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Opuntia ficus-indica (Ofi) is a long-domesticated cactus that is widespread throughout arid and semiarid regions of the world. Ofi is grown for both its fruits and edible cladodes, which are flattened photosynthetic stems. Young cladodes develop from mother cladodes, thus forming series of cladodes of different ages. Therefore, successive cladodes may hold some potential for biomonitoring over several years the local atmospheric pollution. In this study, cladodes, roots, dust deposited onto the cladodes, and soil samples, were collected in the vicinity of three heavily polluted sites, i.e. Selaata fertilizer industry (Lebanon), the roadside of a highway near Saida (Lebanon), and the tailings of an abandoned lead-zinc mine (Jebel Ressas in Tunisia). The lead content was analyzed by Atomic Absorption Spectroscopy and ICP-MS, Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy (SEM-EDX) was used to characterize the cladode surfaces and the nature of dust deposit, and the lead isotopes were analyzed to identify the origin of Pb. The results show that (i) Ofi readily bioaccumulates Pb, (ii) the lead isotopic composition of cladodes evidences a foliar pathway of lead into Ofi and identifies the relative contributions of local Pb sources, (iii) the evolution of air quality is effectively recorded with successive cladodes, which makes Ofi a promising biomonitor to be used in environmental and health studies.

Introduction

Personal exposure to airborne contaminant particles has long been known to promote illnesses such as lung cancer, and respiratory and cardiovascular diseases [START_REF] Hoek | Association between mortality and indicators of traffic-related air pollution in the Netherlands: a cohort study[END_REF][START_REF] Peters | Cardiopulmonary mortality and air pollution[END_REF][START_REF] Usepa | Air Quality Criteria for Particulate Matter[END_REF]. To identify and monitor the sources of aerosol pollutant emission is therefore essential in most environmental and health studies [START_REF] Goix | Influence of source distribution and geochemical composition of aerosols on children exposure in the large polymetallic mining region of the Bolivian Altiplano[END_REF]. Biomonitoring methods using species such as lichens, mosses, tree barks and leaves, have been increasingly applied since the 1970s [START_REF] Catinon | The anthropogenic atmospheric elements fraction: A new interpretation of elemental deposits on tree barks[END_REF][START_REF] De Bruin | Trace Element concentrations in epiphytic lichens and bark substrate[END_REF][START_REF] Goodman | Plants and soils as indicators of metals in the air[END_REF][START_REF] Szczepaniak | Aspects of the biomonitoring studies using mosses and lichens as indicators of metal pollution[END_REF][START_REF] Tomašević | Lead concentrations and isotope ratios in urban tree leaves[END_REF]. Indeed, such bioaccumulators offer cost-effective alternatives to traditional air-pollution stationary measuring systems by enabling a timeaveraged recording of surrounding atmospheric particles [START_REF] Orecchio | Platinum and rhodium associated with the leaves of Nerium oleander L.; analytical method using voltammetry; assessment of air quality in the Palermo (Italy) area[END_REF][START_REF] Wolterbeek | Judging survey quality: local variances[END_REF][START_REF] Wolterbeek | Biomonitoring of trace element air pollution: principles, possibilities and perspectives[END_REF]. The spatial resolution of such survey can even be improved by transplanting the biomonitoring species from pristine areas to polluted regions [START_REF] Bari | Analysis of heavy metals in atmospheric particulates in relation to their bioaccumulation in explanted Pseudevernia furfuracea thalli[END_REF][START_REF] Carreras | Comparative biomonitoring of atmospheric quality in five zones of Cordoba city (Argentina) employing the transplanted lichen Usnea sp[END_REF]. Nevertheless, such lichen transplants sometimes require long-exposure durations (over one year) to yield appropriate atmospheric records [START_REF] Ayrault | Factors to consider for trace element deposition biomonitoring surveys with lichen transplants[END_REF]. Moreover, the "memory length" of lichens has been shown to depend on many factors such as meteorological conditions, seasonal growth and thallus type and age [START_REF] Conti | Heavy metal accumulation in the lichen Evernia prunastri transplanted at urban, rural and industrial sites in Central Italy[END_REF][START_REF] Godinho | Accumulation of trace elements in the peripheral and central parts of two species of epiphytic lichens transplanted to a polluted site in Portugal[END_REF].

