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Different plant species were investigated from two Aeolian Islands located in close vicinity, one with fumarolic activity (Vulcano) and one without (Lipari). On Vulcano, elevated concentrations of SO2/H2S determined in ambient air indicated the need of plants to adapt to harmful sulphur concentrations by detoxification strategies. The current study was focused on evaluating the element composition of plant leaves in relation to soil mineral contents. The soil of Volcano was characterised by a significantly lower pH on all three sampling sites as well as very high amounts of sulphur and plant available sulphate due to volcanic activities, compared to Lipari. By contrast, a general difference in the composition of trace elements in the soil was not observed between the islands, apart from arsenic, which was increased at all three sampling sites on Vulcano. Element accumulation in the leaves differed between the two islands. The tested species showed a significant higher accumulation of numerous elements (Al, B, Fe, K, Mg, Mn, Ni, and Zn) on Vulcano compared to Lipari, while excluding Ca and Mo. These differences in element accumulation in the leaves between the islands may be caused by the lower soil pH on Vulcano. Extreme sulphur accumulation was found for all tested species on Vulcano, but was lower in woody species with higher dry matter content compared to herbaceous species with lower dry matter content. This caused a significantly negative correlation between plant sulphur and dry matter content. From these results, it is concluded that species with higher dry matter contents possess a more effective protection against extreme sulphur accumulation. Strategies to cope with other potentially toxic elements in the soil ranged from exclusion to hyper-accumulation. Hierarchical cluster analyses of the leaf element content revealed a clear separation between two groups: First, herbaceous perennial plants as strong accumulators; and second, woody perennial plants such as shrubs or trees as less strong accumulators, with the primordial species Fumaria capreolata representing an outside group.
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INTRODUCTION

Plants growing in vicinity of active volcanoes are forced to cope with extreme abiotic stress caused by fumarolic gases that can affect plant growth and development. The predominant discharge constituents of fumaroles are water vapour and CO2 as well as harmful concentrations of H2S and SO2 (Giggenbach et al., 2001). H2S and SO2 enter plants via the stomata and are converted to toxic bisulphite and sulphite in the aqueous environment of the apoplast which need to be detoxified (Brychkova et al., 2007; Hamisch et al., 2012; Randewig et al., 2012). The high toxicity of sulphite is based on its nucleophilic ability to break disulphite bridges resulting in degradation of proteins (Menzel et al., 1986; Heber and Hüve, 1998). In a previously published study, three different evolutionary strategies to detoxify sulphite were identified; these strategies enable plants to cope with environmental stress caused by fumarolic gases high in SO2 and H2S (Baillie et al., 2016). As main strategy, the first group used sulphite oxidation via plant sulphite oxidase (pSO). This molybdoenzyme was highly up-regulated in plants exposed to fumarolic gases. The second group also showed up-regulated pSO activity, but additionally used reductive processes to detoxify excess sulphite. In addition, the third group was able to oxidize and to reduce sulphite, but in these species no up-regulation of pSO was observed. Fumaria capreolata, a phylogenetically more primordial species, showed no detectable reaction at all to fumarolic gases (Baillie et al., 2016). These findings underline the view that plant species have developed diverse strategies to detoxify excess sulphur rather than just a single pathway.

Plants growing close to volcanoes have to cope not only with high atmospheric contaminations above ground, but also potentially toxic compounds in the rhizosphere. Accordingly, plants have to adapt to the harmful environment near volcanoes in more than one aspect. Due to the continuous emission of sulphur-containing gases, important soil parameters such as the pH, nutrition composition and/or the soil microbial community can be affected. Previous studies showed that high atmospheric SO2 concentrations resulted in the formation of acid rain causing soil degradation and acidification (e.g., Stoddard et al., 1999; Kochergina et al., 2017). The same is true for local and continuous emissions of fumarolic gases. Additionally, volcanic gases contain potentially toxic elements such as Al, As, Cu, Hg, Mn, Ni, Pb, and Zn (Seaward and Richardson, 1989; Signorelli et al., 1998; Nagajyoti et al., 2010). Thus, the bioavailability of nutrients and toxic elements change in environments exposed to fumarolic gases (Kochergina et al., 2017).

