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Abstract 
Although air pollution usually leads to a reduction in the overall growth and development of plants, its effects on leaf demography have not been well examined so far. The present study was designed to highlight the capability of the demographic approach, together with traditional growth and other leaf trait analyses, to assess the impact of air pollution on vegetation by exposing plants of Medicago sativa L. (alfalfa) to a long-term gradient of sulfur dioxide (SO2) concentrations (0, 30, 60 and 90 ppb, for 45 consecutive days). This study shows that (i) alfalfa plants tolerated only the lower SO2 concentration, while detrimental effects on leaf demography and growth were imposed by higher SO2 levels, with a less efficient strategy in carbon gain and allocation found in plants under 60 ppb; (ii) leaf demography and traditional growth analysis leaded to agreeing outcomes, but the demographic approach detected the stress induced by SO2 sooner; and more generally (iii) demography can be a powerful and non-destructive tool for monitoring plant responses to air pollution, especially considering that the feasibility of this approach will likely increase with the reduction of its operational time related to the rapid expansion of several automated phenotyping techniques.
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1 Introduction
Under suitable conditions, all living organisms are, at various stages in their life, capable of change in size, form and number. These processes, which help to discriminate the living from the non-living natural systems, are strongly connected and the term ‘growth’ may be applied to any or all of them. Consequently, a precise definition of the term ‘growth’, as well as of the best measure of growth, is not easy (Hunt, 1978a). Although traditional growth analysis, focused on changes in plant weight and leaf area (e.g. relative growth rate, leaf area ratio and net assimilation rate), have largely contributed to the understanding of plant growth, they have been accused since long of ignoring the fact that the plant may be considered as a population of modules perfectly suited of age structure. Plant growth has many analogies with the growth of a population of organisms: plant modules, such as leaves, have a life cycle characterized by birth, juvenile, reproduction (i.e. contributing to the birth of other leaves and ultimately to flowering and seed set) and senescence phases that end with death (Harper and White, 1974; Hunt, 1978a; Wu et al., 2016). 
According to the science of demography, a description of the growth of a plant as a population of parts needs to quantify the births and deaths of these parts. In plant science, Bazzaz and Harper (1977) firstly claimed that the application of demographic analyses to leaf birth and death (instead of focusing on birth and death of whole individuals) permitted a more sophisticated decoding of plant responses to environmental factors than was possible through conventional plant growth analysis. Commenting on this conclusion, Hunt (1978b) argued that the two approaches should be considered complementary. Nevertheless, leaf demography has been largely used until today, given its capability to better elucidate the effects of the environment on plants by exploring important features, such as the age structure of the leaf population, ‘the expectation of life’ of a leaf at various ages, the changes in rate of the activities of a leaf with age or the effects of overlapping leaves on each other’s activity. Importantly, plant demographic investigations are non-destructive, and their disadvantage of being sometimes time-consuming will be likely overcome by the rapid expansion of several automated phenotyping techniques (e.g. image-based; Kumar and Domnic, 2018).
Demographic studies of leaves have been performed on several crops and wild plants (herbaceous, shrubs and trees), from several environment types and for several purposes, especially in plant ecology. This approach has been mainly used to investigate the competition among co-occurring species characterized by different features (e.g. Williams-Linera, 2000; Osada et al., 2001; Nelson et al., 2002; Negi, 2006; Reich et al., 2004; Wu et al., 2016), but also to elucidate the effect on specific species of environment resources such as water, nitrogen, calcium and sunlight (Lajtha and Whitford, 1989; Costa et al., 1991; Kyparissis et al., 1997; Suárez, 2010; Morales et al., 2014), the seasonal internal cycling of nitrogen in plants in relation to its supply (Millard and Proe, 1991), the interaction of plants with insects (Santos, 2000) and mammal herbivores (McIntire and Hik, 2002), and the effects of salinity on macrophytes (Warwick and Bailey, 1998) and mangroves (Suárez and Medina, 2005; Chen and Ye, 2014; Siddique et al., 2017). 
Curiously, although it is known that air pollution is a major problem world is facing and that air pollutants usually lead to a reduction in the overall growth and development of plants (Cerro et al., 2015; Cotrozzi et al., 2018b), the effects of air pollution on leaf demography have not been well examined. Held et al. (1991) interpreted as an apparent compensatory response the higher leaf production of plants exposed to ozone (O3; 120 ppb, 10 h day-1, 37 consecutive days) than control plants, at the expense of root and hypocotyl growth. Byres et al. (1992) reported a reduction of leaf area and fascicle survival in slash pine seedlings exposed to an increased O3 concentration (3× ambient air level, for 11 months year-1, for 28 months, i.e. 1085.6 ppm h of cumulative 24-hour total O3 concentration), while did not observe any effect of acid rain. Despite these interesting works from the early ‘90s, the potential of using demographic approaches in air pollution-plant studies is still not well elucidated.
The present study was designed to highlight the capability of the demographic approach, together with traditional growth and other leaf trait analyses, to assess the impact of air pollution on vegetation by exposing plants of Medicago sativa L. (alfalfa, ecotype Manto) to a long-term gradient of sulfur dioxide (SO2) concentrations. Alfalfa is known to be susceptible to SO2 and widely used for plant-SO2 investigations since long (Lorenzini et al., 1985). Alfalfa is a common vital perennial leguminous forage crop because its high protein content, palatability and good digestibility. About 30 Mha of alfalfa are grown worldwide for pasture, hay and silage making (Zhang and Wang, 2015). This species was also chosen because the very large number of leaves makes it a particularly susceptible to analysis as a population of parts. Sulfur dioxide was chosen for its environmental importance as air pollutant, especially in developing countries (Ray and Kim, 2014). Natural and anthropogenic activities, such as volcanic eruptions and industrial emissions, often result in SO2 concentrations exceeding the World Health Organization guideline of 7 ppb (24-h mean; WHO, 2006). Moreover, there are hundreds of publications reporting adverse effects of long-term SO2 exposures to crops and wild plants, not only chlorosis, necrosis or leaf fall, but also reduced plant performance in the absence of visible symptoms (Panicucci et al., 1998; Awanish, 2014).
Specifically, the purposes of this study were (i) to evaluate the potential of the demographic approach to accurately detect plant responses to air pollution stress, (ii) to assess the variation of leaf and inflorescence demography together with other leaf and traditional growth traits under a gradient of SO2 concentrations, and (iii) to compare the outcomes of demographic investigations with those of traditional plant growth analysis.

