Early and late adjustments of the photosynthetic traits and stomatal density in Quercus ilex L. grown in an ozone-enriched environment.
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Abstract 

Quercus ilex L. seedlings were exposed for one growing season in Open-Top Chambers to three levels of ozone (O3): charcoal filtered air, non-filtered air supplemented with +30% and +74% of ambient air O3. Key functional parameters related to the photosynthetic performance and stomatal density were measured to evaluate the response mechanisms of Q. ilex to chronic O3 exposure, clarifying how ecophysiological traits are modulated during the season in an ozone-enriched environment. Dark respiration showed an early response to ozone exposure, increasing approximately 45 % relative to charcoal filtered air in both O3 enriched treatments. At the end of the growing season, instead, maximum rate of assimilation (Amax) and stomatal conductance (gs) showed a decline (-13 and -36 %, for Amax and gs, respectively), only in plants under high levels of O3. Photosystem I functionality supported the capacity of Q. ilex to cope with oxidative stress by adjusting the energy flow partitioning inside the photosystems. The response to O3 was also characterized by an increase of stomatal density in both enriched treatments relative to control. Our results suggest that in order to improve the reliability of metrics for ozone-risk assessment, the seasonal changes of the response of gs and photosynthetic machinery to O3 stress should be considered. 
Introduction

