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Abstract

:

Ethylenediurea (EDU) is a synthetic chemical known to protect plants from the phytotoxic effects of tropospheric ozone (O3). Although many studies have proposed the use of EDU for studying the O3 effects under field conditions, its mechanism of action is not fully understood, and it is unclear whether it exerts a specific antiozonant action, or if it may also interact with other oxidative stresses. The aim of this work was to evaluate the effect of EDU on forest species in a Mediterranean environment where, during summer, vegetation is exposed to multiple oxidative stresses, such as O3 and drought. The experiment was conducted on Fraxinus ornus L. (Manna ash) plants growing in six mesocosms, three maintained under full irrigation, while the other three were subjected to drought for 84 days. In each mesocosm, three plants were sprayed every 15 days with 450 ppm EDU. Gas exchange and chlorophyll “a” fluorescence measurements carried out through the experimental period highlighted that EDU did not affect stomatal conductance and had an ameliorative effect on the functionality of drought-stressed plants, thus suggesting that it may act as a generic antioxidant. The implications of these findings for the applicability of EDU in field studies are discussed.
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1. Introduction


It is now widely acknowledged that current tropospheric ozone (O3) levels have the potential to cause foliar injury, growth and yield reductions of crops and natural vegetation [1,2]. However, despite more than 50 years of studies, knowledge of the phytotoxic effects of O3 is far from complete, particularly with respect to forest trees [2,3]. Indeed, since most of these studies were carried out in laboratory or semi-controlled environments, a robust determination of the O3 impact on forests, under realistic field conditions, is still missing [4]. In this regard, the southern part of Europe requires special research efforts [5,6]. Besides being characterized by a strong photochemical activity that favors the O3 formation process, the typical Mediterranean climate in this region determines the co-occurrence of multiple environmental stress factors [7,8,9], among which drought requires particular attention [10]. In fact, under drought conditions, stomatal conductance can be strongly reduced, consequently limiting O3 uptake and protecting vegetation from potentially harmful O3 concentrations [8,11,12]. At the same time, however, given that both factors act as oxidative stresses on plants, it may be difficult to establish a cause-effect relationship between O3 and tree response under natural conditions, where drought may have important confounding effects [13,14,15].



The use of the chemical compound ethylenediurea, N-[-2-(2-oxo-1-imidazolidinyl) ethyl]-N-phenylurea (abbreviated EDU), can be of some help in field studies [16,17,18,19]. Carnhan [20] found that EDU can specifically protect plants from O3 leaf injury and, since then, EDU has been largely used for the assessment of O3 effects on growth and yield of both herbaceous [17,19,21,22,23,24,25] and woody plants [26,27,28,29,30,31]. EDU is systemic in plants [32] and can be applied as foliar spray or soil drench, the latter method being the least effective for protecting fast-growing tree species [30]. It has been also applied via stem injection and gravitational infusion in different tree species, providing protection from O3 injury [27,33]. However, the protective mechanism of EDU is still not fully understood [18]. Some studies [34,35,36] have shown that EDU acts by maintaining a high antioxidant enzyme activity and level during O3 exposure, but other studies concluded that EDU does not significantly affect the antioxidant content in leaves [24]. It is also unclear whether EDU limits stomatal O3 uptake by inducing a decrease in the stomatal conductance of treated plants [16,17].



In a recent review [25], Agathokleous suggested that the mode of action of EDU could be based on hormesis, i.e., a stimulatory effect exerted by EDU on plant defenses against O3. In this context, the possible interaction of EDU with other oxidative stress factors besides O3 should be further investigated. Indeed, Albert et al. [37] have shown that EDU application counteracted some of the negative impacts of UV-B on Betula nana L., thus suggesting that EDU can protect plants from other oxidative stress factors besides ozone. Recently, Xin et al. [38] showed that moderate drought does not affect the capability of EDU to protect potted Populus plants from O3, but, to the best of our knowledge, no study has investigated the possible confounding effect of drought when using EDU under Mediterranean environmental conditions.



Within this framework, the present paper aims to: (1) evaluate whether EDU affects stomatal conductance of Fraxinus ornus L. (Manna ash) and (2) verify whether EDU interacts with water stress by reducing drought effects, since this knowledge is of key importance when determining the usefulness of EDU for field studies of O3 effects in Mediterranean forests. F. ornus was selected as the target species, being known to be moderately sensitive to ozone [39], as well as to drought [9,10,40]. It is a small deciduous tree distributed across a wide range of environments in the Mediterranean area and forms mixed forests together with evergreen species such as Quercus ilex L., or deciduous oaks such as Quercus cerris L. [41]. We hypothesize that: (i) based on hormesis, the mechanism of EDU does not imply a decreased O3 uptake through a reduction of stomatal conductance and (ii) EDU-induced stimulation of plant defenses can ameliorate the oxidative effects of severe drought stress.




