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Abstract

:

With a view of shedding light on the accumulation capability of the epigeous organs of common reed (Phragmites australis), employed worldwide in metal biomonitoring, an accumulation study of Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn was performed, focusing on leaves belonging to different whorls and culms. To this end, in five sampling sites on the littoral zone of the volcanic Lake Averno (Italy), and in one occasion (autumn) before plant senescence, leaves of different ages and culms were collected and analyzed for metal concentrations. In terms of the suitability for biomonitoring, culms demonstrated poor performances in relation to the low metal accumulation and the difficulties in sampling and processing, whereas leaves proved their effectiveness in highlighting whole plant exposure. Since the accumulation degree of Cr, Cu, Fe and Zn is unaffected by leaf age, the pooling of leaves from different whorls is advisable to improve the representativeness of samplings. This strategy becomes mandatory in the case of Ni, the non-monotonic age-dependent variations of which would affect the derivation of contamination gradients otherwise. For Mn, Cd and Pb, the accumulation patterns strictly dependent on age can instead be exploited in selecting the sensitivity of biomonitoring by focusing on the organs where they are preferentially accumulated: old leaves for Mn and young leaves for Cd and Pb.
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1. Introduction


The toxic and hazardous nature of metal contamination in freshwater ecosystems has become a global concern because these inorganic pollutants are persistent in the environment and are biomagnified through the food chains [1]. Although metals occur naturally in the environment, anthropogenic activities have contributed to undesirable toxic concentrations in several aquatic ecosystems [1,2,3,4,5]. A prerequisite for the assessment of the impact of these pollutants on the environment and human health, as well as for a sustainable management of the aquatic ecosystems, is their monitoring [6,7]. In this context, macrophytes play a prominent role in detecting the first symptoms of ecological degradation of different aquatic ecosystems worldwide [6,7,8,9].



The leaves of several helophytes effectively serve as good biomonitors of metal concentration gradients in freshwater ecosystems, both in relation to metal absorption (and translocation) from water and sediments [1,2,9,10,11] and atmospheric depositions [3,9]. In this context, particularly useful in metal biomonitoring studies are the epigeous organs of Phragmites australis (Cav.) Trin. ex Steudel [3,12], also known as common reed. It is one of the most common macrophytes living in freshwater ecosystems throughout the world, able to withstand extreme environmental conditions, including high concentrations of toxic contaminants [8,13]. This rooted and emerged aquatic plant can absorb and accumulate metals through both the root-rhizome system and the leaf–culm system, above all in relation to the expanded area of the epigeous apparatus, able to trap particulate matter, sorb metal ions and accumulate and sequester pollutants [14]. Considering the wide distribution of the common reed, the good capability to accumulate metals from water, sediments and atmosphere and the easy collection of its epigeous organs, leaves and culms can be effectively employed in active biomonitoring studies of metal contamination [9,12].



Factors affecting metal accumulation by P. australis [1,2,13] can be biological (e.g., organ, age) and non-biological (e.g., season, temperature, water salinity and pH, sediment texture and organic matter content, metal concentration and speciation). Recent studies [1] have been performed with the view of proposing empirical prediction models based on these factors, but scarce attention has been paid to the age of the leaves when these organs are used in biomonitoring studies. It is possible that P. australis selectively allocates exceeding metals to senescing leaves, as observed in other metal-tolerant plant species, but this metal-dependent mechanism has been little investigated. Windham et al. [15] for Pb and Weis et al. [16] for Cu, Pb and Zn reported that the younger (upper) leaves of P. australis tended to have lower metal concentrations than the older (lower) leaves, concluding that in biomonitoring studies, collecting several leaves and pooling them allow obtaining more accurate data, since individual leaves may not be representative of the plant as a whole. In general, however, since the translocation and accumulation of metals may be element- and age-dependent, the clarification of these processes is crucial for the wise selection of the samples in biomonitoring studies. With the aim to gain insight into the metal accumulation capability of leaves of different age and culms of P. australis, a bioaccumulation study was performed on the littoral zone of Lake Averno (Southern Italy). The study embraced a space-for-time substitution approach by sampling the epigeous organs in a unique seasonal period, that allowed removing the potential confounding effects of season-dependent phenology, and by adopting the progressive whorl number along the culm as a proxy for leaf age.