To evaluate the effect of long-term volcanic activity on element composition of different plant species, leaf samples were collected on two Aeolian Islands: one set from Vulcano, which is characterized by fumarolic activity, and one set from the neighbouring island Lipari as a control, where no volcanic activity has been recorded recently. This set of leaf samples provided the possibility to investigate mechanisms of stress adaptation to an environment affected by active volcanism. The same set of leaf samples was used in a previous study to evaluate differences in stress adaptation to high SO2/H2S concentrations (Baillie et al., 2016). In the current investigation, we addressed the following questions: (1) Does the strong volcanic activity on Vulcano result in specific soil element composition? (2) Are there differences in plant mineral content in the leaves of the collected species due to the volcanic activity? (3) Do the tested species show additional adaptation mechanisms to potentially toxic elements in the soil besides sulphite detoxification strategies? (4) Is it possible to identify different strategies to cope with stress in the volcanic environment based on element composition?

MATERIALS AND METHODS

Sample Collection

Plant and soil samples were collected on the two Aeolian Islands Lipari and Vulcano, which are located close to Sicily (Italy) in the Tyrrhenian Sea. Both islands are of volcanic origin. Vulcano is characterized by the volcano La Fossa (501 m high) with the active centre, the Gran Cratere, erupting last in 1888–1890 and since then continuously emitting fumaroles (Giggenbach et al., 2001). On Lipari, volcanic gases cannot be detected in ambient air. The islands are closely located to each other (distance of about 1 km, Figure 1A) and share the same climatic conditions [Vulcano: 634 mm yearly rainfall and 18.2°C mean temperature (https://de.climate-data.org/location/446833/); Lipari: 634 mm yearly rainfall and 18.3°C mean temperature (https://de.climate-data.org/location/13870/)]. Therefore, collecting plant samples of the same species on both islands was on the one hand a great challenge but provides the possibility to investigate mechanisms of stress adaptation to an environment affected by active volcanism. Leaves from a range of species were collected including herbaceous and woody plants. Only species that grew on both islands in reasonable amounts were used in this study. Plant samples were collected from the 2nd to the 4th of April in 2014. At this time, all plant species were in their main vegetative growth phase and herbaceous plants were already flowering. For comparative studies it is important to investigate plants in their main vegetative growth as differences in nutrient and trace element acquisition will be most pronounced under such conditions. The different species were harvested on three sites on Vulcano permanently fumigated with SO2/H2S, while on Lipari the same species were collected as controls in a greater area on five locations. Finally, eight plant species were chosen for the present investigation (Table 1), according to the strategies to detoxify harmful amounts of sulphur containing gases identified by Baillie et al. (2016). Leaf samples were collected in three replicates and were dried for 48 h at 65°C, before grinding to a fine powder.
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FIGURE 1. The Aeolian Island Vulcano. (A) Top of the Gran Cratere on Vulcano. In the background, the island Lipari with the respective control sampling sites is visible (distance ≈1 km). (B) Side view of the Gran Cratere with vegetation up to a hostile zone with critical concentrations of fumarolic gases and danger sign alerting to toxicity. (C) Fumaroles near the sampling sites with sulphur deposits. (D) Sampling site close to the fumarolic active “Dead Field” at the outer rim of Vulcano where plant samples on Vulcano were collected.




Table 1. Sampling site of soil and plant samples collected on the Aeolian Islands Vulcano and Lipari in April 2014.
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At the locations of leaf sampling, also samples of the topsoil (0–10 cm) were collected in three replicates. Vulcano and Lipari are composed exclusively of volcanic rocks (Bargagli et al., 1991). The history and pedogenesis of the volcanic substrates on the Aeolian Islands is explained in detail by De Rosa et al. (2016). Most of the sampled soils were shallow soils with rock material close to the surface. The collected soils were mainly sandy loam or loamy sand in texture containing a great proportion of coarse soil particles (>2 mm). Site 3 on Vulcano, the so-called “Dead Field,” was a strongly disturbed soil where it was hardly possible to collect a sample. At the leaf sampling sites 6 and 7 on Lipari appropriate soil material could not be collected. As a deep-rooting tree species (Burgess et al., 2001), Eucalyptus camaldulensis takes up nutrients not only in the studied 0–10 cm top soil, but also from deeper soil layers. Therefore, a comparison between leaf and 0–10 cm top soil element contents did not appear to be appropriate. Rubus ulmifolius was collected on Lipari at a site with physically no chance to collect reasonable amounts of soil (stone wall). As a consequence, these two species (R. ulmifolius and E. camaldulensis) were omitted from the comparative analysis between the mineral composition of leaves and the soil.