2. Materials and Methods


2.1. Experimental Site and Plant Material


The experiment was conducted in the botanical garden of the Department of Environmental Biology, Sapienza University of Rome (Rome, Italy), from June to October 2006. Climate data of the site were provided by Osservatorio Meteorologico “Torre Calandrelli”, Collegio Romano (RM). Ozone concentrations were continuously monitored in situ using a UV photometric analyser (Model 1008, Dasibi Environmental Corp., Glendale, CA, USA). From hourly means of ozone concentration during daylight hours (i.e., with solar radiation levels >50 W m−2), the Accumulated exposure Over the Threshold of 40 ppb (AOT40, ppm h) was calculated for the experimental period [42].



Thirty-six Fraxinus ornus saplings, two years old (mean height: 85.2 cm ± 12.5 cm), obtained from the forest nursery of the Aurunci Regional Park (Southern Latium, Italy), were planted on 31 May in 6 woody mesocosms of 1 m3 volume each (square base 1 m × 1 m, 1 m height; 6 plants per mesocosm). The rooting substrate consisted of garden soil, sand and peat (1:1:1); the plants were fertilized with slow-release Osmocote (Scotts Italia S.R.L., Treviso, Italy, NPK 15-8-11 and micoelements), 9 g per plant. The soil depth in each mesocosm was ~90 cm. The plants were allowed to adapt to the new conditions for 15 days until complete leaf development.




2.2. Experimental Design


Three mesocosms were irrigated to field capacity during the whole experiment, while the other three were subjected to water stress. The latter state was obtained by suspending artificial irrigation from 16 June (Day Of Treatment, DOT = 0), to 8 September (DOT = 84); during this period, natural rainfall was also excluded by covering the water-stressed mesocosms with plastic sheets, which were removed when not necessary in order to prevent soil heating. In all mesocosms, the Soil Water Content (SWC, %) in the first 10 cm was measured gravimetrically, by weighing a known volume of soil (10 cm3), which was then oven-dried at 60 °C and reweighed [43]. From each mesocosm, two soil cores were collected in the area between the plants, in order to avoid damaging plant roots. The sampling scheme for SWC measurements is reported in Table 1.



The EDU treatment started on 10 July (DOT 24) and was repeated every 14 days until 5 September (DOT 81), for a total of five EDU applications (Table 1). Three plants per mesocosm were treated, and the chemical was applied by foliar spray instead of soil drench, in order to be coupled with the total exclusion of irrigation in the drought-stressed mesocosms. The applied EDU concentration was 450 ppm, which was chosen on the basis of previous studies on Fraxinus species [28] and other tree species [44,45]. Following Manning et al. [18], the EDU solution was freshly prepared before each application by dissolving pure EDU powder (source: UNECE/ICP Crops biomonitoring, 1997) in warm distilled water. The remaining plants were sprayed with distilled water only. The treatment was applied at sunset, in order to prevent rapid evaporation of the solution from the leaves, and both leaf surfaces were sprayed until runoff.



In summary, the experimental design consisted of four combinations of water and EDU treatments, labeled as follows: +H2O−EDU (control), +H2O+EDU, −H2O−EDU, and −H2O+EDU. Each experimental set consisted of 9 plants in total and was replicated across 3 mesocosms (3 plants each).




2.3. Gas Exchange Measurements


Gas exchange was measured on sun-exposed, fully developed leaves growing on the upper portion of the trees. Sampled leaves were permanently marked with colored wires, and the same age cohort of leaves was assessed through the whole experiment.



Net photosynthesis (Pn, μmol CO2 m−2 s−1), leaf transpiration (E, mmol H2O m−2 s−1), stomatal conductance (gs, mmol H2O m−2 s−1) and sub-stomatal CO2 concentration (Ci, ppm) were simultaneously recorded in vivo by a portable open system CIRAS I (PP Systems, Hitchin, UK), under environmental levels of irradiance (PAR, μmol photons m−2 s−1), relative humidity (RH, %), leaf-to-air Vapour Pressure Difference (VPD, mbar) and air temperature (Tcuv, °C), which were also recorded by the instrument. The ratio between sub-stomatal and external CO2 concentration (Ci/Ca, dimensionless) was also calculated. Gas exchange was measured in the morning from 8:00 to 12:00 h GMT + 1 on the dates reported in Table 1, from June to October 2006. On each day, all plants were sampled, and the number of sampled leaves varied from a minimum of 9 (1 per plant) to a maximum of 30 (3–4 per plant) for each of the four combinations of water and EDU treatments, depending on the photoperiod and environmental conditions.