Until now higher plants have generally been considered less interesting for environmental control studies because of their relatively low spatial distribution [START_REF] Loppi | Biomonitoring of geothermal air pollution by epiphytic lichens and forest trees[END_REF]. In this study, we assess the potential of Opuntia ficus-indica (Ofi) as a biomonitor of atmospheric pollution. Ofi is one of the most popular species of the cactaceae family, is largely distributed in semi-arid habitats over the world [START_REF] Ghaffari | Micropropagation of tuna ( Opuntia ficusindica ) and effect of medium composition on proliferation and rooting[END_REF][START_REF] Nobel | Cacti biology and uses[END_REF], and could remedy to the lack of air quality biomonitors in arid and semi-arid regions. Indeed, Ofi is formed of flattened photosynthetic stems called cladodes, each new cladode developing from an older cladode [START_REF] Nobel | Cacti biology and uses[END_REF]. The cladode surface possesses a surface roughness that expresses in terms of areole (where trichomes and glochids develop), large stomata, and cuticular wax [START_REF] Booke | developmental morphology and anatomy in Cactaceae[END_REF][START_REF] Nobel | Cacti biology and uses[END_REF], that may favor the retention of airborne contaminant particles [START_REF] Schreck | Metal and metalloid foliar uptake by various plant species exposed to atmospheric industrial fallout: mechanisms involved for lead[END_REF][START_REF] Uzu | Foliar lead uptake by lettuce exposed to atmospheric fallouts[END_REF].

Three sites, exposed to different sources of atmospheric pollution i.e. fertilizer industry, road traffic, and mine tailings, were selected. This study focuses on lead, a major contaminant in the environment. The origin of Pb uptake by Ofi was investigated from lead isotope measurements on roots and cladodes of successive generations. Lead isotopic compositions do not undergo any physical or chemical fractionation in biological or industrial processes [START_REF] Ault | Isotopic composition as a natural tracer of lead in the environment[END_REF], thus providing a reliable fingerprint to identify contaminant sources [START_REF] Chenery | Soilplant interactions and the uptake of Pb at abandoned mining sites in the Rookhope catchment of the N. Pennines, UK--a Pb isotope study[END_REF]. Scanning Electron Microscopy (SEM) combined with Energy Dispersive X-ray Spectroscopy (EDX) was also used to examine the particulate contaminants deposited on cladode surfaces. To our knowledge, this is the first study that combines isotopic analyses and microscopic observations to investigate the pathway of lead uptake in the case of a higher plant.

Experimental section

Study sites

Ofi exposure to atmospheric deposition was investigated in three polluted areas located around the Mediterranean coast (Fig. 1). Selaata fertilizer plant, situated in north Lebanon, emits high amounts of dust generated from the dry milling of phosphate ore (essentially fluorapatite Ca 10 (PO 4 ) 6 F 2 ) and the processing of treatment residues (phosphogypsum and fluorite) stored temporarily on site (Fig. 1a) [START_REF] Aoun | Releases of phosphate fertilizer industry in the surrounding environment: Investigation on heavy metals and polonium-210 in soil[END_REF][START_REF] Yammine | A preliminary evaluation of the inorganic chemical composition of atmospheric TSP in the selaata region, north Lebanon[END_REF]. Such dust particles are strongly contaminated with radioactive elements and heavy metals [START_REF] Al-Masri | Distribution of some trace metals in Syrian phosphogypsum[END_REF]. The Selaata area has been the subject of numerous environmental studies to assess the pollution of local soils, sediments, seawater, and atmosphere [START_REF] Abi-Ghanem | Lead and its isotopes in the sediment of three sites on the Lebanese coast: Identification of contamination sources and mobility[END_REF][START_REF] Aoun | Releases of phosphate fertilizer industry in the surrounding environment: Investigation on heavy metals and polonium-210 in soil[END_REF][START_REF] Yammine | A preliminary evaluation of the inorganic chemical composition of atmospheric TSP in the selaata region, north Lebanon[END_REF]. In addition to the phosphate industry pollution, the heavy truck traffic associated with the operation of the fertilizer plant has been found to be a significant source of air pollution [START_REF] Yammine | A preliminary evaluation of the inorganic chemical composition of atmospheric TSP in the selaata region, north Lebanon[END_REF]. Figure 1a shows that Ofi cactuses at Selaata are located 650 m northeast of the fertilizer industry. Because of dominant winds, this particular spot is frequently exposed to the dusty air generated from the fertilizer plant [START_REF] Aoun | Releases of phosphate fertilizer industry in the surrounding environment: Investigation on heavy metals and polonium-210 in soil[END_REF]. According to [START_REF] Yammine | A preliminary evaluation of the inorganic chemical composition of atmospheric TSP in the selaata region, north Lebanon[END_REF], a Pb level of about 17 ng/m 3 can be expected in the airborne contaminant particles.