Mediterranean evergreen broadleaves are usually considered tolerant to tropospheric ozone (O3) because of their morpho-functional adaptations to different oxidative stress factors (e.g., drought, high irradiance and temperature), typically occurring in Mediterranean areas (Manes et al., 1998; Bussotti & Gerosa 2002; Nali et al., 2004; Manes et al., 2007; Vitale et al., 2008; Calatayud et al., 2010; Mereu et al., 2011). Among them, Quercus ilex L. (Holm oak) has a great ecological and epidemiological relevance because of its wide natural distribution allows investigation on large scale regarding the impact of O3 on forest ecosystem (Alonso et al. 2008). As a consequence, Q.ilex has been selected as a model species for the definition of O3 critical levels for Southern European forests (Alonso et al., 2008; UNECE, 2010). The O3 response of Q. ilex has been largely investigated under controlled, semi-controlled and natural experimental conditions; this large amount of studies, however, have highlighted some contrasting results. For example, when several Quercus species were exposed to long-term high concentrations of O3, Q ilex L. showed to be the most tolerant species relative to other deciduous Quercus species (Calatayud et al. 2011). On the other hand, Ribas et al. (2005) have reported that O3 exposure caused a reduction of leaf nitrogen concentration, chlorophyll content, leaf area, and biomass in this species, thus denoting that also realistic O3 levels were able to affect Q. ilex to a certain extent. Furthermore, different studies carried out in Open-Top Chambers reported that, in both ambient air and O3-enriched ambient air, a transient reduction of gas exchange rates was evident in this species (Alonso et al. 2014), as well as significant reduction of dry biomass, mainly root biomass (Gerosa et al. 2015). Recently, also O3 exposures of 59.27 ppm h in 6 months under field conditions were reported to induce O3-like leaf visible injury on adult Q. ilex individuals (Calderón Guerrero et al., 2013). These results pointed out that, even if Q. ilex is considered a tolerant species to O3, tolerance mechanisms can imply a metabolic cost, and a comprehensive screening of the overall photosynthetic parameters in response to O3 on seasonal scale is needed (i.e chronic exposure). Indeed so far, an ecophysiological screening was carried out mostly under less realistic closed chamber conditions (Manes et al. 1998; Loreto et al. 2004; Vitale et al. 2008). 
Chlorophyll a (Chl a) fluorescence of Photosystem II (PSII) examined by the “JIP-test analysis” (i.e. the analysis of the O-J-I-P polyphasic rising transient, for review see Strasser et al. 2004) is a suitable tool to evaluate the response mechanisms of the photosynthetic apparatus to O3 (Bussotti et al. 2007a; Salvatori et al. 2014). While the PSII behavior under O3 exposure is well known for different plant species and experimental conditions (Manes et al. 1998; Bussotti et al. 2011; Guidi and Calatayud 2014), the specific response of Photosystem I (PSI) to O3 stress still needs to be investigated. Improving the knowledge of the electron transport processes between the two photosystems until the final acceptors downstream PSI under O3, could contribute to highlight the relationship between the response to oxidative stresses and plant growth (Munekage et al. 2008). Photosystems functionality depends on the amount of O3 entering inside intercellular spaces (Gerosa et al. 2009). For this reason, stomatal conductance (gs) is a key parameter in models used for O3-risk assessment in Europe (Emberson et al, 2000; Burkey et al. 2007; Fares et al. 2010). Such models are conventionally based on a multiplicative empirical equation describing the stomatal conductance, which predicts reductions in maximum gs by a series of environmental drivers (i.e. temperature, VPD, soil water content) (Jarvis, 1976). Stomatal conductance is, however, influenced in its turn by O3 exposure depending on the level and duration of the exposure (acute vs chronic) and the species-specific sensitivity. O3 may directly reduce the stomatal responsiveness (i.e., ‘sluggish’ responses) to variation of environmental conditions (Manes et al.  2001; McAinsh et al., 2002; Ainsworth et al., 2012; Dumont et al., 2013), and also indirectly affect gs through its direct effects on photosynthesis and dark respiration (Salvatori et al., 2013). Moreover, O3 can trigger  changes in leaf anatomical traits such as stomatal density, which may contribute to decrease the O3 diffusion into the leaf (Pääkkönen et al. 1997). Such levels of complexity related to stomatal response to O3, suggest that semi-empirical or mechanistic models may produce more realistic estimates of gs but relatively few data are available to parameterize these more complex models. The semi-empirical approach based on Ball-Berry equations was successfully employed by Fares et al. (2013) for a mixed Oak forest. However, this approach requires ecophysiological parameters such as RuBisco carboxylation efficiency (Vcmax, mol m−2 s−1) and CO2 compensation point ((, ppm), which are species-specific, can change during the season and should be measured at the leaf level. Under Mediterranean conditions, these parameters related to photosynthetic functionality are known to change on a seasonal basis, in response to environmental conditions and plant phenology (Monteiro and Prado, 2006), but the effects owing to O3 exposure, has received little attention (Calatayud et al. 2010; Mereu et al. 2011). An alternative model which considers how O3 modifies gs independently from the change in assimilation rate, was recently proposed by Lombardozzi et al. (2012). In this Open-Top Chamber experiment, we investigated the seasonal variation of gas exchanges, PSI functionality and stomatal density, in Q. ilex plants exposed to different O3 level, during one entire growing season. We tested the hypothesis that the response mechanism of Q. ilex to chronic O3 exposure is based on a fine-scale modulation of key functional parameters. We expanded the knowledge on ecophysiological responses of Q. ilex to O3 by showing how the traits involved in stress response are modulated, clarifying the degree of tolerance in this species. Taking into account the seasonal variation of physiological parameters in response to oxidative stress may help to produce more realistic metrics for O3-risk assessment.  
2. Materials and methods
2.1. Plant material and experimental design
Two-years-old seedlings of Q. ilex, grown in the nursery of the Castelporziano Estate (Rome, central Italy) inside 3L volume pots, were transported to the OTC facility of CRINES (Curno, Northern Italy) on April 3rd, 2013. Then, 36 individuals homogeneous for size were transferred to 13.5 L volume pots (28 cm diameter) keeping their own clods and filling the remaining pots volume with standard commercial soil (Koro Excell). Plants were acclimated to the new environmental conditions for three weeks. 
On  April 24th the pots were randomly assigned to 9 OTCs (four pots per chamber). For the O3 treatments, the chambers were arranged in three randomized blocks of three OTCs. Starting from May 6th 2013, each OTC for each block received O3-treatments with the following O3 concentrations: Charcoal-Filtered OTC (CF, -40% of ambient air O3), Non-Filtered OTC supplemented with +30% of ambient air O3 (NF+) and Non-Filtered OTC supplemented with +74% of ambient air O3 (NF++). The plant exposure to O3 was expressed as AOT40 (Accumulated Ozone over a Threshold of 40 ppb), calculated from 1st of April to 19th of September. This exposure index was calculated by summing up all of the exceedances of the hourly O3 concentration above 40 ppb during the daylight hours (Fuhrer et al., 1997). During the whole experiment, plants were automatically watered in order to keep soil close to field capacity and avoid water stress. To avoid unnatural soil heating, the pots were placed into ground holes dug in the OTCs soil so that the soil level of the pots equated the ground level of the OTCs. Ancillary agrometeorological measurements were also recorded inside the OTCs with thermo-hygrometer sensors (50Y Campbell Sci.USA), PAR sensors (LI-190 LiCOR, USA), rain gauges (52202 Young, USA) and soil water content probes (Decagon, EC5). For further details about the experimental set-up, see Gerosa et al. 2015. Ecophysiological measurements were carried out on fully developed leaves twice during the experimental period: on 25th June and 19th September. During the first sampling date, leaves were labeled in order to carry out the measurements on the same leaves on both dates. 
2.2 Anatomical traits