2.4. Chlorophyll “a” Fluorescence Measurements


Modulated Chlorophyll “a” (Chl a) fluorescence was measured using a Fluorescence Monitoring System (FMSII, Hansatech, UK), on the same dates and times and on the same leaves used for gas exchange (Table 1). The number of sampled leaves varied from a minimum of 9 (1 per plant) to a maximum of 30 (3–4 per plant) for each of the four combinations of water and EDU treatments, depending on the photoperiod and environmental conditions. The maximum quantum yield of PSII was evaluated on dark-adapted (40 min) leaves as Fv/Fm = (Fm − F0)/Fm), where F0 is the basal fluorescence, Fv the variable fluorescence and Fm the maximum fluorescence. The effective quantum efficiency ΦPSII was calculated as (Fm′ − Fs)/Fm′, where Fs is the steady state fluorescence and Fm′ is the maximum fluorescence measured in the light. Photochemical (qP) and non-Photochemical (qNP) quenching was also calculated [46].




2.5. Statistical Analyses


Data were analyzed using Statistica v 7.0 software (StatSoft, Inc., Tulsa, OK, USA). The effects of drought and EDU treatments on each measurement date were evaluated by applying two-way Analysis of Variance (ANOVA) to gas exchange and chlorophyll fluorescence measurements. The input data for the ANOVA test were all leaf-level measurements, recorded for each experimental set on each measurement date. Significant differences between means were then determined through the post hoc Student-Newman-Keuls test at a significance level of 0.05. Normality and homogeneity of variance (Levene′s test) requirements were tested previously. The time effect was not considered.



A multivariate statistical technique, i.e., Principal Component Analysis (PCA, with Equimax rotation), was used to investigate and reveal structures of variability and correlations between variables within different sampling dates. For this analysis, data measured from DOT 28, after the beginning of both water stress and EDU treatments, to R27, were pooled together. The principal components were then computed via a correlation matrix, in order to standardize the different variables’ scales. The selection of the principal factors was based on those with eigenvalues greater than 1.





3. Results


3.1. Meteorological Conditions and Ozone Levels


The daily pattern of air temperature and rainfall during the study period is shown in Figure 1a, together with cumulated AOT40 and the daily maximum O3 trend (Figure 1b). The highest daily mean temperature was recorded on 29 June (29.3 °C, Figure 1a), and rainfall occurred mainly during mid- and late September. Precipitation during the experimental drought period was scarce (15.6 mm in total from 16 June to 5 September). O3 was high in June and July, reaching the maximum value on 21 July (121 ppb, Figure 1b) and decreasing in September. AOT40 exceeded the critical level for the protection of forest trees (5 ppm h, [47]), already on 13 July, and cumulative exposure at the end of the entire experimental period (5 October) was 12.7 ppm h.



The values of the environmental parameters irradiance (PAR, μmol photons m−2 s−1), relative humidity (RH, %), leaf-to-air Vapour Pressure Difference (VPD, mbar) and air temperature in the leaf cuvette (Tcuv, °C) on the dates of ecophysiological measurements are shown in Supplementary material (Figure S1).




3.2. Soil Water Content


In the irrigated mesocosms (+H2O), SWC was never below 30%, while in the water-stressed mesocosms it decreased progressively during summer, dropping to values as low as 9% after 34 days from the last irrigation (DOT 34) and reaching the minimum of 6% at the end of the experimental drought (DOT 84). SWC increased again to control values after re-watering (from R4) (Figure 2).




3.3. Ecophysiological Analyses


In the well-watered plants, gas exchange showed slight variations during the whole period, since a significant effect of EDU was only highlighted on DOT 75, when +H2O+EDU had lower gs (−35%) and Pn (−51%) than control plants (Figure 3a,b; Table 2; Figure S2, Table S1), in correspondence with lower PAR values (Figure S1).



In both drought-stressed sets (−H2O+EDU, −H2O−EDU), instead, Pn, gs and E were significantly reduced already by DOT 12, and reached the lowest values with respect to those of the control set at DOT 75 (Pn: −96% and −92%; gs: −95% and −93%; E: −93% and −90% in −H2O+EDU and −H2O−EDU, respectively) (Figure 3a,b,d; Table 2; Figure S2). This marked gas exchange reduction persisted in both drought-stressed sets after 4 days from re-watering (R4), without any significant difference between EDU treatments. A different EDU response was instead evident from R14: −H2O+EDU recovered its Pn, gs and E values to those of the control set, while −H2O−EDU showed an incomplete recovery of gas exchange, which remained significantly lower than that of the control after 27 days from re-watering (R27) (Figure 3; Table 2; Figure S2).