The second study site is situated at the entrance of Saida city (Fig. 1b), 40 km south of Beirut, next to the coastal busy highway linking Beirut to Saida (150,000 vehicles/day). Saida city has recently been reported as one of the air pollution hot spots in Lebanon with a very high level of PM 2.5 (UNEP-ROWA, 2012). The road traffic, essentially motor vehicles exhausts, represents the principal source of atmospheric contamination in lead at this site. Because of local land breeze and sea breeze phenomenon, the dominant wind direction is roughly perpendicular to the cactus cladodes that in turn are approximately parallel to the highway.

The third site, Jebel Ressas, literally the lead mountain, is a Zn-Pb abandoned mine located 30 km south of Tunis (Tunisia). As illustrated in figure 1c, the cactuses grow nearby an old tailing dump subject to water and wind erosion [START_REF] Ghorbel | Health hazard prospecting by modeling wind transfer of metal-bearing dust from mining waste dumps: application to Jebel Ressas Pb-Zn-Cd abandoned mining site (Tunisia)[END_REF]. According to [START_REF] Ghorbel | Health hazard prospecting by modeling wind transfer of metal-bearing dust from mining waste dumps: application to Jebel Ressas Pb-Zn-Cd abandoned mining site (Tunisia)[END_REF] the lead concentration in PM10 aerosols reaches 5.7 µg/m 3 at that spot.

Sampling methodology

Three successive cladodes from the same stem, i.e. three generations of shoots, were sampled in triplicate at Selaata field site. Only one series of cladodes could be studied at Saida and Jebel Ressas. The cladodes are fixed structures, most generally oriented eastwest in order to maximize light interception [START_REF] Nobel | Orientation, par interception, and nocturnal acidity increases for terminal cladodes of a widely cultivated cactus, Opuntia ficus-indica[END_REF]. Although the angle between the cladodes surface and the prevailing wind may change, no significant difference in lead level could be detected between both sides of cladodes (Fig. S1 in Supporting Information). Obviously, within a series of cladodes, the exposure to atmospheric deposition may vary according to the position within the stem. Mature cladodes may also become less exposed with the development of younger cladodes. To reduce such sampling biases, the series of cladodes collected were selected to present what seemed equivalent exposures to atmospheric deposition (Fig. S2 in Supporting Information).

Shallow roots of Ofi and topsoil (15 cm depth using a stainless steel scoop) were also taken at Selaata and Saida. Dust particles deposited on cladode surfaces were collected using a soft brush. All samples were kept in sealed polyethylene bags until analysis.