Analysis of Soil Samples

Soil samples were air-dried, homogenized and sieved through a 2 mm sieve. The pH of soil samples was determined potentiometrically, according to DIN ISO 10390 after mixing 10 g of soil with 25 mL 0.01 M CaCl2 and an equilibration time of 60 min (DIN ISO 10390, 1997).

After determination of pH, the total contents of macro elements (C, Ca, K, Mg, N, P, S) as well as of trace elements (Al, As, B, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Se, Zn) were measured in soil extracts. This measurement—total (acid soluble) macro elements and potentially toxic elements—was performed by ICP-OES (iCAP 6000, Thermo) and ICP-MS (Element XR, Thermo), respectively. For this purpose, 5 g of air-dried soil was extracted with 25 mL aqua regia (1 part HNO3 + 3 part HCl) according to VDLUFA (1991).

The total C and N content of the soil samples was determined by a C/N element analyser (Vario MAX CNS, Elementar, Germany). Soil sulphate content was determined according to Bloem et al. (2002) by ion chromatography (Methrom 761 Compact IC equipped with a Metrosep Anion Dual 2 column).

Analysis of Plant Samples

For the extraction of macro (Ca, K, Mg, P, S) and trace elements (Al, B, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Se, Zn), 0.1 g oven dried plant material was digested with 2.4 mL HNO3 + 0.6 mL H2O2 in a microwave oven (MARS 6, CEM, Matthews, USA). Samples were heated within 5 min to 120°C at 600 Watt and kept for 2 min at 120°C. Subsequently, the temperature was increased within 5 min to 200°C and kept for 15 min at 200°C. Then the samples were cooled down for 30 min and 25 mL distilled water were added. The element concentrations were determined in the extracts by ICP-OES (iCAP 6000, Thermo) and ICP-MS (Element XR, Thermo), respectively.

Sulphate was extracted according to Novozamsky et al. (1986) and the measurement was performed by ion chromatography (Methrom 761 Compact IC equipped with a Metrosep Anion Dual 2 column).

Total C and N contents of leaf samples were determined as previously described (Simon et al., 2010; Hu et al., 2015). Aliquots of 2.0–2.5 mg of dried plant material were weighed into tin capsules (IVA Analysetechnik, Meerbusch, Germany) and analyzed with a C/N element analyzer (NA 2500, CE Instruments, Milan, Italy). Working standards were analysed after every 10th sample to rule out potential instrumental drift over time.

On Site SO2 and H2S Measurement

The volcanic gases present in ambient air of the sampling sides on the Island Vulcano and the ambient air on the Island Lipari were measured with an APSA-370 H2S/SO2-Immission Monitor (Horiba, Leichlingen, Germany). The range of gas-concentration are monitored over the time period of plant harvest. The instrument has a lower detection limit of 0.5 nL L−1.

Statistical Analysis

The data were statistically evaluated by analysis of variance (ANOVA) and by Tukey's test using the COSTAT software package. Significant differences were determined at p < 0.05.

Correlation of the collected data and clustering was performed using the statistical analysis software R (R Core Team, 2014) based on calculated ratios with values from Vulcano divided by values from Lipari. Further transformation of the generated values was performed to ensure equal distance distribution of both lower and higher values in comparison. A distance matrix was generated using the dist function and hierarchical cluster analysis of this distance matrix was performed using the hclust function of the R base package. The parameters taken into account for clustering were Al, B, Ca, K, Mg, Mn, Mo, and Zn. A clustering including the macro elements (C, N, P, and S) did not show a conclusive picture and was not taken into account.