In both sampling date, nine leaves were collected from nine different plants for each treatment (n=9). Stomatal density (SD) was determined by microscopic examination of leaf imprints, after the removal of trichomes from the abaxial surface, by a gentle scraping with extra fine sandpaper. A template of 1.0 cm2 was placed on the middle part of the abaxial surface of the leaf (avoiding midrib) and the area sprayed with clear lacquer (PLASTIVEL, MarkService, Italy) and left to dry for 10 min. All the impressions were examined under a light microscope (DM4000 B, Leica, Germany) at a magnification of 200 x. At least six microscopic fields per leaf impressions were randomly selected till to reach 1 mm2 of leaf surface. Average stomatal density per mm2 were derived for each portion. The acquisition and image analysis of leaf imprints was carried out by means of Leica Application Suite software version 2.7.
2.3 Photosynthetic response curves
The determination of curves showing variation in the rate of CO2 assimilation (A) in response to changes in intercellular CO2 concentration (Ci) and in Photosynthetic Active Radiation (PAR), A/Ci and A/PAR respectively, were measured for each plant from the CF, NF+ and NF++ OTCs with intercalibrated portable gas exchange analyzers (6400 XT and CIRAS 2, PP Systems, USA). 
The PAR, air and leaf temperature sensors, and flux of the gas exchange analysers, were intercalibrated by technical assistance before starting the experimental activity. Intercalibration for CO2 and H2O was made in laboratory before starting the measurements. Three CO2 span values were set using a CO2 cylinder and three H2O span values (completely dry air, ambient air humidity -around 50%- and near saturated air -around 95%-) were used to obtain the water calibration. During the measurements, cuvette environment was maintained at 60% RH, leaf temperature at 25 °C and leaf Vapour Pressure Deficit (VPD) was constantly around 1.5 ± 0.3 kPa. Ambient VPD, expressed as mean value from 8 to 20 pm, was around 2 ± 0.8 kPa in June, and around 1.22 ± 0.6 kPa in September. The Rubisco-limited part of the A/Ci curves were constructed setting the CO2 reference at 390, 300, 250, 200, 150, 100, 50 and 0 ppm, and analized, according to Long and Bernacchi (2003). A/PAR curves were measured at 390 ppm CO2, on the same leaves used for the A/Ci curves. After measuring maximum assimilation rate (Amax) and stomatal conductance (gs) under non limiting PAR condition (1500 molm2s-1), irradiance was decreased in 8 steps (1500, 500, 250, 200, 150, 100, 50, 0 E m−2 s−1), and photosynthesis was recorded when a stable net CO2 exchange rate was reached in each step. Dark respiration (RD, molCO2m−2 s−1) was measured under PAR = 0 at the endpoint of A/PAR curves. The in vivo apparent Rubisco activity (Vcmax, mol m−2 s−1) and quantum yield ((, mol) were derived from the angular coefficient of the linear part of the curve. In particular for the A/Ci curves the points considered were at [CO2] of 40-200 ppm; data at very low [CO2], that can be limited by Rubisco deactivation, were excluded from the analysis (Sharkey et al. 2007). For A/PAR curves the points considered were at PAR of 0-250 (E m−2 s−1). The CO2 and light compensation point ((ppm; LCP, molm2s-1) were derived solving for y= 0 the linear equation of the straight line that interpolated the data. All measurements were conducted between morning and midday, to avoid afternoon stomatal closure (Franks et al. 1997). 