2. Materials and Methods


Lake Averno (40°50′20′′ N, 14°04′34′′ E, 3 m a.s.l.; Figure 1) is a volcanic lake in the Campi Flegrei area near Naples (Southern Italy). It is brackish due to the morphological characteristics of the basin (the lake is close to the sea), the high temperature and the salt content [8]. It is round, with a diameter of roughly 800 to 1000 m. The entire area is subjected to considerable human impact, such as construction works, recreation facilities and agriculture. In addition, a channel used as an overflow for a Naples sewage treatment plant flows into the lake when rainfall is abundant [8,9,10,11,12,13,14]. All these sources contribute to the metal contamination of the lake [8,17], whose concentrations in water and sediments (as total and available fraction) are reported in Baldantoni et al. [14].



The dominant plant species of the littoral zone of Lake Averno is Phragmites australis (Cav.) Trin. ex Steudel, growing in small discontinuous clumps due to human pressure. Common reed is a perennial helophyte, preferentially colonizing eutrophic and stagnating waters across temperate and tropical regions all over the world, where it forms wide stands known as reed beds, which provide habitats for several birds and mammals [3,12]. P. australis belongs to the Poaceae family and is the most common species of the Phragmites genus [9], characterized by a C3 photosynthetic pathway [15]. It is a rhizomatous helophyte, with culms 2–6 m high and lanceolate leaves 20–50 cm long and 2–3 cm wide [3,9,12]. In temperate climates, it usually shows a distinct seasonal cycle, with the flowering time in late summer, followed by the desiccation of the epigeous organs during winter and plant persistence through the perennating underground rhizomes [17].



In autumn, before the epigeous organs senescence, ten healthy representative plants of current year were collected, on one occasion, at each of five sampling sites on the littoral zone of Lake Averno (Figure 1). Care was taken in all sampling to avoid the introduction of metal contamination. In the laboratory, leaves belonging to different whorls (1–4, 5–7, 8–10, 11–13, numbered from the lower/older to the upper/younger) and culms of each plant were separated (Figure 2), and for each site, subsamples from each plant were pooled together with the view of obtaining a representative sample. To evaluate total metal concentrations (deriving from water and sediment translocation and from atmospheric deposition), the epigeous organs were not washed.



Each sample was oven-dried at 75 °C to a constant weight and ground into a fine powder by a Fritsch pulverisette (00.502) with an agate pocket to prevent metal contamination. Three laboratory replicates of each sample were mineralized with 50% HF and 65% HNO3 at a ratio of 1:2 (v/v) in a Milestone (mls 1200) micro-wave oven [17], and metal concentrations were measured by a Varian (Spectr AA 20) atomic absorption spectrometer, via graphite furnace (Cd, Cr, Cu, Ni, Pb) or via flame (Fe, Mn, Zn). The evaluation of the analytical accuracy of the entailed protocols was carried out through the concurrent analysis of a certified reference material (Olive leaves, BCR-062), with recoveries in the range of 92 to 103%.