The Ci/Ca ratio was only slightly affected by both drought and EDU (Figure 3c; Table 2; Figure S2, Table S1).



Drought had no significant effects on chlorophyll fluorescence parameters until DOT 34, when ΦPSII, qP and qNP were affected (Figure 4, Table 2, Table S2). Fv/Fm was reduced only when drought conditions were severe (from DOT 56), and in both −H2O−EDU and −H2O+EDU, the decrease in Fv/Fm was less than −15% with respect to the control (Figure 4a, Table S2). Interestingly, during most of the drought period, −H2O−EDU had significantly lower values of ΦPSII and qP and higher qNP than −H2O+EDU (Figure 4b–d, Table S2). This EDU effect was also evident for R14 but, differently from what was observed for gas exchange, no significant difference was evident between sets 20 days after re-watering (R20).




3.4. Principal Component Analysis


The Principal Component Analysis was performed by pooling together the ecophysiological data, soil water content, AOT40 and maximum daily ozone concentrations, measured from DOT 28, after the beginning of both water stress and EDU treatments, to R27. The number of variables was reduced to two factors, explaining 77.4% of the original variables’ variance (Table 3). Factor 1 accounted for more than 52% of the information of the original variables and was characterized by significant loadings of the ecophysiological parameters (gs, Pn, Fv/Fm, ΦPSII, qP and qNP), as well as by soil water content. By contrast, for Factor 2, more than 25% of the variance was explained by ozone alone, both maximum (O3 Max, negative loading), and cumulated (AOT40, positive loading).



In Figure 5, the two factors are plotted, thus highlighting the separation of data in different groups according to the experimental set and sampling date. Cluster 1 includes all experimental sets on DOT 28 and 34, i.e., the two irrigated sets (+H2O−EDU and +H2O+EDU) and the two water-stressed sets (−H2O−EDU and −H2O+EDU) at the beginning of the drought conditions. A second large cluster (cluster 2) groups the two irrigated experimental sets during August, September and October (DOT 47, 56, 69, 75, R4, R14, R20, R27), as well as R14, R20 and R27 for the −H2O+EDU set, i.e., the dates after re-watering on which this set recovered completely from drought. The August sampling dates (DOT 47, 56, 69, 75) of both drought-stressed sets (−H2O−EDU and −H2O+EDU) instead form a unique group at the lower scores of Factor 1.



Finally, the last cluster (cluster 3) groups R4 for the −H2O+EDU set and all the recovery dates of the −H2O−EDU set (R4, R14, R20, R27), thus confirming the different behavior of the EDU-treated set during recovery from drought. Interestingly, cluster 3 and cluster 2 are located in the same region of Factor 2 (i.e., ozone).





4. Discussion


During the 1990s, many studies applied EDU to prevent O3-induced leaf injury and early senescence in several species, as the use of this chemical was also prescribed in the UNECE/ICP Crops (now ICP Vegetation) biomonitoring protocol [16,21,27,48,49,50]. Lately, EDU has been gradually abandoned due to its high production cost and potential toxicity, which has prevented its commercial, large-scale use [18], as well as criticism raised by uncertainties regarding its mechanism of action. More recently, EDU has been rediscovered, and, although Agathokleous et al. [19] underline the need to better elucidate its mechanism of action by excluding possible confounding factors, many studies have proposed EDU as a research tool per se, to be applied for investigating O3 effects under field conditions [18], and in developing countries [51,52,53]. The effectiveness of EDU for these applications, however, is entirely based on its specificity of action against O3. While it is known since the first experimental tests that EDU does not protect plants from other air pollutants, such as SO2 [54,55], only a few studies have considered the potential interaction between EDU and oxidative stresses naturally occurring under field conditions.