2.4 Fluorescence analysis
Photosystems functionality was assessed in vivo by the multichannel Plant Efficiency Analyser, M-PEA (Hansatech Instruments, Norfolk, UK), during the same days and on the same leaves of the gas exchanges measurements. The M-Pea measures simultaneously the kinetics of the polyphasic prompt fluorescence rise (PF), and the modulated reflection change near 820 nm (MR), related to redox state of PSII and PSI (reaction center, P700, and plastocyanin, PC) (Schansker et al. 2003), respectively. Both signals are generated when dark adapted leaves are exposed to a 10 s pulse of red actinic light of 5000 mol photons m-2 s-1. The PF signal detection system of the M-PEA uses a red LED of 625 nm wavelength, whereas the MR measurement are obtained by a modulated 820 nm LED. The first reliable MR measurement is taken at 300 s (Oukarroum et al. 2013). Further details on the instrument can be found in Strasser et al. 2010 and Kalaji et al. 2012. The measured signals were analysed by M-PEA-data analyzer software version 5.4 (this software is laboratory designed by Petko Chernev in the Dept. Biophysics and Radiobiology, Sofia University) (Kalaji et al. 2014). 
The JIP-test was applied to the PF transients, and several parameters can be derived from each curve. Among these, the considered parameters are related to structural and functional features of photosystems: L-band [(F100μs–F0)/(F300–F0)] give an information about the energetic cooperativity of the core antenna Reaction Centre (Strasser and Stirbert 2001); K-band [(F300μs–F0)/(FJ–F0)], depend on rates of electron transfer both at acceptor and donor sides of PSII, and can give information about the activation state of oxygen evolving complex (Srivastava et al. 1997); maximum yield for primary photochemistry ((Po); quantum yield related to efficiency of energy fluxes through intermediate carriers ((Eo); the yield for reduction of end acceptors towards PSI ((Ro), and efficiency with which an electron can move from the PQ through PSII to PSI acceptor side (Ro). To have a complete picture of how the two photosystems manage the energy fluxes under stress condition, the probability that a trapped exciton enters in the Electron Transport chain (ΨE0), as well as number proportional to the active Reaction Centers to the cross-section of the measured sample (RC/CS0), and the specific fluxes for RC (TR0/RC, ET0/RC, RE0/RC, DI0/RC), have been considered. The total potential for energy conservation from photons absorbed by PSII, moved through the reduced intersystem electron acceptors to the PSI end acceptors side, is expressed as PITOT.
As for the MR signal, the modulated 820 nm reflection intensity measured at each time (MRt) was divided by the mean value measured between 0.3 and 1 ms (MR0, i.e value of the 820 nm reflection of the sample at the onset of the actinic illumination). The decrease of MRt/MR0 (fast phase, vox) corresponds to an increase in the concentration of oxidized states of PSI reaction centre (P700+) and plastocyanin (PC+), while the MRt/MR0 increase (slow phase, vred) indicates P700+ and PC+ re-reduction, when electrons arrive from PSII by the intersystem electron carriers (Strasser et al. 2010; Oukarroum et al. 2013). From the kinetics of light-induced MRt/MR0 changes, the maximal slopes of the rates of P700 and PC oxidation (vox) and the following re-reduction (vred) have been calculated following Oukarroum et al. (2013). 
2.6 Statistical analysis
Physiological data were analysed using Statistica software version 7.0 (StatSoft Inc. Tulsa OK, USA). Since no significant differences were detected in the environmental parameters and O3 exposure among chambers, individual plants were considered as the unit of replication. One-way analysis of variance (ANOVA) was applied in order to test the effects of O3 at each measurement time (June and September). The significance of the differences among treatments was estimated using the post hoc Student–Neuman–Keuls test at p ≤ 0.05. Repeated measures ANOVA was used to test the effect of the growing season (Time) on the physiological measurements, and the effect of the interaction between O3 and seasonality (Time * O3) on the functional traits.
Results 
Ozone exposure and environmental conditions