2 Materials and Methods
2.1 Plant material and fumigation procedure
Plants were singly grown from seeds in perforated black polyethylene bags containing 900 cm3 of a mix of organic soil:peat:perlite = 1:1:1 in volume, placed in a controlled environment facility at 22±1 °C, a relative humidity of 75±5% and a photon flux density at plant height of 500 μmol photon m-2 s-1 provided by incandescent lamps, during a 14 h photoperiod. Throughout the whole experiment, plants were placed on a wet perlite bed and watered as needed via subirrigation by means of an automatic drip system. After 14 days from the full development of cotyledons, 100 uniformly sized plants were divided in four sets (25 plants each) and exposed for 45 consecutive days to charcoal-filtered air (controls, i.e. ca. 0 ppb of SO2) and to target SO2 concentrations of 30, 60 and 90 ppb (1 ppb SO2 = 2.86 μg m-3 at 20 °C, 101.3 kPa) using four identical ad hoc built fumigation chambers. The chambers were placed inside a screenhouse and were exposed to natural environmental conditions, except for solar radiation which was found to be reduced by 30%. Charcoal-filtered air was blown into the chamber (2.25 m3 in volume) to provide two complete air changes per minute. Sulphur dioxide was supplied from 1% pollutant cylinders (balance nitrogen) and its concentration sequentially blown in the chambers was monitored by a Monitor Labs 8850 analyzer (Monitor Labs, San Diego CA, USA) operating on the fluorescence method. Plant sets and the related SO2 concentrations were exchanged among chambers every 3-4 days. Details of the fumigation facilities have been reported elsewhere (Gerini et al., 1990). After the end of the SO2 exposure, all plants were kept for other 30 days within the chambers under charcoal-filtered air until 75 days from the beginning of the exposure (FBE, recovery).
Before the beginning of the exposure, eight plants analogous to those exposed later to SO2 were harvested for biometric analyses. Demographic investigations were performed during the whole SO2 exposure and at recovery. At the end of the exposure, leaf chlorophyll content and stomatal traits were measured, and half of the plants were then harvested for biometric analyses and leaf sulphur (S) content determination. At recovery, the remaining half of the plants were harvested for other biometric analyses and leaf S content determinations. All plants were daily checked to detect the time of onset of visible foliar symptoms induced by SO2.
2.2 Demographic investigations
Before the starting of the exposure, all leaves were marked to differentiate them from the newly sprouted leaves. Then, the numbers of born and dead leaves per plant were counted during the exposure at 7, 11, 18, 25, 32, 39 and 45 days FBE. New leaves encountered at each subsequent census were marked with colour coded woolen filaments and treated as different-aged cohorts, for a total of seven cohorts. The census of surviving and dead leaves from the seven cohorts was also performed at recovery (i.e. 75 days FBE). A leaf was considered ‘born’ when its tip had emerged from the enveloping sheath and ‘dead’ when more than 80% of its surface was yellowish/dry. With these data, leaf production and leaf survivorship curves were determined for each cohort. The type of survivorship curves was determined according to Deevey (1947): type I, the risk of death increases with age; type II, the risk of death is independent of age; type III, the risk of death is much higher for juvenile stages but lower for adults. For each SO2 concentration, averaged rates of leaf birth (Br) and death (Dr) were estimated by dividing the number of new or dead leaves by the number of days of exposure (i.e. 45 days). Leaf recruitment rates (Rr) were estimated by the difference between Br and Dr. Leaf turnover rates (Tr) were estimated as the ratio between Br and Dr (Costa et al., 1991; Santos, 2000). Inflorescence production was also determined since plants started to flower.