RESULTS AND DISCUSSION

When visiting the islands Vulcano and Lipari situated in the Tyrrhenian Sea north of Sicily (Italy) the difference in volcanic activity is obvious. On Lipari, neither fumaroles nor any smell of S-containing gases is noticeable. On Vulcano, on the other hand, there is an impressive cone with the Gran Cratere on top (Figures 1A,B) where fumaroles are releasing H2S and SO2 continuously and only pioneer plants can be found (Figure 1C). The sampling sites on Vulcano are closely located to the so-called “Dead Field” (Figure 1D) another area on the island where fumaroles are emitting S-containing gas near a mud hole.

The gases of fumarolic origin on Vulcano are strongly fluctuating depending on volcanic activities, weather conditions including wind speed and direction as well as humidity. On average the gas concentrations at the sampling sites on Vulcano for the given time period in 2014 varied between 0.2 and 0.8 μL L−1 H2S with a maximum of 2 μL L−1 H2S. The average SO2 concentrations measured ranged from 6 to 8 nL L−1, with a maximum of 22 nL L−1 SO2 during the sampling period. These values are much lower than the SO2 concentration of 0.5 μL L−1 measured 20 years before by Graziani et al. (1997) which is even harmful for animals and humans and reflects the high temporal variability of the release of S containing fumaroles. On the control Island Lipari, however, the concentrations of volcanic gases were below the detection limit (Baillie et al., 2016).

Differences in Soil Composition Due to Volcanic Activity

At the plant sampling locations, top soil (0–10 cm) samples were collected. In Table 2 macro element composition of the soil at different sampling sites, pH and sulphate content are summarized.


Table 2. Macro element composition, pH and sulphate content of the top soil samples (0–10 cm) collected at the plant sampling locations on the Aeolian Islands Vulcano and Lipari.
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The data clearly indicate soil acidification due to the fumarolic gases on Vulcano with the lowest pH value of 3.8 at sampling site 2 and an overall strong acidification on Vulcano with a mean of pH 4.7 compared to a mean of pH 6.7 on Lipari. Acidification is accompanied on Vulcano by an accumulation of sulphur in the soil with a high proportion of sulphate (up to 24% at site 3 on Vulcano). As a consequence, Vulcano soil is depleted of Ca and Mg, especially at site 1 and 2 with high soil acidification (Table 2). Potassium (K) and phosphor (P) are the only macro elements, which were not depleted at any site on Vulcano compared to the sites on Lipari.

In Table 3, trace element composition and selected metal(loid)s are summarised for the sampling sites. The data demonstrate the high variability of soil characteristics on each of the two islands studied. For example, site 3 on Vulcano was extremely high in Cu with 334 mg per kg soil compared to all other sampling sites. Also Cd, Mn, Mo, and As contents were quite high at this sampling site in comparison to other sampling sites on Vulcano and Lipari. Apparently, site 3 on Vulcano differs from the other sampling sites on both island. In the present study, an accumulation of As is observed, which is reported frequently in areas surrounding active volcanoes (Kabata-Pendias and Pendias, 1985). High As concentrations in the range of 2.1–25 ppm were previously determined in fumaroles from Vulcano in the years of 1978 to 1993 (Signorelli et al., 1998).


Table 3. Trace element composition of the soil samples collected on the Aeolian Islands Vulcano and Lipari.
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Table 4 visualises soil data in correspondence to specific plant species, which were sampled both, from sites on Vulcano and Lipari. For each species, a ratio of means was calculated of soil element contents with the sampling site on Lipari set to 100%. The colours indicate the shift of this ratio with green depicting a depletion of an element in the Vulcano soil with values of 90% and lower. Red highlights an enrichment in soil contents on Vulcano with 110% and higher. This way the extreme amount of S in the soil of Vulcano is visualized for each sampling site. For example, on site 3 on Vulcano (location of O. pes-caprae, M. polymorpha, and T. repens) a maximal enrichment of 3,905% was observed compared to the Lipari sampling site. Other elements that are present in much higher amounts on Vulcano over all sampling sites include K, Mo and Cr, for the latter element with the exception of the sampling sites of O. pes-caprae and T. repens. Some elements revealed a depletion in the Vulcano soil relative to the control island Lipari. Mg is depleted at all sampling sites with the lowest amount of 22% for F. capreolata on sampling 2 on Vulcano compared to the Lipari control. Apparently, the volcanic activity has no significant influence on most trace elements in the soil except for As and Cr, but shows strong effects on the macro element composition in the topsoil.