 Climatic conditions during the experimental period are reported in Fig. 1a, showing monthly mean values of air temperatures, relative humidity and the total monthly precipitations. The climate characteristics of the experimental site falls between the Mediterranean and the Middle- European climatic regions (Blasi, 2010). RH was most frequently below 60% during May, June and July. The highest daily mean temperature (Tm) occurred in July (30.8°C). Tm, RH and PAR values were homogeneous across the OTCs. The O3 exposure in ambient air at the end of the experimental period, calculated as AOT40, was 13076 ppb h. The mean AOT40 of the CF-OTCs was 489 ppb h on 25th June (first sampling date) and 1474 ppb(h on 19th September (second sampling date).  AOT40 in NF+ and NF++ treatments was 5882 and 13510 on 25th June, and 26554 and 55611 ppb(h on 19th September (i.e cumulative exposure along the entire experimental season), respectively (Fig. 1b). The O3 exposure across the three replicates of enriched treatments was equivalent in terms of AOT40. 
Response curve parameters and stomatal density
RD was increased by O3 in all treatments in June (after 50 days exposure), but at the end of the treatments in September, only NF+ showed values of RD higher than CF (Table 1). Amax decreased by about 13 % in September after 137 days of fumigation, in NF++ (p=0.052), and it showed minimal changes in time (p=0.060). In June, a slight, non-significant reduction in gs was observed in both fumigated sets (11.5 % and 4% for NF+ and NF++, respectively). At the end of the treatments in September, NF++ showed 36% reduction in gs values (p= 0.011), that was also influenced by seasonality (Time p= 0.030). Stomatal density was significantly affected by O3 enriched treatments increasing respect to the CF plants. CO2 compensation point was significantly affected by time (p=0.002), decreasing during the season. No O3 effects were detected on biochemical parameters such as Vcmax, (, (and LCP in both sampling date.
Photosystems functionality under ozone exposure
In June there were significant differences in the photosystems functionality between CF and the other O3 treatments (Fig. 2a), but the changes had the same magnitude in both NF+ and NF++, except for PITOT, that was slightly higher in NF++. The L and K–bands exhibited a negative deviation respect to the control plants in both O3 treatments, whereas an increase of the quantum yield for primary photochemistry ((P0), electron transport and primary reduction of electron acceptor (QA-) was also detected in NF+ and NF++. The specific energy fluxes (per QA reducing PSII Reaction Centre, RC) as TR0/RC, and RE0/RC, and the parameters related to the I-P region of the PF transient (R0), were negatively affected by O3 in both NF+ and NF++ (Table 2). An increase of RC/CS0, whose change became influenced by time (p= 0.04), and a concurrent decrease of DI0/RC determined an increase in PITOT. 
In September, instead, there were different photosynthetic responses to O3 between treatments (Fig. 2b). L and K bands decreased respect to CF plants only in NF+ treatment, while in NF++ treatment they did not differed from CF (Table 2). In NF+, a slightly increase of (Po persisted, whereas the efficiency of the first phase of fluorescence transient (O-J) as well as the reduction of the end electron acceptors at the PSI acceptor side ((Ro), and the total performance index (PITOT), increased markedly. TR0/RC and DI0/RC decreased. The NF++ treatment showed instead, little or no change in respect to the CF. 
The parameters related to oxidation of P700 and PC are showed in Table 3. In June, vred was affected by O3 increasing in NF+. In September, vox and vred followed the same trend in both O3 treatments: they were significantly higher in NF+ than in the control, and slightly changed in NF++. The repeated measurements ANOVA showed a significant effect of seasonality on both parameters.
Discussion
In the present study, the response of photosynthesis to CO2 and light, and the photosystems functionality, pointed out that to counteract the oxidative stresses triggered by O3, Q.ilex develops several functional adjustments, whose extent can change in response to different O3 exposure (Alonso et al. 2014) but also as during the vegetative season. In particular, early and late responses to O3 can be clearly distinguished in our experiment. 
Early response to O3 stress

The early response to O3 was evident in June in both NF+ and NF++, and was mostly related to the increase of the dark respiration rate. An increase of RD is known to play a key role in the response to O3 (Gillespie et al. 2012). O3 could influence partitioning between growth and maintenance respiration (Amthor and Cumming, 1988) because of the enhanced metabolic request to sustain reparation and antioxidant activity. A relative increase in carbon demand and sink strength in O3-exposed leaves results in a diversion of energy and metabolic intermediates from growth processes causing a reduction in carbon allocation below ground (Andersen, 2003). In slow-growing species, such as Q.ilex, the biomass reduction in ozone-enriched treatments found by a companion paper Gerosa et al., (2015), could be related to the metabolic cost of antioxidant system to cope with O3 stress during the early response to O3. Moreover RD is involved in the neutralization of the excess of photosynthetic reducing power, or in prevention of oxidative damage of the thylakoid membranes and other cellular components (Faoro and Iriti, 2009; Munné-Bosch et al. 2013). 