2.3 Leaf chlorophyll content
Chlorophyll content (ChlSPAD) of leaves from each cohort was estimated in vivo in terms of ‘greenness’ with a portable chlorophyll meter (SPAD-502DL Plus, Minolta, Spectrum Technologies Ltd., Plainfield, IL, USA). For each leaf, at least three uniformly distributed measurements were performed (one measurement per leaflet), and the average was calculated. The instrument provides an estimation of the relative amount of leaf chlorophyll content based on the transmitted radiation in the red and near infrared wavelengths and values are reported in arbitrary units (Gottardini et al., 2014).
2.4 Stomatal density
A leaf surface imprint method was used to determine stomatal density (SD). Abaxial (Ab) and adaxial (Ad) epidermal cell outlines of apical leaflets were imprinted onto cyanoacrylate droplets that were placed onto glass slides. Images were taken under ×200 magnification using a Nikon-OptiPhot2 microscope (Nikon, Tokyo, Japan). Stomata were counted in an area of 0.474 mm2. For each slide, four independent leaf areas were counted and the average of these four was considered as one replicate. Total stomatal density (TSD) was calculated as Ab SD+Ad SD. The ratio between Ab and Ad SD (Ab/AdSD) was also calculated. For each plant, stomatal data were collected from two leaves per cohort and finally averaged.
2.5 Biometric analyses and leaf sulphur content
Leaf area was determined on detached samples with an electronic planimeter (LICOR 3000, Li-Cor Inc., Lincoln NE, USA). Leaf, stem and root biomass production was measured as fresh weight (FW) and dry weight (DW), after drying materials in an oven at 80 °C during 72 h. Roots were previously rinsed under running tap water to remove the growing mix. Biometric traits were determined per plant. For each plant, two dry leaves per cohort were then collected, mixed, grinded and measured for total leaf S content by using a LECO S Determinator SC132 (LECO Australia Pty, Baulkham Hills, NSW, AU). 
2.6 Traditional growth analyses
According to Hunt (1978a), the leaf area ratio (LAR) was calculated as the ratio between leaf area and total dry biomass, whereas the relative growth (RGR) and the net assimilation rates (NAR) were calculated as follows: RGR = (ln W1 – ln W0)/(t1 – t0), NAR = (W1 – W0)/(t1 – t0) × (ln A1 – ln A0)/(A1 – A0), where (t1 – t0) is the time in days between two consecutive harvests, and W and A are the total dry biomass and leaf area, respectively, at sampling time. At 45 days FBE, the rates were calculated between day 0 and 45 (i.e. 45 consecutive days). At 75 days FBE, the rates were calculated between day 45 and 75 (i.e. 30 consecutive days).
2.7 Statistics
The normality of data was preliminary tested by the Shapiro-Wilk W test for normality and by the Levene test for homogeneity of variance. Two-way analysis of variance (ANOVA) was used to determine the effects of cohort (first census at 7, 11, 18, 25, 32, 39 and 45 days FBE), SO2 (0, 30, 60 and 90 ppb) and their interaction on leaf and inflorescence productions as well as on chlorophyll content. Three-way ANOVA was used to determine the effects of cohort, time (45 and 75 days FBE), SO2 and their interactions on leaf survival at the end of the exposure and recovery. One-way ANOVA was used to determine the effect of SO2 on Br, Dr, Rr, Ltr and stomatal traits at 45 days FBE. Two-way ANOVA was also used to determine the effects of SO2, time and their interaction on leaf S content and biometric and traditional growth traits at the end of the exposure and recovery. Effects with P < 0.05 were considered statistically significant. Comparisons among means were determined by the Tukey post-hoc test. Statistical analyses were performed in JMP 13.2 (SAS Institute Inc., Cary, NC, USA). 

