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Abstract

:

Porifera are filter-feeding organisms known to bioaccumulate different contaminants in their tissues. The presence of mercury (Hg) has been reported in different Mediterranean species, mainly collected in the southern coast of France. In the present study, mercury concentrations in the tissue of the sponges of Montecristo and Giglio, two islands of Tuscany Archipelago National Park (TANP), are presented for the first time. Analyses of total mercury content were performed by Direct Mercury Analyzer. Statistical differences have been reported in the Hg concentrations of species collected in both islands, but they do not appear related to the anthropic impacts of the islands. Among the collected species, a high intra- and inter-variability have been recorded, with Cliona viridis showing the lowest concentration (0.0167–0.033 mg·kg−1 dry weight), and Chondrosia reniformis and Sarcotragus spinosulus the highest (0.57 ± 0.15 and 0.64 ± 0.01 mg·kg−1 dry weight, respectively). The variability of Hg measured did not allow us to identify sponges as bioindicators of toxic elements. Anyway, these results improve knowledge on the ecosystem of the TANP, underlining the species-specificity of metal concentrations for Porifera, and providing additional data to address the main input of the Marine Strategy guidelines to protect coasts, seas and oceans.
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1. Introduction


Mercury (Hg) is considered to be one of the most toxic heavy metals due to its persistence in the environment, bioaccumulation in organisms and biomagnification in the trophic chain [1,2]. Atmospheric inputs of Hg have tripled during the last 150 years, being two-thirds of its actual concentration from anthropogenic sources [2,3]. Traces of mercury have been found in all the compartments of the ecosphere (atmosphere, hydrosphere, lithosphere and biosphere) [4,5,6]. In aquatic environments, it is transformed by chemical and biological reactions in organomercury compounds, as methylmercury (MeHg), the most toxic mercury species, which can be bioaccumulated more than other trace elements along the trophic chain [6]. Mercury can have many different effects on a wide range of organisms, both vertebrates, e.g., References [7,8,9], and invertebrates, e.g., References [10,11,12]. For all these reasons, Hg is listed in the European Water Framework Directive (WFD 2000/60/EC) as a priority substance representing a risk for the good chemical status for the aquatic environment, with a Maximum Allowable Concentration (MAC) of 0.07 μg.L−1.



The presence of mercury in the Mediterranean Sea has been documented since the 1970s [13,14]. The principal mercury input (94%) was recognized in rivers’ dischargements, while only 5.5% was related to direct industrial wastewater and 0.5% to domestic sewage [15]. The Mediterranean area presents a high number of natural deposits of mercury distributed along the coasts of many countries, containing about 65% of the world’s cinnabar (HgS) deposits [15,16]. Particularly, in Tuscany (Italy), the levels of Hg in different environmental matrices are derived from both a natural contribution of the mineralization and the pollution caused by the huge exploitation of the area of Mount Amiata [17]. In fact, Mount Amiata, located in the south of Tuscany, is part of the geologic anomaly of the Mediterranean basin and it is characterized by a large cinnabar deposit [16,18]. Moreover, it is well known from ARPAT (acronym for Regional Agency for Environmental Protection of Tuscany) and ISPRA (acronym for Higher Institute for Environmental Protection and Research) technical reports, and scientific papers [19], the presence of mercury in the waters and organisms of the Tuscany coast and island. From 2012 to 2017, high concentrations of mercury have been reported in water, sediment and biota (as Posidonia oceanica, Mytilus galloprovincialis and different fish species) in the Tuscan Archipelago islands, e.g., References [20,21,22,23,24].



