from
9:00 h to sunset each day. For the A-O3 treatment, the 7 h mean
(9:00–16:00) averaged 52 ppb, with a maximum of 110 ppb. AOT40
varied between 8.25 and 9.45 ppm h for the E-O3 treatment, and between 3.99 and 4.34 ppm h for the A-O3 treatment. PODy values
(Figs. 2 and 3) were calculated on the basis of the methods and parameterizations described in Feng et al. (2012). More details on the O3-FACE
are available in Tang et al. (2011).
2.3. Gas exchange and chlorophyll a ﬂuorescence measurements
Gas exchange and chlorophyll a ﬂuorescence measurements were
carried out at four developmental stages: heading, ﬂowering, earlyand mid- grain ﬁllings. In each ring, a total of three fully expanded ﬂag
leaves of each cultivar were randomly selected and stems were cut underwater at predawn and immediately transported to laboratory in low
light (PPFD b 20 μmol m−2 s− 1). After light acclimation at 400
μmol m−2 s−1, gas exchange and ﬂuorescence measurements were carried out in two of the ﬂag leaves with a LI-6400 photosynthesis system
equipped with a 6400–40 leaf ﬂuorometer (LICOR, Lincoln, NE, USA).
The maximum carboxylation efﬁciency and the maximum rate of electron transport (Vcmax and Jmax, respectively) were determined from ACi curves under PPFD of 1500 μmol m−2 s− 1 according to Farquhar
and Sharkey (1982) and Long and Bernacchi (2003). A-PPFD curves
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were performed to derive Asat from each sample, as described in Feng
et al. (2016). The quantum yield of non-cyclic electron transport
(PhiPS2) was also determined under PPFD of 1500 μmol m−2 s−1.
2.4. Pigment analyses
Chlorophyll a + b (Chl) and carotenoid (Car) contents were determined spectrophotometrically according to Lichtenthaler (1987) after
extracting them in 95% ethanol in the dark at 4 °C for 72 h.
2.5. Relative responses and statistics.
Relative responses for each variable were calculated. For each wheat
cultivar and variable, ﬁrst order regressions with either AOTX or PODy
(for each of the thresholds considered) were performed at each measuring time in order to obtain the Y-intercept (i.e., the hypothetically maximum value of the variable at zero AOTX or PODy). Relative values for
each variable were calculated as their actual values divided by their corresponding Y-intercept. In this way, relative values become comparable
on a common relative scale (Feng et al., 2012).
Regression analyses were performed using ﬁrst order linear (Y = ax
+ b) and second order curvilinear (Y = ax2 + bx + c) models. Normality of the residuals of the regressions was tested with the Shapiro-Wilk
Normality Test. The R2 of the regressions was calculated for all the range
of thresholds in which the condition of normality of the residuals was
met: for PODy metric, it was calculated for all y thresholds between 0
and 8 nmol O3 m− 2 PLA s− 1 (in steps of 1 nmol O3 m− 2 PLA s−1)
while for AOTX metric, all thresholds between 10 and 40 ppb (in steps
of 5 ppb) were considered. All the calculations and statistical tests
were carried out with R (R Core Team, 2015). Regressions were considered signiﬁcant at a P value ≤0.05.
3. Results
3.1. Ozone exposure- and ﬂux-response relationships for gas exchange,
chlorophyll a ﬂuorescence and pigments
The performance of the ﬁtting of ﬁrst order and second order regressions to the data in terms of R2 values is compared in Fig. 1A. For the
same thresholds, both PODy and AOTX metrics showed that second
order models were better than ﬁrst order models for all the gas exchange, ﬂuorescence and pigment variables. On average, R2 values increased by 22% if a second order model was used instead of a ﬁrst
order one. Based on these results, we selected second order regressions