Total lead analysis

The collected cactus cladodes were thoroughly rinsed with milli-Q water (18.2 MΩ) to eliminate dust residues on the surface. For plants used as biomonitors of atmospheric pollution, the washing procedure is always an issue [START_REF] Calliari | EDXRS Study of Lichens as Biomonitors and Effect of Washing Procedure on Element Concentrations[END_REF][START_REF] Godinho | Accumulation of trace elements in the peripheral and central parts of two species of epiphytic lichens transplanted to a polluted site in Portugal[END_REF]. In the case of edible plants such as cladodes of Ofi, a thorough washing is generally applied to conform to the usual practice of food preparation [START_REF] Schreck | Influence of fine process particles enriched with metals and metalloids on Lactuca sativa L. leaf fatty acid composition following air and/or soil-plant field exposure[END_REF][START_REF] Uzu | Foliar lead uptake by lettuce exposed to atmospheric fallouts[END_REF]. Nevertheless, as shown in figures S1 and S3 of supporting information, the level of lead in cladodes is here barely influenced by the washing.

The cladodes were sliced with a ceramic knife into small cubes that were freeze-dried (Alpha 1-4 LD Christ), and further ground using a cooking plastic grinder (Braun) to a homogeneous fine powder sieved at 1 mm. The cladode powder was stored in sealed plastic bags. Ofi roots were also repeatedly washed with deionized water, before being oven dried at 60 ºC for 48h. Soil samples were similarly dried before being sieved through a 50 µm mesh nylon screen.

Cladodes and roots collected at Selaata and Saida were mineralized following the [START_REF] Alexander | Genotypic variation in the accumulation of Cd, Cu, Pb and Zn exhibited by six commonly grown vegetables[END_REF] digestion procedure. In brief, 1g samples were kept overnight in 70% nitric acid solution (20 mL), before being progressively heated, and finally filtered at 0.45 µm. The Pb content was measured in triplicate for each cladode and root sample using flame atomic absorption spectrometry (Rayleigh WFX-210AA). The maximum standard deviation for each triplicate was found to be 2% unless otherwise stated (Table 1). The Pb concentration in Jebel Ressas samples, surface soil of Saida and phosphogypsum of Selaata was analyzed by ICP-MS (Agilent 7700X) at SARM-CRPG (Nancy, France).

Lead isotopic analysis

All samples for Pb isotopic analyses were prepared in a clean room. They were first dissolved by acid digestion (mixture of bi-distilled ultrapure HNO 3 and HCl acids) in a microwave digestion system (MARS 5 system CEM). Lead was then extracted from the solution by ion-exchange column (polyethylene column packed with a fine layer of purified Sr resin, the resin being first conditioned with various purified acids). The preconcentrated lead was eluted using successively HNO 3 3 N and then 0.05 N, the pure Pb fraction being collected in 4 mL of HCl 6 N. Based on the lead concentration in each sample, a given aliquot was taken and mixed with H 3 PO 4 0.05 N before being evaporated at 120 °C. The residue was then mixed with 2 µL of silica gel and deposited on a clean rhenium filament. To ensure an effective lead ionization during analysis, an electric current was applied to the rhenium filament until the deposited solution was dried.

The Pb isotopic composition was analyzed using a Thermal Ionization Mass Spectrometer TIMS (MAT 261, Finnigan). The NBS 981 lead isotope standards were run at the beginning and between all unknown samples following a standard bracketing procedure. The standard error of measurement was below 0.2% for 206 Pb/ 207 Pb and 208 Pb/ 206 Pb ratios and the normalized corrected values represented a typical uncertainty of 1% because the lead concentration in some samples was very low [START_REF] Frostick | Radioactive and radiogenic isotopes in sediments from Cooper Creek, Western Arnhem Land[END_REF]. The total procedural blank values were less than 134 pg.

SEM-EDX examination of cladodes and atmospheric fallouts

Small pieces of freeze-dried cladodes and dust deposits were observed using a scanning electron microscope (Jeol JSM 6363LV) equipped with a Silicon Drift Detector (SDD) PGT operating at 20 kV for chemical analysis. The particles and plant fragments were placed on double sided adhesive conductive carbon tape and coated with carbon.