Table 4. Soil element content on Vulcano relative to Lipari sites (%) grouped to the species, which were harvested from both islands.

[image: image]



Significance of Volcanic Activity for Plant Species Element Composition

Having seen prominent differences between the sampling sites in macro element, but not in the trace element composition of the soil, it was tested whether these differences are reflected in the plant material. This may be expected because plants as sessile organisms cannot escape from high pollution, but rather cope with adverse environmental factors by adaptation strategies to ensure survival. Therefore, element analysis was performed with the plant material from all sampling locations (Tables 5, 6). The data were subjected to a two-factorial ANOVA in order to assess differences in nutrient acquisition between the plant species investigated and differences in element accumulation in relation to the specific element composition of the sampling site. On Vulcano, plants accumulated significantly more K, Mg, and S (Table 5) as well as Fe, Mn, Al, B, Ni, and Zn (Table 6). Significantly lower amounts of Ca were found in the leaves of plants on Vulcano, which coincides with the lower Ca contents determined in the soil (Table 2). F. capreolata leaves possess a significantly higher Ca concentration than C. salviifolius, E. camaldulensis, R. ulmifolius, and O. pes-caprae, while Ca concentrations in L. clymenum, M. polymorpha, and T. repens were not significantly different. The highly significant interaction indicates a correlation between plant species and sampling site: plant species with a higher Ca concentration on Vulcano such as F. capreolata show a further increased Ca concentration when grown on Lipari. The foliar Mg content was found to be independent from the low availability in the soil.


Table 5. Macro element composition of the eight investigated plant species collected on the Aeolian islands Vulcano and Lipari: Two-factorial ANOVA of the elements in relation to plant species and the plant composition correlating to the location of the sampling sites was performed.
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Table 6. Trace element composition of the investigated plant species collected on the Aeolian Islands Vulcano and Lipari: Two-factorial ANOVA of the elements in relation to plant species and the plant composition correlating to the location of the sampling sites was performed.
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The most important differences in macro element accumulation were found for sulphur. In general, F. capreolata showed the highest sulphur content of 6.4 g kg−1 dry mass (DM) averaged over both sampling locations. Furthermore, high sulphur contents were determined in leaves of the herbaceous species O. pes-caprae with 5.4, M. polymorpha with 4.7 and T. repens with 4.1 g kg−1 DM. However, woody plants such as the shrub or the tree species studied showed lower average sulphur contents, i.e., C. salviifolius 2.7 and E. camaldulensis 1.9 g kg−1 DM. All herbaceous species showed very low dry matter contents (13–23% of fresh weight), whereas C. salviifolius had significantly higher dry matter content (27–39% of fresh weight; for details see Baillie et al., 2016). As a result, a significant negative correlation was found between the sulphur content of the plant species studied and their dry matter content (Figure 2). Plants with a higher dry matter content seem to have more effective avoidance mechanisms (Rennenberg, 2014), to protect themselves from an extreme sulphur accumulation. This also correlates with these species being perennial, which means they need to cope with the excess sulphur over more than one growth period leading to the necessity of physiological adaptation.
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FIGURE 2. Relationship between the total sulphur content in the plant material and the plant dry matter content of different plant species grown on Lipari (blue dots) and Vulcano (red dots). (E. camaldulensis and R. ulmifolius data are excluded because R. ulmifolius grew on a stone wall and E. camaldulensis as a tree behave differently to herbaceous crops).



Foliar accumulation of the trace elements Al, B, Fe, Mn, Ni, and Zn was significantly increased in plants grown on Vulcano, despite comparable amounts in the soil (Tables 6, 7). Mo was the only trace element which was significantly decreased in the leaves of plants grown on Vulcano compared to Lipari despite the fact that soil Mo concentrations were similar or (slightly) increased on Vulcano. In addition, due to the low soil pH Al toxicity might easily occur at Vulcano sampling sites. Al3+ mobilization increases, when the soil pH drops below 4.5 and the saturation of the effective cation exchange capacity (CECeff) with Al3+ is increasing (Scheffer and Schachtschabel, 2016).