Concurrently to this increase in RD, also PSII activity seemed to be crucial already during the early response to O3, handing the electron fluxes to avoid the over-accumulation of reducing power owing to oxidative stresses (Mittler, 2002). Previous studies showed that in response to O3, PSII energy trapping can be depressed and most of the absorbed energy can be dissipated as heat (Murchie and Lawson, 2013), while electron transport to the end acceptors of PSI can be decreased as consequence of a lower requirement for reductants (i.e decrease of assimilation rate) (Bussotti et al. 2011; Salvatori et al. 2013). Although many authors found that O3 stressed plants are subject to this down-regulation of the PSII, we did not observe this effect in June, after 51 days of fumigation. On the contrary, in both O3 enriched treatments, Q. ilex showed an enhanced metabolic activity, with an increased functionality of both PSII and PSI. The response we found out could be due to the fact that no stomatal limitations to photosynthesis was detected in June. Indeed PSII down regulation seems to be related to a stomatal limitation of photosynthesis, as observed by Peña-Rojas et al. (2004) in water stress experiment. In the early response, photochemistry processes rather produced several adjustments in the electron flow partitioning at the acceptor side of PSII. In particular, a change in the architecture of the light harvesting and antenna complexes can be inferred from the decrease of variable fluorescence in correspondence with the L band, owing to an increase of energetic connectivity (or grouping) between PSII units (Strasser and Stirbet, 1998). This structural change could explain the increase of RC/CS0 and the contemporary decrease of DI0/RC. This suggests that less amount of energy is trapped by each RC (all specific fluxes decrease), but this amount is processed more efficiently, leading to an increase of (P0 and a faster electron donation from P680 (vred increased while vox did not change). This type of strategy should sustain the capacity to use alternative electron donors other than water, to avoid photoreduction of molecular oxygen by reducing side of PSII (Pospíšil, 2009). In particular, some antioxidant molecules, as those are produced by Q.ilex for antioxidant defense (Fusaro et al. 2014), could behave as alternative electron donors (e.g. ascorbate; Krüger et al. 2014).
Indeed, fluorescence at K band both in NF+ and NF++, negatively deviate from control plants, denoting an increased capacity to reoxidate QA- to QA. Since we did not observe biochemical limitations to photosynthesis (Vcmax did not change significantly), we argue that Q. ilex during the early phase of O3 exposure, is able to keep the maximum functionality of light energy processing, limiting the Reactive Oxigen Species formation on the PSII electron acceptor side (Foyer and Shigeoka, 2011), and accordingly, maintaining the same assimilation rate of the control plants. During the early response to O3 no effects were detected on Amax and gs, but an increase of stomatal density was observed in both NF+ and NF++ relative to CF. 

These morphological adjustments have been related to O3 tolerance (Pääkkönen et al. 1997), since they contribute to improve the control of the pollutant diffusion inside the leaves (Lawson and Blatt, 2014) lowering O3 loading per single stomata (Paoletti and Grulke, 2005). Since leaves were still in the early phase of development at the beginning of O3 fumigation (May 6), we hypothesize that O3 could play a role in control of stomata development as found for humidity and temperature, or light and CO2 (Pillitteri and Torii, 2012). Similar conclusion was found by Haworth et al. (2012) who studied stomatal development in response to sulphur dioxide.
Late response to O3 stress

The late response to O3 was characterized by changes in gs and PSI activity, but the response mechanisms differed between NF+ and NF++. In NF++ gs was reduced (-36 %) respect to CF plants, followed by slightly Amax decrease. The extent of Amax reduction, seemed to indicate a sort of decoupling between photosynthesis–conductance, highlighting that the reliability of models that consider a fix relationship between these two parameters could be questioned (Keenan et al. 2010; Lombardozzi et al. 2012). Beyond considering dependency of gs on environmental conditions such as relative humidity (Fares et al.,  2013), or soil water content (González-Fernández et al. 2013), we noticed that models commonly used for developing metrics for ozone-risk assessment on Mediterranean vegetation, should introduce the effects of O3 on gs independently from the assimilation rate (Lombardozzi et al. 2013). Indeed our results highlighted that the effect of O3 on gs could be more intense than the effect of O3 on photosynthesis and biochemical parameters (i.e Vcmax, ). Such changes may be non-linear and vary with the phenological status, therefore early and late responses can be observed. Further researches are needed to evaluate how much the change in gs during the O3 exposure throughout the vegetative season can improve the reliability of modeled stomatal O3 flux.
The gs reduction, as well as the increase in stomatal density triggered by O3, can be regarded as an avoidance strategy, aimed at decreasing the stomatal O3 flux into the leaves to protect the photosynthetic machinery from oxidative stress (Castagna and Ranieri, 2009). Even under high O3 exposure, PSII functionality of NF++ plants in September did not show differences relative to CF, and the late response mechanism involved, together to slightly Amax reduction, an increase of PSI photochemical activity. The reduction of gs in NF+ (-26 % relative to Control) was not significant and less pronounced than in NF++ (-36%) but nevertheless the adjustments in energy flow partitioning occurred in PSII during the early response were still evident in September in NF+, combined with an increase in the photochemical activity of PSI (i.e vox and vred). These results point out that a coupled functionality of both photosystems is essential for an efficient physiological response to the oxidative stress (Salvatori et al. 2014). Indeed, in our study, Amax was slightly reduced even when AOT40 reached values higher than the critical level set for the protection of forest species (LTRAP, 2014). We did not detect any down regulation mechanisms of the photosystems functionality that, instead, were found in many oxidative stresses conditions to avoid massive oxidative burst due to photoinhibition (Hapel and Hirt, 2004). Whereas increased PSII activity in response to O3 was reported in several species and experimental conditions (Nussbaum et al. 2001; Bussotti et al. 2007b), the only study available on PSI functionality in response to O3 so far, performed on Phaseolus vulgaris, showed a decrease of vox in response to acute O3 exposure (Salvatori et al. 2014). Moreover in our experiments PSI related parameters (vox; vred), were affected by seasonality (Repeated Measures ANOVA, Time < 0.05), namely by air temperature, as already reported for PITOT (Albert et al. 2011). However changes in light exposure or air humidity, could have influenced the changes detected on PSI related parameters.Our findings highlighted that even if Q.ilex showed only a stomatal limitation to photosynthesis (Vcmax and ( did not change), the response mechanisms and metabolic adjustments triggered to counteract O3 oxidative stress, had a metabolic cost in term of decreasing of biomass (Gerosa et al. 2015). 
Concluding Remarks