Data analysis aimed at evaluating possible differentiations among the organs (leaves from different whorls and culms) and entailed both multivariate and univariate approaches. In this context, the possible differentiations among the whorls in relation to their metal concentrations was employed as a mean of evaluating age-related variations in metal accumulation. In the multivariate domain, the Euclidean distances among observations, based on metal concentrations, were fitted using one-way permutational multivariate analysis of variance (PERMANOVA) with the organ as predictor. The same distances were also projected onto a two-dimensional space using non-metric multidimensional scaling (NMDS), with the superimposition of the confidence ellipses (for α = 0.05) for each organ. In the univariate domain, the concentrations of each metal in the different organs were modelled through linear mixed models (LMMs), using the organ as a fixed effect and the sampling site as a random effect. The significance of the fixed effect was then evaluated through the Satterthwaite’s degrees of freedom method and, upon rejection of the null hypothesis, the pairwise comparisons between the estimated marginal means for each organ were carried out using the Tukey multiplicity adjustment. All the analyses were carried out within the R 4.0.5 programming environment [18], using the functions of the “vegan” [19], “lme4” [20], “lmertest” [21] and “emmeans” [22] packages.




3. Results and Discussion


Metal concentrations measured in non-senescing leaves from different whorls and in culms of P. australis collected in the five sampling sites on the littoral zone of Lake Averno (Figure 3) showed values always below phytotoxic concentrations [23,24]. According to their average concentrations in the epigeous organs of P. australis (Figure 3; Table 1), they were sorted as Mn > Fe > Zn > Cu > Ni > Cd = Pb > Cr in leaves and Mn > Zn > Fe > Cu >Ni > Cd > Cr > Pb in culms. With the exception of Cd (always undetectable) and Fe (not investigated), the order observed for leaves was the same reported by Bonanno [2], whereas the one observed for culms showed inversions in the lowest ranks (Mn > Zn > Cu > Pb > Cr > Ni). In spite of the preferential accumulation of metals, Cu and Mn concentrations in both leaves and culms were in the same order of magnitude of those found in the same organs of P. australis growing at the mouth of two rivers, in Southern Italy, flowing in areas affected by urban, agricultural and industrial activities [2,12]. Conversely, Cr, Fe and Pb concentrations in both the organs, and Cd, Ni and Zn concentrations in leaves were at least one order of magnitude lower than those reported in the studies of Bonanno and Lo Giudice [12] and of Bonanno [2,9], indicating relatively low contaminations from these metals in Lake Averno.



The one-way PERMANOVA highlighted significant (F = 4.5708, p < 0.01) differences among the analyzed organs, attributable to the differentiation of the culms from the leaves, the confidence ellipses of which are clearly separated on the NMDS space (Figure 4). Conversely, leaves belonging to different whorls, and thus of different ages, have largely overlapping confidence ellipses and are thus indistinguishable based on the overall accumulation of the analyzed metals. On average, culms showed the highest concentrations of Cr and Zn, whereas all the other metals (Cd, Cu, Fe, Mn, Ni and Pb) were most abundant in leaves (Figure 4). This observation can be explained considering that metals are usually sequestered in leaf cell vacuoles [25], whereas stems (or culms) generally represent supporting and translocation organs that are not involved in metal accumulation [26].



For all the analyzed metals, LMMs highlighted significant differences among organs of common reed from Lake Averno, but the pairwise comparisons between the estimated marginal means for each organ indicated significant differences only in few cases (Table 1). Apart from the differences in metal concentrations between leaves and culms, our findings contribute to clarify the age-related accumulation gradients in leaves (Figure 3; Table 1). In particular, Mn showed increasing concentrations with the increase in leaf age: from 64.6 to 151.3 µg/g d.w, whereas the opposite occurred for Cd and Pb from 0.25 to 0.14 µg/g d.w. and from 0.31 to 0.13 µg/g d.w., respectively. Significant differences among leaves from different whorls were also observed for Ni, but with an unclear age-related pattern: the highest concentrations were found in the oldest (0.43 µg/g d.w.) and youngest (0.39 µg/g d.w.) leaves, decreasing in the leaves of middle age (0.19–0.30 µg/g d.w.). All the other metals (Cr, Cu, Fe and Zn) did not show significant differences among leaves from different whorls.