3 Results and Discussion
This study shows that the application of life-table and other demographic analyses of leaf birth and death is feasible and permits a better interpretation of plant response to air pollution, as previously reported for several abiotic (Lajtha and Whitford, 1989; Costa et al., 1991; Kyparissis et al., 1997; Suárez, 2010; Morales et al., 2014) and biotic stressors (Santos, 2000; McIntire and Hik, 2002).
In agreement with previous studies performed both in natural and controlled conditions (Khan and Khan, 2011), SO2 characteristic symptoms were observed on the adaxial surface of completely expanded leaves in form of white-ivory necrosis. These symptoms were only found on the oldest leaves (cohort one) of plants exposed to 90 ppb of SO2, starting from 32 days FBE. No visible injury was detected in plants exposed to 0, 30 and 60 ppb of SO2. The degree to which plants develop visible injury is usually utilized in many intra- and inter-species comparisons as an indicator of their air pollution sensitivity (Doley, 2010; Cotrozzi et al., 2018a), although this relationship has not always been confirmed. If visible injury outcomes would suggest that plants under the highest SO2 concentration responded less efficiently to the environmental constrain than plants exposed to lower SO2 levels, demographic investigations leaded to other conclusions, highlighting the potential of this approach for plant-air pollution investigations.
Leaf production was significantly affected by cohort, SO2 concentration and their interaction (Fig. 1). Leaf production increased with the development of younger leaves, with significant differences observed between leaves first censused at seven (cohort one), 25 (cohort four) and 45 days FBE (cohort seven). The significant effect of SO2 on leaf production was confirmed by the averaged Br which decreased (-22%, in comparison with controls), increased (18%) and did not change under 30, 60 and 90 ppb of SO2, respectively (Table 1). However, a different leaf production among SO2 treatments was effectively observed only for cohort seven (Fig. 1). Leaf greenness data (ChlSPAD) obtained at the end of the exposure agreed with leaf production outcomes since younger leaves had higher chlorophyll contents than older ones, as well as leaves grown under 60 ppb compared with those exposed to filtered air, showing significant differences within a cohort only for cohort seven (Fig. 2). Flowering started at 32 days FBE (cohort 5) and inflorescence production increased with time. In comparison with controls, inflorescence production decreased in plants under 90 ppb at 39 and 45 days FBE (-68 and -55%, respectively), while increased under 60 ppb at 45 days FBE (+62%, Fig. 3). The changed or unchanged leaf production and greenness, together with inflorescence production, observed under different SO2 concentrations were likely part of the acclimation strategies of plants under environmental constrains, strictly connected with leaf survivorship, as previously reported for other air pollutants (Held et al., 1991; Byres et al., 1992). 
The leaf survivorship curves for each cohort of control plants corresponded to Delvey Type I curves, where death increases with age (Fig. 4A). Type I survivorship trends have been commonly observed for leaf populations of other species (e.g. Bazzaz and Harper, 1977; Porter et al., 1993; Nelson et al., 2002; Siddique et al., 2017). Under charcoal-filtered air, survival probability of leaves from cohort one and two decreased gradually until 39 days FBE, to then drop more drastically at 45 days FBE, reaching values of 54 and 74%, respectively. This outcome suggests that older leaves of control plants likely started to senesce after 39 days FBE, after the beginning of flowering. Conversely, all the other younger cohorts had very high values of survivorship also at the end of the exposure (>93%, Fig. 4A). Plants exposed to 30 ppb of SO2 showed similar survival trends than controls throughout the exposure, except for a slight earlier (from 32 days FBE) and harsher (42% at 45 days FBE) decrease of cohort one (Fig. 4B). This response was confirmed by the variations of averaged Br and Dr: although the former decreased under 30 ppb of SO2, the latter showed similar values