The changes of the parameters derrived from A/Ci and A/PAR response curves seemed to be ascribable mostly to the different stages of O3 exposure and, in some extent, to the seasonality. An early and late response to O3 can be clearly distinguished in our experiment. An early response to oxidative stress caused an increase of leaf dark respiration, whereas for long-term exposure to high O3 level, Q. ilex reacted by decreasing gs. Whereas PSII was crucial in the early response mechanisms (i.e structural adjustments of PSII), PSI played a role in energy partitioning through photosystems in the late response. In particular, when stomatal limitation to Amax occurred, photosystems worked in pairs to avoid the down regulation of photochemistry. This adaptation mechanism fulfills a conservative strategy of light use in order to limit the excess of reducing power into photosystems membrane. PSI redox state changed in response to O3 exposure and seasonal environmental parameters, whereas CO2 compensation point was affected  by seasonality. Q. ilex is proposed to be used as a representative Mediterranean evergreen broadleaf test species. Therefore, a comprehensive analysis that reports responses of photosynthetic traits together with stomatal conductance was needed in order to expand the application of the effect-based approach and set more appropriate O3 critical levels for Mediterranean climates. Early and late response mechanisms of functional parameters observed in this study should be taken into account to improve the metrics for ozone-risk assessment, and to ameliorate predictions of ozone-risk models by accounting that in tolerant species, photosynthetic and stomatal responses to O3 are decoupled and can change through the growing season with different extent. Such response may have a non-linear behavior. Our results should play a key role in enhance the model reliability for ecosystems typical of Mediterranean climates which display physiological activity throughout the whole year.
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Tables
	 
	 
	June
	September
	 
	One-way Anova
	Repeated measures Anova

	 
	 
	CF
	NF+
	NF++
	CF
	NF+
	NF++
	 
	June
	September
	Time
	Time * O3

	RD 
	Mean    Std Err
	-0.65a
0.07
	-0.94b      0.09
	-0.93b      0.14
	- 0.62a
0.09
	-0.88b  0.11
	-0.60a  0.04
	 
	0.029
	0.040
	0.150
	0.079

	Amax 
	Mean    Std Err
	10.93  0.807
	10.34  1.44
	10.91      0.92
	11.26a
0.63
	11.57a  1.34
	9.8b      1.12
	 
	0.920
	0.052
	0.814
	0.060

	gs 
	Mean    Std Err
	200.2
26.5
	177.8  27.35
	192.8     12.6
	265.1b
20.67
	195.4b  20.7
	167.4a     27
	 
	0.860
	0.011
	0.774
	0.030

	SD
	Mean    Std Err
	497.9a
22.01
	603.8b  23.44
	572.8b     29.7
	506a
8.2
	615b
33.5
	579.1ab     39.7
	 
	0.016
	0.056
	0.663
	0.990

	Vcmax
	Mean    Std Err
	0.047
0.005
	0.043  0.009
	0.054
0.006
	0.05
0.005
	0.061  0.009
	0.052  0.006
	 