Table 7. Plant material ratios of the element composition for better visualisation.
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Corresponding to the calculation of soil element ratios on both islands, depicted in Table 4, ratios of the foliar element contents between the Islands Vulcano and Lipari were calculated to visualise differences in element accumulation between the two islands. The results of this calculation for all plant species shown in Table 7, highlight increases in element content on Vulcano in shades of red and decreases in shades of green. All plant species accumulated significantly more sulphur on Vulcano. Only F. capreolata accumulated sulphur on both islands in similar amounts, independent of the environment (Table 5). The accumulation of sulphur on Vulcano was very highly significant (p < 0.001***) in case of M. polymorpha and O. pes-caprae, highly significant (p < 0.01**) in case of L. clymenum and only significant (p < 0.05*) in case of C. salviifolius and T. repens. Additionally, prominent enrichment of foliar Al, Mn, Ni, and Zn was found in most species on Vulcano. Only C. salviifolius showed lower contents of Mn and Zn. On the other hand, accumulation of Mo and P in the leaves was decreased in many species on Vulcano.

Different environmental factors strongly affect the foliar metal accumulation in plants. These factors include the metal concentration in the soil, the soil type and pH as well as the plant species (Hooda et al., 1997). Plant availability of most metals increases with decreasing pH, only Mo is more available at higher soil pH (Kabata-Pendias, 2004; Kaiser et al., 2005). This is very well reflected by the higher foliar accumulation of Al, Cu, Fe, and Zn in plants grown on Vulcano compared to Lipari (Table 7) with Mo representing an exception. Furthermore, the interaction between species and location in element accumulation (Tables 5, 6) indicates a strong relationship between site parameters and element availability and consequently, plant uptake.

The soil-to-plant metal transfer factor (TF value = the concentration of a metal in plants divided by its concentration in the soils) provides an indication of plant responses to enhanced soil metal contents. Based on this factor, plants can be classified as excluders (low metal uptake), indicators (metal uptake reflects the soil concentration) or accumulators (high metal uptake) (Metz et al., 2001). In the present study, the metal concentrations of the different species are in the same range as reported for different agricultural crops and grassland species (Kühnen and Goldbach, 2004). Hooda et al. (1997) reported TFs in the range of 0.002–0.02 for Pb, 0.03–9.5 for Cu, 0.03–0.46 for Ni and 0.13–2.3 for Zn for different agricultural crops. When calculating metal transfer factors in the present study, most ratios are far below 1.0 indicating a low accumulation of metals from the soil into the plants. Especially low ratios were determined for Fe, Pb, Cr, and Al but also for Ni and Cu (Table 8). F. capreolata showed increased Mn accumulation on Vulcano with TF values of 13.27, while ratios for all other species on the islands were below 1. Zn was accumulated to a higher extent by C. salviifolius, F. capreolata and L. clymenum especially on Vulcano; its TF was above 1.0 also for M. polymorpha and T. repens on this island. Also Ni and Cu were less excluded by C. salviifolius and F. capreolata on Vulcano, but only with TF values of 0.46–0.48 for Ni and 0.72–0.91 for Cu (Table 8). The plant with the highest dry matter content in this study, C. salviifolius (>32% DM), accumulated higher metal contents on Lipari compared to the herbaceous species, but this did not result in increased foliar metal concentrations compared to the other species studied (Table 6).


Table 8. Metal transfer factors (TF values) calculated by dividing the metal concentration in the dry plant material through the metal concentration in the soil (values >1 indicate to an accumulation of the respective element in the plants).
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Apparently, volcanic activity had a strong effect on the element composition of plant leaves, mostly as a consequence of the acidification of the soil on Vulcano, which leads to enhanced metal(loid) mobility.

Cross-Species Interactions of Element Composition With Volcanic Activity

To assess cross-species interactions of plant element composition with changes in soil element composition by volcanic activity, the entire data set on plant element composition was subjected to correlation analysis with the data set on soil element composition, soil pH and soil carbon content (Table 9). The analysis showed a strong S to S and sulphate to sulphate interaction between plants and soil, but no general plant to soil interaction for the other elements studied. No other result can be expected as from the total element concentrations in the soil only a very small proportion is usually plant available for most elements (e.g., Bloem et al., 2017). Moreover, plants developed avoidance strategies to deal with toxic elements as reviewed for Pb by Sharma and Dubey (2005). Uptake studies in Raphanus sativus have demonstrated that roots have the ability to take up significant quantities of Pb whilst simultaneously greatly restricting its translocation to above ground parts (Lane and Martin, 1977; Samuilov et al., 2016).