for representing and discussing the responses of the different variables
against O3 in winter wheat.
On the other hand, the comparison between AOTX and PODy metrics
showed that PODy metric explained a higher proportion of variance
than AOTX metric for Asat, Vcmax, Jmax, Chl and Car, using the threshold
with the best ﬁtting for both metrics (Fig. 1B). For gs, the performance
of AOTX was a little better in comparison with PODy (Fig. 1B). The
best PODy metric for Asat, Vcmax and Jmax was POD1, while for gs,
PhiPS2 and Chl it was POD3, and for Car it was POD8. The best AOTX metric for all variables was AOT40 (see section 3.2). The R2 of Asat, Vcmax, Jmax
and Chl increased by 16%, 13%, 10% and 12%, respectively, if the best
PODy instead of AOT40 was used.
The best O3 exposure- and ﬂux-response relationships using second
order models are represented in Figs. 2 and 3. For all response variables
there was an increase in the reduction with increasing exposures and
ﬂux, which at the same time is coincident with more advanced developmental stages of the plants. In all the studied variables, relative reductions were moderate until the 3rd sampling time, on 10th May, while
in the last sampling time, on 17th May, an important decline was observed in only one week. Between the 3rd and the last measuring
time, the relative reduction in Asat changed from 20% to 71% (mean
value of the ﬁve cultivars), using POD1 metric (Fig. 2), while gs decreased from 3% to 41% (POD3). The relative decline in Vcmax until the
3rd measuring time was 14% and increased to 68% (POD1) in the last
sampling time; similar ﬁgures were observed for Jmax, which changed
from 12% to 66% (POD1; relationship not represented: y = − 0.94 × 2
+ 8.80 x + 83.99, R2 = 0.617, P b 0.0001). Finally, the relative decline
in Chl increased from 28% to 66% (POD3) and in Car content from 17%
to 32% (POD8). For AOT40 metric the pattern was similar to that observed for PODy, although the decline between the 3rd and the last sampling time was more moderate (Fig. 4). Relative reductions between the
3rd and the last measuring time changed from 8% to 41% for Asat, from
3% to 26% for gs, from 7% to 40% for Vcmax, from 5% to 36% for Jmax (relationship not represented: y = −0.62 × 2 + 0.86 x + 99.19, R2 = 0.554, P
b 0.0001), from 2% to 31% for PhiPS2, from 16% to 45% for Chl, and from
15% to 26% for Car.
Although second order regressions are preferred given their higher
performance in terms of R2, it is also interesting to calculate the slopes
of the ﬁrst order regressions in order to compare the relative effects of
O3 on the different variables in terms of percent reduction (Table 1).
Both for exposure- and ﬂux-based metrics (AOT40 and POD1), the variables showing higher negative slopes (i.e., higher detrimental effects
for the same increase in AOT40 or POD1 values) were Chl, Asat, Vcmax
and Jmax. On the contrary, the Car content, gs and PhiPS2 showed weaker

Fig. 1. Comparison of the coefﬁcients of determinations of the ﬁrst and second order regressions for the different PODy and AOTX thresholds (Y from 0 to 8 nmol O3 m−2 PLA s−1 in steps of
1 nmol O3 m−2 PLA s−1; X from 10 to 40 ppb, in steps of 5 ppb) for gas exchange, ﬂuorescence and pigment variables (A). Comparison of the maximum coefﬁcients of determination
(considering all tested thresholds) for AOTX and PODy metrics (B).
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Fig. 2. Stomatal O3 ﬂux-response second order relationships of the different variables against PODy with the threshold showing the highest R2. Asat, light-saturated net photosynthetic rate;
Vcmax, maximum carboxylation capacity; gs, stomatal conductance; PhiPS2, quantum yield of non-cyclic electron transport; Chl, total chlorophyll content; Car, carotenoid content. Different
symbols represent different wheat cultivars.

slopes, i.e. they were more resilient to both increasing accumulated O3
exposure and O3 stomatal uptake.

PODY in comparison to AOT40 was higher or almost equal for all variables except for gs, for which AOT40 metric was somewhat better.
4. Discussion

3.2. Thresholds for instantaneous ozone uptake.
For gas exchange, chlorophyll a ﬂuorescence and pigment variables,
regressions with PODy and AOTX were signiﬁcant for all the thresholds
considered. The four variables showing the highest R2 values were Asat,
Vcmax, Jmax and Chl (Fig. 4). For three of these variables the highest R2
values were observed using POD1 and a second order model: R2 for
Asat, Vcmax and Jmax were 0.590, 0.617, and 0.679, respectively. For Chl,
however, performance of the ﬁtting of the second order model was
the highest for POD3 with R2 = 0.579, although this value was very
close to that of POD1 (R2 = 0.566). Among AOTX thresholds, the best ﬁttings for all the mentioned variables were observed for AOT40 metric,
using second order models. As mentioned above, the performance of