Many studies have been conducted worldwide on the bioaccumulation and the effects of mercury and its organic compounds in edible species, such as bivalves, cephalopods, decapods crustaceans and fish [6,25,26,27]. Although, other filter-feeding organisms, such as polychaetes, tunicates, sponges and barnacles, have been proposed as bioindicators in shallow waters [28], but these taxa are still little used for this purpose. Especially, sponges satisfy all the characteristics listed in References [29,30] for a suitable bioindicator and have been recommended by many authors, e.g., References [31,32], and by the WFD as possible monitors for heavy metals. Being filter-feeders, sponges can filter a large amount of water, and they can collect and accumulate many different contaminants (such as hydrocarbons, organochlorinated compounds, heavy metals, etc.) in their tissues, which are present in the water column both in the soluble and particulate phases [10,28]. Moreover, the level of the bioaccumulation in their tissues is a function of the contaminants’ concentration in the water [33]. The presence of heavy metals in sponges can affect their physiology and survival [28,34,35]. Only a few authors have investigated the presence of Hg in sponges and most of the studies have been conducted on samples, mainly on the genus Spongia, collected in the coast of Marseille [10,36,37,38].



The current paper presents, for the first time, total mercury content in the tissue of the sponges of Montecristo and Giglio, two islands of Tuscany Archipelago National Park (TANP). The study addresses two hypotheses: (1) sponges collected show detectable total mercury contents, and (2) there are any differences in Hg concentrations between the sponge species collected in both studied islands. Our results point out that sponges have detectable Hg concentrations, showing a high inter- and intra-specific variability. This variability could also be responsible of the lack of trend in the Hg concentrations between the specimens collected from the more anthropic Giglio and the Integral Reserve of Montecristo. Anyway, the results obtained with statistical analyses give new important insights for the area on the differences among Hg concentration in sponges.




2. Materials and Methods


2.1. Study Area


The study was carried out in June 2019 in Montecristo and Giglio islands (Tuscany, Italy) (Figure 1).



The Montecristo Island (42.3317° N, 10.3083° E) (Figure 1B) is an uninhabited and isolated island, sub-circular in shape, fourth in size after Elba, Giglio and Capraia islands, and completely mountainous, reaching a height of 645 m above sea-level with an almost constant slope of 25° [39,40,41,42]. Its history and geography distinguish the island from the others: during the Quaternary period, Montecristo remained in contact with the Tuscany’s littoral for a shorter period than the other islands, ending up located 63 km from the mainland, on the limit of the continental shelf, closer to Corsica than to the mainland [39].



In 1971, Montecristo was established as an Integral Nature Reserve, and in 1988, was declared a biogenetic nature reserve by the Council of Europe. Moreover, the island has the status of Special Protection Area (SPA, Directive 79/409/EEC). The land and the adjacent waters, up to 1 km offshore, are controlled by the Coast Guard and the Carabinieri Corps [41,43]. Bathing, diving, fishing, mooring and circumnavigating are forbidden, while landing, berthing and scientific activities are allowed, only under specific conditions and with the permission of the Territorial Office for Biodiversity of the Carabinieri Corps of Follonica [41]. Due to the high protection which Montecristo has undergone, the island is considered one of the most pristine and best-preserved sites of the Mediterranean Sea, being previously identified as a reference site for the ecological quality assessment of the western Mediterranean benthic assemblages on rocky bottoms [44,45].



The Giglio Island (42.3603° N, 10.9229° E) (Figure 1C), being the second in size after Elba, is included in the southern group of the Archipelago, only 14 km from the Italian coast [42,46]. It is an oval-shaped island, characterized by a mountain chain along the north–south axis, and it reaches a height of 496 m above the sea-level. Contrary to Montecristo, the island hosts 1500 residents, spread out among the villages of Giglio Castello, Giglio Porto and Campese [42]. Only 40% of the island is included inside the protected area, while adjacent waters and many terrestrial areas do not have any protection (DPR 22 July 1996) [47]. The areas included in the legislation of the TANP are divided into four zones: (1) zone A of strict reserve, including five rocks (Cappa, Corvo, Mezzo Franco, Pietra Bona, and Le Scole), (2) zone B of general reserve, (3) zone C of general protection and (4) zone D of socio-economic promotion [42]. In general, Giglio is considered to have undergone anthropogenic pressures [47], due to the high flow of tourists during Summer [42], and to be more exposed to potential stress deriving from the mainland.