Results and discussion

Lead levels in cladodes, soils, and dust

Table 1 lists the Pb concentrations of cladodes, roots, surface soils, and dust deposited on cladodes, found at the three contaminated sites. The Pb contamination is obvious in the soil samples collected at Selaata (54.8 ± 20.6 mg.Kg -1 ) and Saida (168.2 mg.Kg -1 ). However, at Jebel Ressas, the lead contamination remains relatively weak compared with the local significant level (2200 mg.Kg -1 ) [START_REF] Souissi | Mobility of Pb, Zn and Cd in a soil developed on a carbonated bedrock in a semi-arid climate and contaminated by Pb-Zn tailing, Jebel Ressas (NE Tunisia)[END_REF].

Although the lead levels measured in topsoils at Selaata and Saida are in excess of the agreed limit for unpolluted cultivated soils (> 56 mg.Kg -1 ) [START_REF] Davies | Lead[END_REF][START_REF] Herselman | Baseline concentration of Cd, Co, Cr, Cu, Pb, Ni and Zn in surface soils of South Africa[END_REF][START_REF] Jin | Lead contamination in the garden soils and factors affecting its bioavailability[END_REF], the cactuses showed no signs of adverse effects such as growth reduction or impaired photosynthesis [START_REF] Nagajyoti | Heavy metals, occurrence and toxicity for plants: A review[END_REF]. The lead concentration in Ofi roots remains even close to the natural range (1.5-2.4 mg.Kg -1 ) observed for plants cultivated in non-polluted areas (Kabata-Pendias, 2010). In contrast, all the cladodes collected in this study indicate a significant Pb contamination. Such contamination ranges from an average 5.59 mg.Kg -1 at Saida, 16.7 mg.Kg -1 at Selaata, to reach a Pb level high of 83.2 mg.Kg -1 at Jebel Ressas. Unlike Selaata and Saida sites where the lead level in the series of cladodes is almost constant (Fig. S3 in supporting information), the concentration of Pb in the cladodes increased significantly with exposure duration (i.e. cladode maturity) at Jebel Ressas.

The Translocation Factor (TF), defined as the ratio of metal concentration in aerial parts to that of roots [START_REF] García-Salgado | Arsenic and Heavy Metal Uptake and Accumulation in Native Plant Species from Soils Polluted by Mining Activities[END_REF], was greater than 1 at both Selaata (TF=9.28) and Saida (TF=1.8). The process of root absorption and translocation is usually negligible in most plants cultivated on soils polluted with lead [START_REF] Davies | Lead[END_REF]. In addition, several previous studies suggested a predominant metal uptake from foliar deposits rather than from root exposure [START_REF] Dalenberg | Contribution of atmospheric deposition of heavy metal concentration in field crops[END_REF][START_REF] Komárek | Metal/metalloid contamination and isotopic composition of lead in edible mushrooms and forest soils originating from a smelting area[END_REF]. In our case, the cladodes are exposed to a considerable amount of Pb-enriched dust, e.g. the lead concentration in the atmospheric fallouts reaches 102.6 mg.Kg -1 in Selaata. Therefore, the atmospheric deposition of lead-bearing dust on aerial parts likely contributes to the contamination of cladodes observed at all sites.

Examination of cladode contaminated surface by SEM-EDX

A direct speciation of particles deposited on the cladodes was conducted using SEM-EDX in the Backscattered Electron Imaging mode to locate the particles of interest. As indicated in previous reports [START_REF] Schreck | Metal and metalloid foliar uptake by various plant species exposed to atmospheric industrial fallout: mechanisms involved for lead[END_REF], the washing protocol of cladodes only partially removes the particles deposited on the surface. In general, the atmospheric fallout mainly consists of soil-derived minerals, i.e. quartz (a), dolomite (b), iron oxyhydroxides (c), and clays (d) (Fig. S4 in supporting information). At Selaata, occurrences of fluorapatite, around 10 to 50 µm in size (Ca/P elemental ratio of 1.7) (Fig. S5), and less frequently phosphogypsum (essentially CaSO 4. 2H 2 O), were also identified, thus making obvious the presence of contaminant particles originating from the fertilizer plant on the cladode surfaces. Based on the chemical analysis of about 300 particles per cladode, it was found that the number percentage of particles emitted by the fertilizer plant remained around 8% regardless of the cladode age. The remaining 92 % correspond to soil particles. Pb could not be detected by EDX in the particles due to the relatively low detection limit of the technique (> 1000 mg.Kg -1 for Pb).