The results of the present study show that exposure of plants to E-O3
induced a signiﬁcant decline in many of the parameters with regard to
A-O3. A reduction in CO2 assimilation rates is a well-known O3 effect,
largely documented in many crops including wheat (Feng et al., 2008,
2016). Reductions in Asat after O3 exposure have been frequently attributed to non-stomatal factors, i.e. due to an impaired Rubisco activity and
RuBP regeneration capacity (Feng et al., 2016). This is consistent with
the observed reductions in Vcmax and Jmax with increasing O3 exposure
and uptake, and with the fact that only a relatively small proportion of
the variance of gs was explained by the tested O3 metrics. Reductions
in Chl and Car contents have also been reported as an O3 effect in
many studies (Feng et al., 2008), probably by oxidative destruction
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Fig. 3. Exposure-response second order relationships of the different variables against AOT40. Asat, light-saturated net photosynthetic rate; Vcmax, maximum carboxylation capacity; Jmax,
maximum rate of electron transport; gs, stomatal conductance; Chl, total chlorophyll content; Car, carotenoid content. Different symbols represent different wheat cultivars.

(Castagna et al., 2001). The decline in ﬂuorescence parameter PhiPS2 is
indicative of a reduction in the proportion of the light absorbed by chlorophyll associated with PS2 that is used in photochemistry (Castagna
et al., 2001; Maxwell and Johnson, 2000).
Interestingly, second order regressions of the different variables
against PODy or AOTX performed better than ﬁrst order linear regressions. For variables such as Asat, Vcmax, Jmax, PhiPS2 or Chl, there is a
more pronounced reduction in their relative values (E-O3/A-O3) with
increasing PODy or AOTX values. Bagard et al. (2015) studied the responses of poplar, maize and two wheat cultivars, and found that the response to O3 metrics of physiological variables such as CO2 assimilation
(A), chlorophyll content and Rubisco activity depends on the variables
and type of plants. Some were better ﬁtted with ﬁrst order linear regressions, others with second order regressions and in one variety of wheat
A was better described by a segmented linear regression model (with a
steep linear decline after a given POD0 value was reached). The observed decline in Asat in the present experiment was similar to the response of wheat cv. Soissons of that study, which ﬁtted better to a

second order regression. A good ﬁtting by second order regressions indicates that the responses of the variables against the O3 metrics varied
with accumulated exposure or uptake, i.e. the plants were more affected
by O3 at the end of their phenology, coincident with the grain-ﬁlling
stages. These results based on response functions are consistent with
the observations of Pleijel et al. (1998) and Feng et al. (2008) who reported the grain ﬁlling period is the most sensitive stage to O3 in
wheat. It is known that O3 produces an acceleration of leaf senescence
after anthesis (e.g., Gelang et al., 2000), and an increased sensitivity
with leaf age has been related with a higher concentration of antioxidant in the younger leaves (Pleijel et al., 1998).
While O3 exposure metrics e.g. AOT40 have been extensively applied
in the past for establishing response relationships (e.g., Fuhrer, 1994),
more recent developments have proposed relationships based on the
actual stomatal O3 uptake by the plants, i.e. the so-called ﬂux approach
(LRTAP, 2015). As this approach takes into account inﬂuences of meteorological, soil moisture and phenological factors on the O3 uptake by
the plants, the performance of the ﬂux-based index PODy has been
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Fig. 4. Coefﬁcients of determination against PODy and AOTX metrics with different thresholds for gas exchange, ﬂuorescence, and pigment content variables, using ﬁrst and second order
regressions.

reported to be superior to AOTX in some cases (Danielsson et al., 2003;
Pleijel et al., 2004). The present study shows that performance of the
ﬁtting in terms of R2 with PODy was slightly superior (10% to 16%) to
AOTX for the four variables (Asat, Vcmax, Jmax and Chl) for which the predictive power of the regressions was stronger (R2 N 0.5 in all of them).
Therefore, these variables are the most suitable for risk assessment
and, for them, it can be concluded that the ﬂux-approach represents a
modest improvement in comparison to AOT40. For the other variables
considered, R2 was much lower, below 0.38, rendering them not suitable for this purpose. Feng et al. (2012) studied relative yield responses
of winter wheat in China against AOT40 and POD12, and reported that
the performance of both metrics was quite similar (Feng et al., 2012).
On the contrary, Pleijel et al. (2004) found that a ﬂux-based metric performed considerably better than AOT40 in terms of the correlation between relative yield and the O3 metrics. PODy metrics may represent
an important advantage over AOTX in the case of heterogeneous areas
in which contrasting meteorological conditions occur, and also for vegetation growing in water-limited conditions. The former is the case of
the study by Pleijel et al. (2004), who included results of experiments
conducted under very different climatic conditions in Europe, from
Finland to the Mediterranean area. As for the latter case, several studies
Table 1
Slopes of the ﬁrst order regressions of the different variables against POD1 and AOT40.