In this experiment, the possible confounding effect of drought stress when using EDU as an O3 protectant was investigated. Despite O3 levels higher than 40 ppb until the end of August, reaching peaks of 120 ppb in mid-July, no O3 effect was detected in well-watered F. ornus plants (both +H2O−EDU and +H2O+EDU), and O3 leaf injury, visually assessed weekly, was absent in both well-watered and water-stressed mesocosms (data not shown). A previous study investigating the O3 response of F. ornus reported that, under field conditions, AOT40 at the onset of injury was 16.7 ppm h [39], which is higher than the maximum value reached at the end of our study (12.7 ppm h). Moreover, although a deciduous species, F. ornus is adapted to the xeric conditions typical of the Mediterranean environment [56,57]; therefore, its O3 sensitivity is expected to be quite moderate, as observed in sclerophyllous species [58]. In the well-watered mesocosms (+H2O sets), PSII photochemistry also confirmed the absence of phytotoxic O3 effects, since chlorophyll fluorescence parameters did not show any O3-induced response [59,60] and did not differ between EDU and non-EDU treated plants. The only physiological difference between +H2O+EDU and +H2O−EDU consisted of a significant reduction of gs and Pn, which was evident in the EDU-treated plants at DOT 75 only, 8 days after the fourth EDU application. The effect of EDU on stomatal conductance is controversial: some studies have found that EDU reduced gs of treated plants, thus limiting stomatal O3 uptake [33,61]; other studies reported increased gs as a consequence of EDU applications [23,62]; finally, many experiments have highlighted that EDU has no effect on stomatal conductance [17]. In this regard, Agathokleous [25] highlighted the need to conduct measurements over narrow-spaced time intervals, in order to highlight potential EDU effects on gs. Our results seem to confirm that the protective mechanism of EDU is not based on the reduction of stomatal O3 uptake since, despite gas exchanges being sampled over time after EDU applications, no clear gs response to EDU was highlighted.



A significant effect of EDU was instead evident in the water-stressed mescosms. A higher photochemical efficiency (ΦPSII), photochemical quenching (qP) and, consequently, lower values of qNP, were in fact measured in −H2O+EDU with respect to −H2O−EDU, during the early phase of the water shortage (from DOT 24 until DOT 56), when O3 levels were also high. It is known that EDU affects chlorophyll fluorescence parameters in different ways: Yuan et al. [24] highlighted that EDU is able to protect the photosynthetic apparatus from phytotoxic O3 effects, maintaining high ΦPSII and qP, while other studies [19,25,63] showed that EDU per se can affect photosynthetic efficiency through a stimulatory effect, thus concluding that the EDU mode of action involves PSII response. In our case, we can argue that EDU was able to mitigate the synergic effects of drought and O3, possibly by reducing the oxidative pressure caused by the interaction of the two stresses. In fact, although drought is known to protect plants from O3 by inducing stomatal closure [11,59], recent studies have highlighted that, under certain conditions, drought can instead increase plant sensitivity to O3 [13], particularly if it occurs later in the season, after O3 uptake during spring [14]. It has frequently been reported that EDU is able to ameliorate oxidative stress through different mechanisms, involving the inhibition of Reactive Oxygen Species (ROS) production [64] or the enhancement of both enzymatic and non-enzymatic ROS-scavenging mechanisms [17,35,53]. In particular, EDU has been reported to support the ascorbate-glutathione cycle (or Halliwell-Asada cycle), which involves apoplastic ascorbate peroxidase (APX) and symplastic glutathione reductase (GR) [65]. This cycle constitutes the primary H2O2-detoxification mechanism, thus playing a fundamental role not only in the response to O3 but also to other oxidative stress factors, such as drought [66].



During the recovery from drought, i.e., after 14 days from the re-irrigation of the drought-stressed mesocosms (22 September), the amelioration effect of EDU was instead evident in the gas exchange of the −H2O+EDU set. The PCA, performed by pooling together the ecophysiological data, soil water content, AOT40 and maximum daily ozone concentrations, also highlighted that, at recovery, water-stressed, EDU-treated plants were included in the same cluster as the well-watered plants, whereas water-stressed non-EDU-treated plants formed a distinct cluster. Considering that O3 levels in September were low, it seems unlikely that EDU protected plants from the O3 absorbed after the partial re-opening of stomata that followed re-watering. Since it is known that the recovery of assimilation rate from severe drought is linked to plants’ ability to reverse the drought-induced accumulation of ROS, particularly H2O2 [67], we can attribute this effect to the previously described capacity of EDU to support different ROS-scavenging mechanisms in leaves, such as the Halliwell-Asada cycle. Therefore, although we cannot identify whether such oxidative burst was generated by the synergic effect of O3 and drought, or by severe drought alone, our results suggest the capability of EDU to interact with other oxidative stress factors besides O3. This supports the results obtained by Middleton et al. [68] and Albert et al. [37], who demonstrated that, in the absence of O3, EDU substantially ameliorated UV-B damage caused to foliage in soybean and birch, thus highlighting the need to better investigate the possible confounding effect of such abiotic stress factors, before using EDU as an O3 protectant in the field.