The expected gradient, with older (lower) leaves accumulating more metals than younger (upper) leaves [16], was thus confirmed only for Mn, a nutrient playing important roles in several processes of a plantifecycle, being involved in photosynthesis, respiration, scavenging of reactive oxygen species, pathogen defense and hormone signaling [27,28]. For this element, increasing concentrations with leaf age in plants growing in submerged soils were previously observed for rice [29,30]. In this species, a member (OsNramp3) of the Nramp transporter family preferentially allocates this nutrient to the young leaves, requiring Mn for active cell division and elongation, at low environmental Mn concentrations [30]. At high Mn concentrations, the OsNramp3 protein is rapidly (within a few hours) degraded, resulting in the redistribution of Mn to older leaves and in the avoidance of Mn toxicity to the younger leaves [30]. In this case, the distribution of Mn follows the transpiration, since older leaves, having larger surface areas, are characterized by a higher transpiration rate [30]. In poorly drained soils, waterlogging causes a reduction of MnOx (most likely by the low O2 concentration), leading to an increase in plant-available Mn2+ in the soil solution up to toxic levels [28]. Since Mn concentrations measured in the epigeous organs of common reed from Lake Averno are on average one order of magnitude higher than the critical range (10–20 µg/g d.w.) reported for Mn deficiency [28], we can assume that in the study area Mn concentrations are far from being limiting. This consideration finds its foundations in the volcanic nature [31] of Lake Averno, characterized by sediments rich in total and available Mn concentrations [14].



Apart from Mn, all the other nutrients (Cr, Cu, Fe, Ni, Zn) playing important roles in plant nutrition at low concentrations [24] were equally distributed in leaves of different whorls. These findings are supported by the observations of [30], who found a different allocation of Mn in rice leaves of different ages but unclear patterns for the other nutrients (Cu, Fe and Zn) investigated. Such age-independent variations in metal concentrations suggest the adoption of sampling schemes based on the random collection of leaves from different whorls and their pooling to improve the representativeness of samples. Conversely, the accumulation patterns of Mn demand for the standardization of samplings by leaf age, a strategy that can also be effectively exploited to modulate the sensitivity of biomonitoring.



The two non-essential elements analyzed, Cd and Pb, showed an unexpected reduction in their concentrations with the increase in leaf age. A possible explanation for this pattern comes from the physiology of the uptake, detoxification and accumulation of these metals. Indeed, it is known that Cd is a highly toxic element affecting plant metabolism and growth [32] due to its interaction with the uptake of other elements [33] and the production of oxidative stress [34]. P. australis is renowned as a Cd-tolerant helophyte that relies on increased antioxidant enzyme activities as its primary defense strategy [12]. These activities are depressed in older leaves, a process in which the increased Mn concentrations have a direct contribution [35]. It can be thus hypothesized that the common reed preferentially accumulates Cd where cell oxidative stress can be effectively counteracted, that is, in young leaves. Similar considerations apply for Pb, another toxic element for plants, which is rather immobile and scantly translocated and accumulated in the epigeous plant organs [24]. These characteristics, in turn, led several authors to identify the exhaust fumes of the vehicular traffic as the primary source for leaf Pb concentrations, through atmospheric depositions [12]. However, such a hypothesis would imply that older leaves should accumulate higher Pb concentrations than younger leaves, that was not the case. It can be thus concluded that atmospheric depositions did not significantly affect leaf Pb (and Cd) concentrations in Lake Averno, an occurrence that had the upside of allowing highlighting the allocation of Pb to the young leaves. This finding disagrees with the results of Windham et al. [15] and Weis et al. [16] who reported higher Pb concentrations in older leaves of common reed grown under greenhouse conditions, and puts the attention on the need to accurately select leaves according to their age when biomonitoring of non-essential elements is carried out.