Asat
Car
Chl
gs
Jmax
PhiPS2
Vcmax

POD1

AOT40

−0.065
−0.043
−0.062
−0.042
−0.054
−0.047
−0.061

−0.060
−0.043
−0.065
−0.039
−0.050
−0.041
−0.057

have shown that the PODy is superior to AOTX at predicting relative O3
effects on plants exposed to water stress, which strongly reduced stomatal conductance and consequently also O3 uptake (e.g. Gao et al.,
2017). Indeed, drought has been recognized as a particularly important
for wheat risk assessment under Mediterranean conditions (GonzálezFernández et al., 2013). Based on our results, the use of ﬂux-based metrics, and in particular of POD1 for Asat, Vcmax, and Jmax and POD3 for Chl
should be preferred, because it can take into account the effects on the
stomata of changing meteorological conditions, water stress, or future
climate scenarios (Harmens et al., 2007). However, given the simplicity
of the exposure-based metrics and the fact that for winter wheat AOT40
also explains a high proportion of variance, this exposure-based metric
could also be useful for O3 risk assessment ofwheat in the case of nonwater limited subtropical areas of China.
To our knowledge, this is one of the few studies focusing on the response relationships of several physiological indicators to O3. Sun et al.
(2014) investigated the responses of 32 leaf photosynthesis and metabolite variables in soybean. For wheat, Bagard et al., 2015) previously
studied 4 photosynthetic traits, two of them partly coincident (A and
chlorophyll content) with the present study. From our results, based
on the signiﬁcance and predictive power of the regressions, it has
been possible to select the best physiological indicators of O3 stress for
wheat. The best ones were CO2 assimilation rate, Rubisco activity and
RuBP regeneration capacity (Asat, Jmax, Vcmax), and chlorophyll content
(Chl). Interestingly, these four photosynthetic variables (Asat, Jmax,
Vcmax, Chl) are strongly related to each other. As explained above, reductions in Asat after O3 exposure have been frequently explained by biochemical limitations related with impaired Rubisco activity and RuBP
regeneration capacity, rather than to stomatal limitations (e.g., Feng
et al., 2016). This is consistent with the stronger O3 effects and higher
R2 of the regressions in Asat, Jmax and Vcmax and weaker effects and R2
values in gs. On the other hand, Chl degradation appears to contribute
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to reduced Asat in O3-exposed winter wheat leaves (Feng et al., 2016).
Bagard et al. (2015) consistently suggested chlorophyll content as one
of the relevant indicators of O3 stress possible outlining the advantage
that it can be measured in the ﬁeld by fast non-destructive inexpensive
methods; this is also the case of Asat in our study. The information provided here may also be relevant for better planning ﬁeld studies on O3
impacts on wheat, focusing on the most robust response variables,
and are also indicative of the possible variables suitable for inclusion
in modelling approaches in order to improve O3 risk assessment.
Among these variables, Vcmax is highly relevant for models including a
photosynthesis component. It could be the case of models simulating
crop yield as well as biophysical and biochemical interactions such as
the ORCHIDEE-CROP process-oriented terrestrial biogeochemical
model (Wu et al., 2016), or for Ball et al. (1987) type models, which
are based on photosynthesis.
5. Conclusions
Exposure to increasing O3 levels induced changes in physiological
variables that can be quantiﬁed in terms of response functions. Second
order regressions considerably increase the performance of the ﬁtting
with regard to ﬁrst order regressions, suggesting that the relative deleterious effects of O3 was not constant throughout the different plant developmental stages of the wheat, but increased towards the last stages,
namely the grain-ﬁlling stage. Flux-based O3 metrics performed only
slightly better than exposure-based metrics for the characterization of
the physiological responses to O3 in winter wheat, and one type or the
other should be preferred depending on the type of application needed
or objectives of the studies. The most robust of the eight physiological
indicators were those related with CO2 assimilation, Rubisco activity
and RuBP regeneration capacity, and chlorophyll content. Therefore,
these variables have the highest potential to be used as indicators of
O3 stress, and their response functions can be used to develop risk assessment models for assessing the physiological effects of this pollutant.
These response functions could also be used in models with a photosynthetic component in order to include O3 as one of the factors affecting
yield.
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