5. Conclusions


This study highlighted that: (1) The mode of action of EDU does not imply a decreased O3 uptake through a reduction of stomatal conductance and (2) EDU is able to ameliorate stress conditions in drought-stressed plants, possibly by regulating ROS production at cellular level through the enhancement of both enzymatic and non-enzymatic antioxidant mechanisms. Although in our experiment it was not possible to distinguish whether the oxidative pressure ameliorated by EDU was caused by severe drought alone or by the synergic effect of drought and ambient O3, our results suggest that caution should be taken when applying EDU in the estimation of O3 effects under field conditions. In the field, multiple oxidative stresses can simultaneously affect plant physiology and can have different interactive effects, synergic or antagonistic. Under such conditions, the specificity of a protective antioxidant such as EDU should be further evaluated by considering other naturally occurring oxidative stresses, such as, drought, in order to avoid possible overestimation of ambient O3 risk, particularly in drought-prone environments such as the Mediterranean area. Further research testing the effect of EDU on different species subjected to severe drought conditions, alone and in combination with O3, is therefore needed, before the reliable application of EDU as a research tool for O3 under natural field conditions.








Supplementary Materials


The following are available online at www.mdpi.com/1999-4907/8/9/320/s1, Figure S1: (a) Photosynthetic active radiation (PAR, mmol photons m−2 s−1); (b) relative air humidity (RH, %); (c) Vapour Pressure Difference between leaf and air (VPD, mbar); (d) cuvette air temperature (Tcuv, °C), simultaneously measured with leaf-level gas exchanges. Vertical red dashed bars indicate the dates in which the EDU treatments were applied. On the horizontal axis, the Day of Treatment is reported (0–75 = days from the last irrigation and R4, R14, R20, R27, days from rewatering of the water stressed mesocosms). For each measurement date, data are expressed as mean ± Standard Error (9 < N < 30, see Supplementary Table S1), Figure S2: (a) Net photosynthesis (Pn, mmol CO2 m−2 s−1); (b) stomatal conductance (gs, mmol H2O m−2 s−1); (c) Ci/Ca ratio (dimensionless); (d) leaf transpiration (E, mmol H2O m−2 s−1), measured during the experimental period. Vertical red dashed bars indicate the dates in which the EDU treatments were applied. On the horizontal axis, the Day of Treatment is reported (0–75 = days from the last irrigation and R4, R14, R20, R27, days from rewatering of the water stressed mesocosms). For each measurement date, data are expressed as mean ± Standard Error (9 < N < 30, see Supplementary Table S1), Table S1: Average ± SE values of gas exchanges (Figure 3, Figure S2) and chlorophyll fluorescence parameters (Figure 4). For each sampling date and experimental set, the number of observations (N) is also reported.
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Figure 1. Meteorological conditions and ozone levels during the experimental period (from 1 June to 5 October 2006). (a) Daily values of air temperature (mean, Tmean; maximum, Tmax, and minimum, Tmin, °C) and rainfall (P, mm); (b) Accumulated exposure Over the Threshold of 40 ppb (AOT40), accumulated over the experimental period (ppm h), and hourly O3 maximum (ppb) measured during daylight hours. Vertical red bars indicate the extent of the experimental drought period (from 16 June to 8 September). 
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Figure 2. Soil water content (SWC, %), measured in the first 10 cm during the experimental period, in the irrigated (+H2O) and water-stressed (−H2O) mesocosms of Fraxinus ornus. On the horizontal axis, the Day of Treatment (DOT) is reported (0–84 = days from the last irrigation and R4, R20, R27, days from re-watering of the water-stressed mesocosms). Data are means ± S.D., N = 6. 
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Figure 3. (a) Net photosynthesis (Pn); (b) stomatal conductance (gs); (c) Ci/Ca ratio; and (d) leaf transpiration (E) measured during the experimental period. Vertical red dashed bars indicate the dates on which the EDU treatments were applied. On the horizontal axis, the Day of Treatment is reported (0–75 = days from the last irrigation and R4, R14, R20, R27, days from re-watering of the water-stressed mesocosms). For each measurement date, data are expressed as the relative difference with respect to the control set (+H2O−EDU), and different letters indicate statistically significant differences between means (9 < N < 30, see Supplementary Table S1). 
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Figure 4. (a) Maximum quantum yield of PSII (Fv/Fm); (b) effective quantum yield of PSII (ΦPSII); (c) photochemical quenching (qP); and (d) non-photochemical quenching (qNP), measured during the experimental period. On the horizontal axis, the Day of Treatment is reported (0–75 = days from the last irrigation and R4, R14, R20, R27, days from rewatering of the water-stressed mesocosms). Vertical red dashed bars indicate the dates on which the EDU treatment was applied. For each measurement date, data are expressed as the relative difference with respect to the control set (+H2O−EDU), and different letters indicate statistically significant differences between means (9 < N < 30, see Supplementary Table S1). 
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Figure 5. Principal Component Analysis obtained by pooling together the ecophysiological data, soil water content, AOT40 and maximum daily ozone concentrations, measured from DOT 28, after the beginning of both water stress and EDU treatments, to R27. For each point, the Day of Treatment is reported. Cluster borders and numbers are marked in red (See text for further details). 
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Table 1. Sampling scheme for ethylenediurea (EDU) treatment, soil water content (SWC) and ecophysiological measurements for Fraxinus ornus L. (Manna ash) plants in this study. The × symbol indicates the dates on which each treatment/measurement was carried out. On 10 July (DOT 24), gas exchange and chlorophyll fluorescence were measured before the EDU treatment.
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Type of Measurement