Likewise, at Saida, the dust collected on the cladodes was mainly composed of soil particles although particles of barite, stainless steel, and zinc oxide, all consistent with a traffic-related pollution [START_REF] Chow | Descriptive analysis of PM2.5 and PM10 at regionally representative locations during SJVAQS/AUSPEX[END_REF][START_REF] El Samrani | Trace element carriers in combined sewer during dry and wet weather: an electron microscope investigation[END_REF], were identified (Fig. S6 in Supporting Information). The sea breeze phenomenon at this site was also evidenced by the presence of numerous salt particles.

At Jebel Ressas, previous SEM examination of particles from the tailing dump located nearby the investigated cactus, revealed various lead-bearing particles such as galena (lead sulfide), cerussite (lead carbonate), anglesite (lead sulfate), and lead in iron oxyhydroxides [START_REF] Ghorbel | Health hazard prospecting by modeling wind transfer of metal-bearing dust from mining waste dumps: application to Jebel Ressas Pb-Zn-Cd abandoned mining site (Tunisia)[END_REF].

SEM also provided the opportunity to examine the main features of cladode surfaces. As illustrated in figure 2, epidermal cell walls seen through the cuticle in BEI mode, stomata which size increases from about 15 µm to 50 µm with the cladode age, and areoles, define various scales of roughness that contribute to the setting of airborne particles. The increased size of stomata and the presence of a thick rough cuticle on the surface of old cladodes, suggest that the probability of particles capture might evolve with the cladode age. The trapping of fluorapatite particles (~ 7 µm in size), both in the vicinity and inside a stomata, is shown in figures 2a and 2b. In addition, figure 2c also shows a calcium oxalate (CaC 2 O 4 .H 2 O) aggregate secreted by Ofi in close contact with a particle made of calcium and fluorine. Calcium oxalate crystals are very frequent in the epidermal tissue of cactaceaes (Fig. 2a) [START_REF] Nobel | Cacti biology and uses[END_REF]. The identification of such an association within a stomata may provide an interesting clue to the foliar pathway uptake of lead. Indeed, the extracellular calcium oxalate may react with the trapped aerosols and oxalate may sequester the released metal ions [START_REF] Mazen | Accumulation of Cadmium, Lead and Strontium, and a Role of Calcium Oxalate in Water Hyacinth Tolerance[END_REF]. Metal absorption through stomatal pores has been identified in several studies [START_REF] Schreck | Metal and metalloid foliar uptake by various plant species exposed to atmospheric industrial fallout: mechanisms involved for lead[END_REF]. [START_REF] Sarret | Mechanisms of Lichen Resistance to Metallic Pollution[END_REF] also reported the participation of organic acids produced by lichens in the immobilization of metals imported by atmospheric particles. Therefore, such observation is in agreement with a bioaccumulation process of trace elements driven by a foliar uptake [START_REF] Vianna | Assessment of heavy metals in the particulate matter of two Brazilian metropolitan areas by using Tillandsia usneoides as atmospheric biomonitor[END_REF].