Table 9. Correlation matrix of plant macro- and microelements in relation soil element concentrations, pH and soil organic carbon (%C).
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Our results clearly show the dominance of sulphur emissions for the interaction between the element composition in plants and soil. Apparently, plant element composition beyond sulphur/sulphate is largely independent of differences in element composition in the soil. Still several element contents in the soil affected other elements in the plants. For example, (1) the S content of the soil correlated with the Al and Ni content of the plants, (2) the Se and Mo content of the soil with the S, sulphate, Al, Fe, and Ni content of the plants and (3) the Cu content of the soil with the S, Fe, Ni, and Pb content of the plants. The mechanistic basis for this cross-species, cross-element interactions remains to be elucidated in particular, because the present approach provides circumstantial evidence rather than causal relationships. Se is taken up by the plants via the same transporters as S because both elements show chemical similarities and Se can replace S in assimilation reactions and compounds (Pilon-Smits and Quinn, 2010). This is most likely the reason why comparable correlations were found between soil-S and soil-Se with plant element concentrations (Table 9). Se was present in distinctly higher concentrations in the soil of Vulcano compared to Lipari (Table 3), but was not accumulated to a much higher extent by most plant species. Se concentrations above the detection limit of 0.06 mg kg−1 DM were only observed in plant material of M. polymorpha and O. pes-caprae grown on Vulcano. Interestingly, F. capreolata took up elevated amounts of S but not of Se, indicating a preferential uptake of S from the atmosphere, as plants that accumulate high amounts of S from the soil also accumulate Se to a higher extent in general (Pilon-Smits and Quinn, 2010).

A cross species assessment of element composition with C and dry matter accumulation (Table 10) showed a strong negative correlation of dry matter accumulation with the P content of the plants and a strong negative correlation of the C accumulation with the K, S, sulphate, Fe, Mn, and Ni contents. From these results it may be concluded that the latter elements negatively affected photosynthetic CO2 fixation of the plants studied and that K accumulation counteracted the loss of dry weight of these negative effects at the study sites. Again, more detailed studies are required to elucidate whether this is a specific situation of the study sites or of more general significance.


Table 10. Correlation matrix of plant macro- and microelements and in relation to dry mater and carbon content. The coefficient of determination (r) is shown in %.
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Different Plant Strategies to Cope With Environmental Stress by Volcanic Activity

Plants have developed different strategies to cope with high SO2/H2S concentrations in the atmosphere due to volcanic activities (Baillie et al., 2016). Therefore, it may be assumed that such strategies to cope with the volcanic environment are reflected by the plants' element composition as well.

The relative primordial plant species, F. capreolata did not reveal any avoidance strategy to high SO2/H2S concentration (Baillie et al., 2016) and took up high amounts of S on both islands. In addition, F. capreolata accumulated many other elements to a higher extent than the other species investigated. Especially Ca, K, Mn, and Mo were accumulated in higher concentrations by F. capreolata (Tables 5, 6). Only K and Mn show an increase on Vulcano when comparing the foliar contents between the sampling sites on the two islands for this species (Table 7).

Based on the element composition, the grouping of the species according to their sulphite detoxification strategies in response to high SO2/H2S concentration described by Baillie et al. (2016) cannot be transferred directly to foliar element concentrations. Therefore, a clustering of selected parameters was performed (Figure 3) including the leaf element contents of the metals Ca, K and Mg and the trace elements Al, B, Mn, Mo, and Zn. A clustering including the macro elements (C, N, P, S) did not show a conclusive picture and was therefore not taken into account. The trace elements were selected not only due to significantly higher amounts in at least two species on both Islands, but also based on significant correlations between the sampling sites revealed by ANOVA (Tables 5, 6). Thus, the selected trace elements show strong variance between the samplings sides.
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FIGURE 3. Hierarchical clustering of the tested species based on the pattern of element composition under volcanic stress. To allow a correlative analysis of all given leave data values from control Island Lipari within one species were set to 100%. Values from Vulcano were calculated in accordance to Lipari, resulting in calculated ratios for each element and each species, respectively. For clustering calculated ratios of the plant material of the following elements were used: Al, B, Ca, K, Mg, Mn, Mo, and Zn. A clustering including the macro elements (C, N, P, S) did not show a conclusive picture and was not taken into account. To ensure an equally spread distribution the percentage values were transformed into a distance matrix and the clustering was performed with the statistical analysis software R (R Core Team, 2014) and the base package hclust function.