	
Date of Sampling (Year 2006)

	
Day of Treatment (DOT)

	
EDU Treatment

	
SWC

	
Gas Exchange

	
Chlorophyll Fluorescence






	
16 June

	
Days from the last irrigation (−H2O sets)

	
0

	

	
×

	
×

	
×




	
28 June

	
12

	

	

	
×

	
×




	
30 June

	
14

	

	
×

	
×

	
×




	
10 July

	
24

	
×

	

	
×

	
×




	
14 July

	
28

	

	
×

	
×

	
×




	
20 July

	
34

	

	
×

	
×

	
×




	
24 July

	
38

	
×

	

	

	




	
2 August

	
47

	

	
×

	
×

	
×




	
7 August

	
52

	
×

	

	

	




	
11 August

	
56

	

	
×

	
×

	
×




	
22 August

	
67

	
×

	

	

	




	
24 August

	
69

	

	

	
×

	
×




	
30 August

	
75

	

	
×

	
×

	
×




	
5 September

	
83

	
×

	

	

	




	
6 September

	
84

	

	
×

	

	




	
12 September

	
Days from re-watering (−H2O sets)

	
R4

	

	
×

	
×

	
×




	
22 September

	
R14

	

	

	
×

	
×




	
28 September

	
R20

	

	
×

	
×

	
×




	
5 October

	
R27

	

	
×

	
×

	
×
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Table 2. Analysis of Variance for the parameters derived from gas exchange and chlorophyll fluorescence measurements. Pn = net photosynthesis; gs = stomatal conductance; E = leaf transpiration; Ci/Ca = ratio between substomatal and ambient [CO2]; Fv/Fm = maximum quantum yield of PSII; ΦPSII = effective quantum yield of PSII; qP = photochemical quenching; qNP = non photochemical quenching; and DOT = Day of Treatment. Significant (p < 0.05) factors are marked in bold.
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DOT

	