Isotopic identification of lead sources in Ofi cladodes

To substantiate the uptake pathway of lead in Ofi, lead isotopes ratios were measured in cladodes, roots and the soils near the cactuses investigated. Figure 3 shows the plot of 206 Pb/ 207 Pb versus 208 Pb/ 206 Pb for the analyzed samples, as well as the isotopic compositions of galena at Jebel Ressas [START_REF] Jemmali | Genesis of the Jurassic Carbonate-Hosted Pb-Zn Deposits of Jebel Ressas (North-Eastern Tunisia): Evidence from Mineralogy, Petrography and Trace Metal Contents and Isotope (O, C, S, Pb) Geochemistry[END_REF] and of soil samples cored in the vicinity of the cactuses investigated at Selaata. All the Pb-isotopic compositions fall on a mixing line between lithogenic Pb and leaded-gasoline end-members. Not surprisingly, the isotopic signature of cladodes collected at Jebel Ressas is close to that of crustal sources and coincides with that of Zn-Pb minerals present at this mining site ( 206 Pb/ 207 Pb=1.207; [START_REF] Jemmali | Genesis of the Jurassic Carbonate-Hosted Pb-Zn Deposits of Jebel Ressas (North-Eastern Tunisia): Evidence from Mineralogy, Petrography and Trace Metal Contents and Isotope (O, C, S, Pb) Geochemistry[END_REF]. At the other end of the mixing line, the Pb isotopes ratios of cladodes and root sampled at Saida are roughly distributed between the isotopic compositions of unleaded and leaded gasoline ( 206 Pb/ 207 Pb=1.106; [START_REF] Erel | Tracing the transport of anthropogenic lead in the atmosphere and in soils using isotopic ratios[END_REF]. Interestingly, the isotopic signatures of the elder cladode, of the root, and of the topsoil, lean toward the leaded gasoline end-member. In Lebanon, the use of leaded gasoline was banned in 2002 [START_REF] Kaysi | Phasing out lead in automotive fuels: conversion considerations, policy formulation, and application to Lebanon[END_REF]. Previous studies showed that, despite the implementation of a restrictive legislation, the level of lead exposure remains high for years because of (i) the historical accumulation of this pollutant in soils and the possible re-suspension of soil particles [START_REF] Davies | Lead[END_REF][START_REF] Pain | Lead in the environment[END_REF], and (ii) the continuous, although illegal, use of leaded gasoline. Therefore, the gradual change in Pb-isotopic composition with cladode age observed at Saida should essentially reflect the transition from a previous exposure of cactuses to leaded gasoline to the current exposure to Pb from unleaded gasoline.

The isotopic signatures measured in cladodes and soil samples of the fertilizer plant site in Selaata also show a significant spread along the mixing line, knowing that the distribution of individual corrected isotope delta values presented a relative deviation that exceeded the 0.01 percent relative uncertainty. The younger cladodes indicate an increased exposure to anthropogenic activities, whereas the Pb-isotope composition of soil samples is shifted towards more radiogenic values with depth. Actually, the nature of anthropogenic activities at Selaata covers not only the release of apatite and phosphogypsum particles generated during the processing of phosphate ore and phosphogypsum waste, but also the heavy truck traffic associated with the operation of the fertilizer plant [START_REF] Yammine | A preliminary evaluation of the inorganic chemical composition of atmospheric TSP in the selaata region, north Lebanon[END_REF]. The strong contribution of lead from gasoline emissions to the isotope ratios measured in cladodes can be evidenced by including the lead isotopic signature of phosphogypsum in the 206 Pb/ 207 Pb versus 208 Pb/ 207 Pb plot (inset of Fig. 3), that is commonly used to discriminate between points sources [START_REF] Graney | Coupling meteorology, metal concentrations, and Pb isotopes for source attribution in archived precipitation samples[END_REF]. In that plot, a strong correlation (R² = 0.98) is observed between the lead isotope ratios of cladodes, root, soils, and gasoline, whereas radiogenic phosphogypsum remains an outlier. Therefore, gasoline emissions and more exactly unleaded gasoline, represents the main lead atmospheric local pollution in the Selaata area. Such influence of leaded petrol had already been evidenced in the nearby industrial area of Chekka which showed lead isotopic signatures attributed to French and German alkyl producers [START_REF] Bollhofer | Isotope source signatures for atmospheric lead: The Southern Hemisphere[END_REF].