than controls. These processes together leaded to a reduction of Rr (i.e. net change in the number of leaves), observed only under this SO2 concentration, although Tr did not change (Table 1). Plants under 60 ppb of SO2 also showed similar survivorship curves than controls until 39 days FBE (an earlier decrease of cohort one was not here observed), but survival values strongly decreased at 45 days FBE. This reduction concerned not only cohorts one and two (28 and 43%, respectively) but also cohorts tree and four (around 73%, Fig. 4C). Indeed, the increase of Br was here twinned with an increase of Dr and a decrease of Tr (i.e. leaf turnover), observed only under this SO2 concentration (Table 1). Different survival trends were finally observed in plants under 90 ppb. Survivorship of cohort one decreased already at 11 days FBE, and a severe drop was already observed from 25 days FBE. This is in accordance with the onset of visible symptoms observed only in these leaves at 32 days FBE. However, cohort one showed similar survival values than controls at the end of the exposure (53%), accordingly to the other younger cohorts. Interestingly, leaves from cohorts two, three, and four (i.e. the ones developed before the strong drop of cohort one and the onset of visible symptoms) showed lower decreases of survival probability than younger leaves from cohorts five and six (Fig. 4D). Here, similarly to Br, averaged Dr, Rr and Tr did not change in comparison with controls (Table 1). These responses were likely at disadvantage of reproduction, given the reduction in inflorescence production (Johansson et al., 2013).
A different scenario was observed at recovery (i.e. 75 days FBE; Fig. 4, Table 2). In control plants, only the leaf survival probability of youngest cohort (seven) did not decrease, while reductions due to senescence were reported for all the other leaves: cohorts six, five, three and two reached survival values from 74 to 50%; cohort four strangely showed a 34% of survivorship; and cohort one reached the 11% (Fig. 4A). In plants under 30 ppb of SO2, together with cohort one, also cohorts two and three were strongly affected in terms of survivorship (10-20%), while a medium decrease was also observed for cohorts four and five (around 50% of survival) and a slight reduction for cohort six (86%, Fig. 4B). In plants under 60 ppb of SO2, the worst condition reported at 45 days FBE was confirmed since cohort one and two reached a survivorship of 0%, cohorts three and four of 8 and 17%, respectively, and cohorts five and six also showed severe decreases (35 and 41%, respectively, Fig. 4C). Finally, despite the good leaf responses of plants under 90 ppb observed at 45 days, the survival probability of their leaves drastically dropped at 75 days FBE, although not at same extent of plants exposed to 60 ppb (from 11 to 61% for cohorts from one to six, respectively; Fig. 4D).
Among several hypotheses proposed to explain the adaptive significance of leaf production and longevity, one widely-held argues that these processes are an evolutionary ‘strategy’ to optimize leaf and plant carbon gain and allocation, balanced with leaf construction and maintenance costs, under the constraints of the habitat (Nelson et al., 2002; Suárez and Medina, 2005). From this perspective, leaf demography data reported above suggest that after around one month of exposure plants adopted different strategies in relation to the SO2 concentration they had to cope with: (i) under 30 ppb, plants slightly reduced the rate of production of younger leaves to likely reallocate resources to other response mechanisms (Awanish, 2014), a strategy feasible due to a still tolerable pollutant concentration; (ii) under 60 ppb, plants invested their resources in the production and chlorophyll biosynthesis of younger leaves, together with an increased flowering, to the detriment of and/or to compensate the strong survival decline of older leaves (Suárez and Medina, 2005), a strategy that turned out to be a failure at the end of the exposure (leaf turnover decreased only under this SO2 concentration) and even more at recovery; (iii) under 90 ppb, plants experienced an early senescence in older leaves (which leaded to the onset of visible symptoms) from cohort one, together with a reduced flowering, to reallocate the saved resources for the later maintaining of cohort one and even more of the younger ones, a strategy that well performed until the end of the exposure but crashed at recovery, likely due to the extreme environmental conditions imposed. Specific leaf demography responses to gradients of air pollution have been previously reported (Byres et al., 1992), although without comparing and integrating the demographic outcomes with other investigations of leaf traits and classic growth responses here reported.