	
Pn

	
gs

	
E

	
Ci/Ca

	
Fv/Fm

	
ΦPSII

	
qP

	
qNP






	
0

	
Drought

	
0.834

	
0.954

	
0.971

	
0.964

	
0.586

	
0.183

	
0.207

	
0.207




	
EDU

	
0.052

	
0.077

	
0.985

	
0.989

	
0.729

	
0.362

	
0.395

	
0.395




	
Drought × EDU

	
0.431

	
0.186

	
0.338

	
0.373

	
0.180

	
0.575

	
0.550

	
0.550




	
12

	
Drought

	
0.000

	
0.000

	
0.000

	
0.001

	
0.207

	
0.115

	
0.112

	
0.112




	
EDU

	
0.798

	
0.745

	
0.197

	
0.411

	
0.395

	
0.674

	
0.668

	
0.668




	
Drought × EDU

	
0.808

	
0.039

	
0.012

	
0.008

	
0.550

	
0.088

	
0.075

	
0.075




	
14

	
Drought

	
0.000

	
0.000

	
0.000

	
0.782

	
0.022

	
0.645

	
0.823

	
0.823




	
EDU

	
0.581

	
0.679

	
0.491

	
0.706

	
0.399

	
0.695

	
0.733

	
0.733




	
Drought × EDU

	
0.946

	
0.672

	
0.191

	
0.526

	
0.575

	
0.036

	
0.048

	
0.048




	
24

	
Drought

	
0.000

	
0.000

	
0.000

	
0.057

	
0.346

	
0.345

	
0.470

	
0.470




	
EDU

	
0.556

	
0.918

	
0.507

	
0.206

	
0.495

	
0.689

	
0.448

	
0.448




	
Drought × EDU

	
0.774

	
0.269

	
0.205

	
0.267

	
0.265

	
0.043

	
0.033

	
0.033




	
28

	
Drought

	
0.000

	
0.000

	
0.000

	
0.007

	
0.241

	
0.444

	
0.632

	
0.632




	
EDU

	
0.600

	
0.464

	
0.229

	
0.470

	
0.958

	
0.026

	
0.003

	
0.003




	
Drought × EDU

	
0.461

	
0.371

	
0.364

	
0.001

	
0.146

	
0.115

	
0.084

	
0.084




	
34

	
Drought

	
0.000

	
0.000

	
0.000

	
0.682

	
0.252

	
0.001

	
0.004

	
0.004




	
EDU

	
0.742

	
0.481

	
0.269

	
0.234

	
0.013

	
0.013

	
0.033

	
0.033




	
Drought × EDU

	
0.811

	
0.241

	
0.006

	
0.622

	
0.988

	
0.307

	
0.425

	
0.425




	
47

	
Drought

	
0.000

	
0.000

	
0.000

	
0.135

	
0.701

	
0.000

	
0.000

	
0.000




	
EDU

	
0.870

	
0.772

	
0.695

	
0.763

	
0.779

	
0.002

	
0.001

	
0.001




	
Drought × EDU

	
0.177

	
0.017

	
0.028

	
0.944

	
0.927

	
0.041

	
0.020

	
0.020




	
56

	
Drought

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001

	
0.007

	
0.007




	
EDU

	
0.009

	
0.030

	
0.007

	
0.021

	
0.506

	
0.000

	
0.000

	
0.000




	
Drought × EDU

	
0.814

	
0.316

	
0.164

	
0.213

	
0.699

	
0.282

	
0.132

	
0.132




	
69

	
Drought

	
0.000

	
0.000

	
0.000

	
0.239

	
0.000

	
0.000

	
0.000

	
0.000




	
EDU

	
0.304

	
0.822

	
0.694

	
0.032

	
0.764

	
0.623

	
0.939

	
0.939




	
Drought × EDU

	
0.397

	
0.868

	
0.741

	
0.386

	
0.718

	
0.026

	
0.153

	
0.153




	
75

	
Drought

	
0.000

	
0.000

	
0.000

	
0.212

	
0.000

	
0.000

	
0.000

	
0.000




	
EDU

	
0.001

	
0.023

	
0.013

	
0.211

	
0.585

	
0.016

	
0.018

	
0.018




	
Drought × EDU

	
0.003

	
0.039

	
0.032

	
0.108

	
0.981

	
0.489

	
0.361

	
0.361




	
R4

	
Drought

	
0.000

	
0.000

	
0.000

	
0.309

	
0.000

	
0.000

	
0.000

	
0.000




	
EDU

	
0.563

	
0.756

	
0.329

	
0.282

	
0.024

	
0.642

	
0.730

	
0.730




	
Drought × EDU

	
0.383

	
0.818

	
0.434

	
0.028

	
0.238

	
0.550

	
0.611

	
0.611




	
R14

	
Drought

	
0.000

	
0.000

	
0.000

	
0.675

	
0.001

	
0.163

	
0.669

	
0.669




	
EDU

	
0.018

	
0.036

	
0.027

	
0.260

	
0.795

	
0.019

	
0.007

	
0.007




	
Drought × EDU

	
0.731

	
0.631

	
0.509

	
0.881

	
0.094

	
0.273

	
0.085

	
0.085




	
R20

	
Drought

	
0.034

	
0.029

	
0.030

	
0.255

	
0.062

	
0.601

	
0.940

	
0.940




	
EDU

	
0.261

	
0.125

	
0.087

	
0.919

	
0.245

	
0.312

	
0.439

	
0.439




	
Drought × EDU

	
0.224

	
0.115

	
0.065

	
0.376

	
0.548

	
0.299

	
0.579

	
0.579




	
R27

	
Drought

	
0.001

	
0.001

	
0.001

	
0.643

	
0.013

	
0.136

	
0.141

	
0.141




	
EDU

	
0.002

	
0.025

	
0.004

	
0.016

	
0.017

	
0.056

	
0.071

	
0.071




	
Drought × EDU

	
0.029

	
0.453

	
0.300

	
0.018

	
0.677

	
0.167

	
0.148

	
0.148











[image: Table] 





Table 3. Principal component analysis of the considered ecophysiological and environmental parameters, obtained from pooling together the data from DOT 28 to R27 after the beginning of both the water stress and EDU treatments. Component loadings > 0.7, which represent the correlation of the original variables with each of the new factors, are highlighted in bold. See text for further details.
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	Factor 1
	Factor 2





	E
	0.676808
	−0.652821



	gs
	0.855971
	−0.352427



	Pn
	0.812304
	−0.428020



	Ci/Ca
	0.014049
	0.571931



	SWC
	0.829174
	0.219180



	O3 Max
	−0.108951
	−0.902128



	AOT40
	0.118850
	0.887376



	ΦPSII
	0.922908
	0.103793



	qP
	0.897010
	0.116943



	qNP
	−0.897010
	−0.116943



	Fv/Fm
	0.838633
	0.194126



	% Total variance
	52.24
	25.16



	Cumulative %
	52.24
	77.40
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