To estimate the relative contributions of soil particles and unleaded gasoline emissions end-members to the lead pollution of cactus cladodes and roots, a simple binary model was applied [START_REF] Hu | Accumulation and quantitative estimates of airborne lead for a wild plant (Aster subulatus)[END_REF]. Lead from gasoline represented an input of about 56.4%, 62.6%, 77.2% and 72.7% for the root, the oldest cladode, the middle cladode, and the youngest cladode, respectively. Not knowing the operating history of the fertilizer plant (e.g. delivery of the phosphate ore by boat or by truck), the increased exposure of younger cladodes to the gasoline emissions cannot be reliably explained. As older cladodes are characterized by larger stomata and a rougher surface, a size-sorting phenomenon of airborne particles similar to that evidenced by [START_REF] Cloquet | Urban/peri-urban aerosol survey by determination of the concentration and isotopic composition of Pb collected by transplanted lichen Hypogymnia physodes[END_REF] could also be invoked. Nevertheless, as both topsoils, roots, and younger cladodes, possess Pb-isotopic signatures significantly different from each other at both Saida and Selaata, and keeping in mind that the lead isotopic compositions should not undergo any fractionation during biological or industrial processes [START_REF] Ault | Isotopic composition as a natural tracer of lead in the environment[END_REF], it is clear that the foliar uptake pathway of lead is predominant for Ofi in presence of atmospheric fallouts.

Concluding remarks

Our study reveals that cladodes of Opuntia ficus-indica readily capture airborne particles, thus recording the local atmospheric pollution. The stupendous capacity of Ofi to conserve its ancient aerial reproductive system provides the opportunity to identify previous source emissions of heavy metals over several years. Thus, at both fertilizer plant and road traffic sites, the change in isotopic signature in the series of cladodes clearly indicates an evolution of local air quality with time. As a cosmopolitan plant often planted in the vicinity of human dwellings, Ofi appears to be a promising biomonitor to be used in environmental and health studies. Several key-points have yet to be clarified such as determining the precise age of any cladode, identifying the mechanisms of foliar uptake of heavy metals (Pb and others than Pb) and their possible translocation in the plant or developing daughter cladodes. Such issues will be addressed in a follow-up paper. 

Figures and captions:

Figure 1 :

 1 Figure 1: Location of sampling sites. Samples in Lebanon were collected a) at the industrial complex of Selaata (34°16'49.07"N, 35°39'31.9"E) and b) next to the highway linking Beirut to Saida (33°34'58.36"N, 35°23'8.09"E). Samples in Tunisia c) were collected at Jebel Ressas next to mine tailings (36°36'35.30"N, 10°18'59.78"E). The red arrow indicates the direction of the prevailing wind at each site. The brown color at Jebel Ressas delimited the area contaminated by atmospheric pollution.

Figure 2 :

 2 Figure 2: Backscattered electron images and corresponding EDX spectra of particles found at the surface of cladodes at Selaata. a) calcium oxalate crystals (Ox) observed through the cuticle. b) Apatite (AP) (presumably francolite) in or at the edge of a stomata. c) Aggregate of fluorite (F) and calcium oxalate inside a stomata (light elements are poorly counted in the hollow of stomata).

Figure 3 :

 3 Figure 3: Plot of 206 Pb/ 207 Pb versus 208 Pb/ 206 Pb for cladodes, roots, soils, and other relevant lead isotope values. At Selaata, soil core values correspond respectively to the deepest layer of soil (70 cm) ( 206 Pb/ 207 Pb=1.206) and to the soil surface ( 206 Pb/ 207 Pb=1.177) studied by Rawaa et al (submitted). The numbers refer to the age of the cladode in the series (3 the oldest). The inset shows the same data in the 206 Pb/ 207 Pb vs 208 Pb/ 207 Pb representation along with the Pb isotopic composition of phosphogypsum.
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Table 1: Lead concentrations and isotope ratios analyzed in samples taken from Selaata, Saida and Jebel Ressas. Cladodes 1, 2 and 3 represent the youngest, the middle and the oldest cladode, respectively. Also shown literature values of lead isotope ratios relevant for the studied areas and for phosphogypsum sample taken from the industrial site (Selaata). a Average of eight different samples collected under and around cactus.

b Median concentration of soil samples collected at cactus area.