Sulphur dioxide, as well as other air pollutants, mainly enters plants through open stomata and usually has negative effects on stomatal size and density (Awanish, 2014). This agrees with our findings since TSD decreased in plants grown under 30 and 60 ppb of SO2 (-18%, in comparison with controls), and even more in plants grown under 90 ppb (-42%, Table 3). The stomatal response to environmental changes is important in controlling the absorption of pollutants by plants. A decrease in stomatal frequency may be an avoidance mechanism against the pollutant (Levitt, 1980; Awanish and Kumar, 2010), but this is not the case of the present study because the SO2 uptake by plants seemed to be positively related with SO2 concentration, given the increasing leaf S content found under 30, 60 and 90 ppb of SO2 already at 45 days FBE (+52, +147 and +201%, respectively), as well as at recovery (Table 4; Lorenzini and Panicucci, 1994). Conversely, the increase of Ab/AdSD observed only under 30 ppb of SO2 (+23%, Table 3) might be an acclimation response adopted by plants under a still tolerable pollutant level (Soares et al., 2007). 
Sulphur is essential for plant growth, but S assimilation beyond a critical level adversely affects photosynthesis, respiration and other plant processes which commonly lead to growth reduction (Awanish, 2014), although the negative relation between the level of S accumulation and biomass production is questionable (Lorenzini and Panicucci, 1994). Despite the negative effects on leaf demography and SD and the increased S contents reported in plants under elevated SO2 concentrations, no variations were observed in biometric traits at the end of the exposure. Only plants under 30 ppb of SO2 showed a reduction of shoot on root ratio (-42%, in comparison with controls), suggesting that plants under still tolerable pollutant level likely regulated the biomass partitioning as a mechanism of response. However, plants exposed to 30, 60 and 90 ppb of SO2 showed similar reductions of NAR (-24% as average among SO2 levels, Table 4). Significant effects of SO2 and time on LAR were also observed, although the interaction between these factors was not significant: LAR similarly increased under elevated SO2, regardless the concentration, and decreased with time (Table 4). According to the demographic investigations reported above, a different scenario was found at recovery. Plants under 30 and 60 ppb showed a similar decrease of total DW (-43% as average) as well as of shoot on root ratio (-44% as average; Table 4). These negative effects were confirmed by the reduction of RGR observed at this time in plants exposed to the higher SO2 concentrations (around -80%), as well as the higher decrease of NAR compared to plants under 30 ppb (around -85% vs 60%, Table 4). Furthermore, only plants that showed the most detrimental strategy in demography (i.e. 60 ppb) also showed a decrease of leaf DW (-63%) and area (-27%, Table 4). Biometric and traditional growth investigations, thus, confirmed that only plants under 30 ppb were able to tolerate the environmental constrain while higher SO2 concentrations induced detrimental effects on alfalfa, deepening and reinforcing the leaf demography outcomes. This variable capability of alfalfa plants to cope with the specific SO2 concentrations agrees with previous findings (Nali et al., 1995). However, it is important to note that the negative effects of increased SO2 on biometric and traditional growth traits were clearly revealed only at recovery, whereas the demographic approach allowed the detection of the SO2-induced stress on alfalfa growth, survival and reproduction already before the end of the exposure. 