4. Conclusions


The bioaccumulation of metals in the epigeous organs of P. australis is element- and organ-specific and, in the case of leaves, it may depend on their age. Leaves are certainly the epigeous organs of common reed most suitable for bioaccumulation studies, but their age must be carefully considered in the biomonitoring of certain metals. In particular, whereas for Cr, Cu, Fe and Zn, leaf age does not affect metal concentrations and the collection and pooling of leaves of different age is recommended, Cd, Mn, Ni and Pb have age-dependent variations in their concentrations, demanding tailored sampling schemes addressing the low representativeness of individual leaves for the plant as a whole. For Ni, with unclear age-related patterns, the collection and pooling of leaves from different whorls represent a viable solution to obtain accurate biomonitoring data. For Mn, Cd and Pb, instead, the clear trends allow selecting specific whorls as the source material, a solution that allows modulating the sensitivity of biomonitoring by choosing leaves able to accumulate metals in higher or lower concentrations. Culms, representing supporting and translocation organs, are generally not involved in metal accumulation and, considering the difficulties in their sampling and processing, should be considered a last resort for the biomonitoring of metal concentration gradients, adoptable when alternative and preferable source materials are unavailable.
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Figure 1. Map of Lake Averno in the Campi Flegrei area (Southern Italy), showing location of sampling sites (1–5) in the littoral zone. 
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Figure 2. P. australis clump in the littoral zone of Lake Averno and indication of the different epigeous organs analyzed: whorls 1–4, 5–7, 8–10 and 11–13 (collected from base to apex of the plant) and the culm. 
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Figure 3. Mean metal concentrations (± standard deviations) measured in the different epigeous organs (whorls 1–4, 5–7, 8–10, 11–13 and culm) of P. australis plants collected in the five sampling sites of Lake Averno. 
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Figure 4. NMDS biplot with the superimposition of confidence ellipses (for α = 0.05) showing the differentiation among the epigeous organs (whorls 1–4, 5–7, 8–10, 11–13 and culm) of P. australis as a function of metal concentrations in each of the five sampling sites of Lake Averno. 
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Table 1. F coefficients and p values (*: p < 0.05, **: p < 0.01, ***: p < 0.001) for each metal according to the linear mixed models (LMM). The estimated marginal means (µg/g d.w.) for each metal in each organ (whorls 1–4, 5–7, 8–10, 11–13 and culm) and the significance of the differences among them (different letters highlight significant differences for α = 0.05), according to the Tukey multiplicity adjustment, are also reported.






Table 1. F coefficients and p values (*: p < 0.05, **: p < 0.01, ***: p < 0.001) for each metal according to the linear mixed models (LMM). The estimated marginal means (µg/g d.w.) for each metal in each organ (whorls 1–4, 5–7, 8–10, 11–13 and culm) and the significance of the differences among them (different letters highlight significant differences for α = 0.05), according to the Tukey multiplicity adjustment, are also reported.





	Metal
	LMM
	w. 1–4
	w. 5–7
	w. 8–10
	w. 11–13
	Culm





	Cd
	16.477 ***
	0.144 c
	0.173 bc
	0.185 b
	0.248 a
	0.159 bc



	Cr
	2.6985 *
	0.077 a
	0.083 a
	0.044 a
	0.041 a
	0.095 a



	Cu
	64.238 ***
	2.59 a
	2.41 a
	2.46 a
	2.58 a
	1.19 b



	Fe
	121.15 ***
	90.7 a
	88.0 a
	84.7 a
	79.7 a
	12.0 b



	Mn
	6.6011 ***
	151.3 a
	132.0 a
	126.3 ab
	64.6 b
	72.0 b



	Ni
	2.6809 *
	0.428 a
	0.185 b
	0.301 ab
	0.391 ab
	0.302 ab



	Pb
	5.3702 ***
	0.129 b
	0.099 b
	0.208 ab
	0.309 a
	0.060 b



	Zn
	5.0058 **
	8.20 ab
	2.80 b
	1.38 b
	4.80 ab
	12.13 a
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