	0.530
	0.550
	0.324
	0.457

	 Γ 
	Mean    Std Err
	67.75
5.75
	67.59  7.25
	68.07
5.64
	48.69a
4.42
	43.84  6.78
	42.73
3.41
	 
	0.830
	0.620
	0.002
	0.959

	
	Mean    Std Err
	0.032
0.04
	0.034  0.004
	0.032
0.003
	0.032
0.002
	0.031  0.001
	0.026  0.004
	 
	0.930
	0.270
	0.115
	0.057

	LCP
	Mean    Std Err
	14.89
2.08
	20.33          4.07
	24.4
5.8
	20.76
9.87
	24.64  5.83
	19.06
6.24
	 
	0.330
	0.880
	0.440
	0.888


Table 1. Mean and Standard Error in different treatments: CF, control; + 30% (NF+) and +74% ppb O3 (NF++). Means not accompanied by the same letter are significantly different at p < 0.05, using a Student–Neuman–Keuls test. For each sampling time, O3 effects were tested with One-way ANOVA; Time and interactive effect (Time * O3) were assess with Repeated measures ANOVA. The significant factors (p<0.05) are indicated in bold and “quasi” significant factors (0.1>p>0.05) are underlined. For Stomatal Density (SD) n=9; For all ecophysiological measurements n= 12. 

	One-way ANOVA
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Parameters
	L-band
	K-band
	P0
	Eo
	Eo
	Ro
	Ro
	TR0/RC
	ET0/RC
	RE0/RC
	DI0/RC
	RC/CS0
	PITOT

	June
	0.046
	0.035
	0.001
	0.002
	0.040
	0.595
	0.002
	0.000
	0.337
	0.002
	0.000
	0.000
	0.000

	September
	0.052
	0.045
	0.000
	0.000
	0.000
	0.000
	0.081
	0.000
	0.036
	0.140
	0.000
	0.000
	0.000

	Repeated measures ANOVA
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Time
	0.140
	0.390
	0.230
	0.600
	0.510
	0.540
	0.930
	0.110
	0.750
	0.970
	0.110
	0.040
	0.640

	Time * O3
	0.090
	0.090
	0.270
	0.058
	0.054
	0.190
	0.950
	0.200
	0.750
	0.730
	0.200
	0.120
	0.150


Table 2. Analysis of variance on JIP test parameters: for each sampling time, O3 effects were tested with One-way ANOVA; Time and interactive effect (Time * O3) were assess with Repeated measures ANOVA. The significant factors (p<0.05) are indicated in bold and “quasi” significant factors (0.1>p>0.05) are underlined. 

	 
	 
	June
	September
	 
	One-way Anova
	Repeated measures Anova

	 
	 
	CF
	NF+
	NF++
	CF
	NF+
	NF++
	 
	June
	September
	Time
	Time * O3

	vox
	Mean    Std Err
	1.65    0.04
	1.66     0.03
	1.73     0.02
	1.46a   0.03
	1.69b     0.06
	1.56ab     0.08
	 
	0.220
	0.012
	0.030
	0.100

	vred
	Mean    Std Err
	0.078a    0.006
	0.093b    0.007
	0.074a    0.004
	0.068a   0.001 
	0.084b    0.005
	0.071ab    0.009
	 
	0.002
	0.007
	0.047
	0.070


Table 3. Mean and Standard Error (n=12) of the parameters derived from MR measurements: vox = the maximal slopes of the rates of P700 and PC oxidation; vred = the following re-reduction. Means not accompanied by the same letter are significantly different at p < 0.05, using a Student–Neuman–Keuls test. For each sampling time O3 effects were tested with One-way ANOVA; Time and interactive effect (Time * O3) were assessed with Repeated measures ANOVA.

Figure legends

Fig. 1. Monthly averages of ambient temperature (minimum, Tmin; average, Tm; maximum, Tmax; ◦C) and relative humidity (RH, %), and total monthly rainfall (P, mm) during the experimental period (a).  Evolution of average AOT40 of the OTCs with the same treatment calculated for the experimental period 1st of April to 19th of September. The ambient air [O3] concentration was also reported (b). 

Fig. 2. The behavior of selected JIP-test parameters in non-filtered air supplemented with +30% (NF+) and +74% ppb O3 (NF++) is presented relative to charcoal filtered (CF) as [(NF/CF)-1] in June (a) and in September (b). Bars not accompanied by the same letter are significantly different at p < 0.05, using a Student–Neuman–Keuls test (n=12). 
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