4 Conclusions
In summary, the present study shows that (i) leaf demography can be a powerful and non-destructive tool for monitoring the responses of plants to air pollution; the feasibility of this approach will likely increase with the reduction of its operational time related to the rapid expansion of several automated phenotyping techniques; (ii) alfalfa plants were able to tolerate only the lower SO2 concentration, while huge detrimental effects on leaf demography and growth were imposed by higher SO2 levels, with a less efficient strategy in carbon gain and allocation found in plants under 60 ppb; and (iii) leaf demography and traditional growth analysis leaded to agreeing outcomes, but the demographic approach was able to detect sooner the stress induced by SO2. Overall, the present study proposes again the complementarity of the demographic and traditional growth approaches, a concept stated by Hunt (1978b) already forty years ago, but never consolidated in plant-air pollution studies.
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Figure captions
Fig. 1. Leaf production of seven cohorts (first census at 7, 11, 18, 25, 32, 39 and 45 days from the beginning of the exposure) of alfalfa plants exposed to 0 (white), 30 (light gray), 60 (dark gray) and 90 ppb (black) of sulphur dioxide (SO2) for 45 consecutive days. Data are shown as mean ± standard error. F and P values of two-way analysis of variance for the effects of cohort, SO2 and their interaction on leaf production are shown (***: P ≤ 0.001). Different letters show significant differences among bars (Tukey test, P ≤ 0.05).
Fig. 2. Leaf chlorophyll content (greenness) measured in terms of arbitrary units using a SPAD meter (ChlSPAD) of seven cohorts (first census at 7, 11, 18, 25, 32, 39 and 45 days from the beginning of the exposure) of alfalfa plants exposed to 0 (white), 30 (light gray), 60 (dark gray) and 90 ppb (black) of sulphur dioxide (SO2) for 45 consecutive days. Data are shown as mean ± standard error. F and P values of two-way analysis of variance for the effects of cohort, SO2 and their interaction on ChlSPAD are shown (***: P ≤ 0.001). Different letters show significant differences among bars (Tukey test, P ≤ 0.05).
Fig. 3. Inflorescence production of three cohorts (first census at 32, 39 and 45 days from the beginning of the exposure) of alfalfa plants exposed to 0 (white), 30 (light gray), 60 (dark gray) and 90 ppb (black) of sulphur dioxide (SO2) for 45 consecutive days. Data are shown as mean ± standard error. F and P values of two-way analysis of variance for the effects of cohort, SO2 and their interaction on leaf production are shown (***: P ≤ 0.001). Different letters show significant differences among bars (Tukey test, P ≤ 0.05).
Fig. 4. Leaf survival probability of seven cohorts (first census at 7, 11, 18, 25, 32, 39, 45 days from the beginning of the exposure, FBE) of alfalfa plants exposed to 0 (A, white), 30 (B, light grey), 60 (C, dark gray) and 90 ppb (D, black) of sulphur dioxide for 7, 11, 18, 25, 32, 39 and 45 consecutive days, and at 75 days FBE (* = recovery). Data are shown as mean ± standard error.
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Table 1. Variation in leaf birth (Br), death (Dr), recruitment (Rr) and turnover rates (Tr) of alfalfa leaves exposed to 0, 30, 60 and 90 ppb of sulphur dioxide (SO2) for 45 consecutive days. Data are shown as mean ± standard error. F and P values of one-way analysis of variance for the effects of SO2 are shown (*: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001). For each trait, different letters show significant differences among treatments (Tukey test, P ≤ 0.05).
	SO2
(ppb)
	Br
(d-1)
	Dr
(d-1)
	Rr
(d-1)
	Tr