The previous study of Baillie et al. (2016) focussed on SO2/H2S-detoxification parameters of the same plant species and revealed three different groups based on their sulphite detoxification strategies. In contrast, hierarchical clustering based on the element parameters in the present study reveals a separation into two main groups of plants with different reaction to the volcanic environment on Vulcano (Figure 3). F. capreolata again constituted an outside group in the cluster. The species O. pes-caprae, M. polymorpha, T. repens, and L. clymenum form one group and the species R. ulmifolius, C. salviifolius, and E. camaldulensis the other. Apparently, hierarchical clustering distinguished between perennial herbaceous plants on one side and woody plants such as shrubs and trees on the other side. Thus, clustering of the same species based on element parameters does not show the same distribution as clustering according to sulphite detoxification strategies, but follows evolutionary likeliness. Apparently, there is no direct interaction of element composition and sulphur detoxification strategies in the species studied.

CONCLUSION

Environmental stress caused by volcanic activity affects plants by gaseous compounds, which enter the plants via the stomata, or by accumulation of compounds from the rhizosphere. A previously published paper showed that the investigated plants are negatively affected by the high SO2/H2S concentrations emitted on Vulcano. Due to the proximity of the tested species to the fumaroles on Vulcano a strong soil acidification occurred which lead to an enhanced accumulation of potentially toxic elements and negative effects on plant element composition. This is reflected by the high amounts of Al in the plants, most likely mediated by the pH shift in the soil. The content of Al in the soil itself, however, was lower on Vulcano for some sampling locations compared to the control soil on Lipari. Herbaceous species accumulated more sulphur than woody plant species. However, the transfer of heavy metals from the soil into vegetative plant parts was less pronounced than the transfer of sulphur, indicating the significance of avoidance strategies to cope with heavy metals in the environment.

The cluster analyses based on element contents revealed two groups of plants with F. capreolata as an outside group. The analyses separated the perennial herbaceous plants (O. pes-caprae, M. polymorpha, T. repens, and L. clymenum) from higher shrubs or trees (R. ulmifolius, C. salviifolius, and E. camaldulensis). This signifies that the species, which showed different strategies to detoxify excess volcanic sulphur, also cluster by their element contents. Thus, both avoidance and accumulation strategies for particular elements as well as detoxification strategies for excess sulphur contribute to the adaptation of plants to the stressful environment in the vicinity of volcanoes.
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The mean value of each species plant material from the Isiand Vulcano was calculated relative to the corresponding value of the control Island Lipari, which was set to 100%. The
resulting values represent the percentage of the amount for each parameter on Vulcano. The colour coding highlghts the amount of higher or lower content and the corresponding
percentage range for each colour as indicated. Allvalues higher than 110% are depicted in shades of red symbolising an increased content, the range between 90-110% is shown in
black as no relevant change, and all values lower than 90% are depicted in shades of green.
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The Se content in the plant material was in most plant species at both sampling sites below the lower limit of detection of 0.06mg kg~" DM, The only exceptions were M. polymorpha
and O. pes-caprae grown on Vulcano with mecium Se contents of 0.13 + 005 and 0.14  0.12mg kg™' DM, respectively.

Means followed by different lower-cass letters indicate to statistical differences in the trace-element composition of plants in relation to plant species, means folowed by different
upper-case letters indicate to differences in relation to sampling location sing Tukey's test at p < 0.05. Significance levels obteined from standard statistcs are coded in the folowing
t significant; *significant = p < 0.05; **highly significant = p < 0.01; ***very highly significant = p < 0.001.






OPS/images/cover.jpg
' frontiers
n Environmental Science

Surviving Volcanic
Environments—Interaction of Soil
Mineral Content and Plant Element

Composition









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Environmental Science