	0
	5.51±0.21 b
	0.14±0.02 a
	5.37±0.21 b
	40.1±8.8 b

	30
	4.28±0.23 a
	0.19±0.01 ab
	4.09±0.23 a
	25.6±6.3 ab

	60
	6.52±0.12 c
	0.64±0.17 b
	5.89±0.20 b
	18.8±3.7 a

	90
	5.53±0.38 b
	0.17±0.01 ab
	5.35±0.38 b
	22.9±5.5 ab

	SO2
	14.57***
	3.96**
	8.18***
	3.79*




Table 2. F and P values of three-way analysis of variance for the effects of cohort (first census at 7, 11, 18, 25, 32, 39 and 45 days from the beginning of the exposure, FBE), time [45 (end of the exposure) and 75 days FBE (recovery)], sulphur dioxide (SO2; 0, 30, 60 and 90 ppb) and their interactions on the survival probability of alfalfa leaves (ns: P > 0.05, *: P ≤ 0.05, ***: P ≤ 0.001). df represents the degrees of freedom.
	Effect
	df
	F 
	P

	Cohort
	6
	96.08
	***

	Time
	1
	483.99
	***

	SO2
	3
	24.81
	***

	Cohort × SO2
	18
	20.72
	***

	Time × SO2
	3
	1.53
	ns

	Cohort × Time × SO2
	18
	1.92
	*




Table 3. Variation in total stomatal density (TSD) and abaxial/adaxial stomatal ratio (Ab/AdSD) of alfalfa leaves produced under 0, 30, 60 and 90 ppb of sulphur dioxide (SO2) for 45 consecutive days. Data are shown as mean ± standard error. F and P values of one-way analysis of variance for the effects of SO2 are shown (**: P ≤ 0.01, ***: P ≤ 0.001). For each trait, different letters show significant differences among treatments (Tukey test, P ≤ 0.05).
	SO2
(ppb)
	TSD
(stomata mm-2)
	Ab/AdSD

	0
	493±7 c
	1.10±0.03 ab

	30
	405±3 b
	1.35±0.04 c

	60
	407±4 b
	1.22±0.08 bc

	90
	285±17 a
	0.96±0.02 a

	SO2
	79.87***
	11.05**
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[bookmark: _GoBack]Table 4. Variation in leaf sulphur (S) content and biometric and traditional growth traits of alfalfa plants exposed to 0, 30, 60 and 90 ppb of sulphur dioxide (SO2) for 45 consecutive days, and at 75 days from the beginning of the exposure (recovery). Data are shown as mean ± standard error. F and P values of two-way analysis of variance for the effects of SO2, time and their interaction are shown (ns: P > 0.05, * ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001). For each trait, different letters show significant differences among times and treatments (Tukey test, P ≤ 0.05). DW: dry weight, LAR: leaf area ratio, RGR: relative growth rate, NAR: net assimilation rate. #: at day 45, rates are between day 0 and 45 (i.e. 45 consecutive days); at day 75, rates are between day 45 and 75 (i.e. 30 consecutive days).
	Time
(Day)
	SO2
(ppb)
	Leaf S content
(%)
	Total DW
(g)
	Leaf DW
(g)
	Shoot/Root DW
	Leaf Area
(cm2)
	LAR
(cm2 g-1)
	RGR#
(mg g-1 d-1)
	NAR#
(g m-2 d-1)

	45
	0
	0.98±0.02 a
	12.5±0.8 a
	2.46±0.12 abc
	1.74±0.10 bcd
	389±10 a
	31.2±0.9
	18.7±0.9 b
	6.7±0.3 d

	
	30
	1.49±0.02 c
	11.3±1.2 a
	1.72±0.18 ab
	1.01±0.02 a
	517±14 ab
	45.8±1.4
	15.9±2.2 ab
	4.7±0.1 c

	
	60
	2.42±0.01 d
	11.4±1.6 a
	1.65±0.24 ab
	1.22±0.09 abc
	445±51 a
	39.0±5.2
	16.3±2.1 ab
	5.4±0.5 c

	
	90
	2.95±0.03 e
	11.9±1.8 a
	3.07±0.53 c
	1.93±0.11 d
	526±41 ab
	44.2±4.0
	16.4±3.1 ab
	5.2±0.4 c

	75
	0
	1.10±0.02 b
	22.7±2.4 b
	3.10±0.41 c
	1.93±0.24 cd
	638±13 b
	28.1±0.7
	19.6±1.3 b
	6.8±0.2 d

	
	30
	1.44±0.01 c
	15.6±0.4 ab
	1.95±0.13 abc
	1.94±0.25 cd
	535±21 ab
	34.3±1.5
	15.2±3.8 ab
	2.7±0.1 b

	
	60
	2.47±0.02 d
	13.0±0.7 a
	1.15±0.22 a
	1.02±0.29 ab
	468±21 a
	36.1±1.9
	5.2±2.9 a
	1.2±0.1 a

	
	90
	2.96±0.05 e
	12.8±1.1 a
	1.94±0.17 abc
	1.14±0.13 ab
	512±19 ab
	40.0±1.7
	3.5±5.3 a
	0.6±0.1 a

	SO2
	***
	**
	***
	**
	ns
	**
	**
	***

	Time
	**
	***
	ns
	ns
	**
	**
	**
	***

	SO2 × Time
	***
	*
	*
	***
	**
	ns
	*
	***
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