2.2. Samples Collection and Identification


Surveys were conducted by SCUBA diving and eighteen sponge samples were collected between 5 and 40 m, nine on the hard bottom assemblages of Punta del Diavolo (42°21′02.46″ N; 10°17′55.86″ E) in the Montecristo Island (TANP permission #00068010) (Figure 1B), and nine between Punta del Fenaio (42°23′21.54″ N; 10°52′48.18″ E) and Scoglio del Corvo (42°20′17.76″ N; 10°53′21.36″ E) in the Giglio Island (Figure 1C). The low number of samples for this preliminary study is strictly subordinated to protect and respect the island ecosystem, which needs to be protected even in the case of scientific research.



Samples were immediately frozen on dry ice, and then stored at −20 °C until analysis.



Among the samples, fourteen species of Demospongiae have been identified: Agelas oroides (Schmidt, 1864), Axinella damicornis (Esper, 1794), Cliona viridis (Schmidt, 1862), Haliclona (Halichoclona) fulva (Topsent, 1893), Haliclona (Soestella) mucosa (Griessinger, 1971), Penares euastrum (Schmidt, 1868) and Sarcotragus spinosulus Schmidt, 1862 in Montecristo, and Chondrosia reniformis Nardo, 1847, C. viridis, Crambe crambe (Schmidt, 1862), H. (H.) fulva, Hemimycale columella (Bowerbank, 1874), Hymedesmia (Hymedesmia) baculifera (Topsent, 1901) and Petrosia (Petrosia) ficiformis (Poiret, 1789) in Giglio. For the species P. euastrum and C. reniformis, three samples each were collected; therefore, we denominated them with the name of the species followed by the number 1, 2 or 3 between brackets.




2.3. Samples Treatment and Mercury Analysis


A clean room laboratory ISO 14644-1 Class 6, with areas at ISO Class 5 under laminar flow, was used for all laboratory activities. After the identification, samples were weighted (laboratory analytical balance, AT261 Mettler Toledo Greifensee, Switzerland, readability 0.01 mg, repeatability standard deviation (SD) = 0.015 mg) and cleaned with ultrapure water (A10 Milli-Q system, Merk Millipore, Bedford, MA, USA). The acid-cleaning procedures, used for all the laboratory materials, were performed as described in References [48,49].



After cutting samples into small pieces, sponges were lyophilized (Edwards EF4 modulyo, Crawley, Sussex, England), minced, homogenized and divided in aliquots of about 0.02 g each. Analyses of total mercury content (THg) were performed by Direct Mercury Analyzer (DMA-1 Milestone, Sorisole (BG), Italy), as described in Reference [50]. Briefly, the total mercury content was quantified by thermal decomposition amalgamation atomic absorption spectrometry at 253.7 nm. The calibration curve method was used for the quantification of Hg content. All measurements were replicated at least 4 times.




2.4. Accuracy


Quality assurance and quality control were assessed by processing blank samples and certified reference material (dogfish muscle DORM-2, NRCC; Ottawa, ON, Canada). The experimental values obtained for Hg in blanks are negligible compared with the metal content in sponge tissue (<1%). For DORM-2 analysis (n = 8), Hg content (4.58 ± 0.10 mg·kg−1) is in agreement with the certified value (4.43 ± 0.05 mg·kg−1) and no statistically significant differences were observed (p-value > 0.05, Student’s T test, STATGRAPHICS 18 Centurion, 2018).




2.5. Data Analyses


Data are expressed as arithmetic mean ± standard deviation (SD) of the performed replications. Statistical analyses of differences within organisms were performed using the analysis of variance (one-way ANOVA) after testing the homogeneity of the variance with Levene’s test [51]. In case of heteroscedasticity, we applied the non-parametric Kruskal–Wallis analysis of variance. Depending on the resulting statistics, post-hoc comparison was eventually performed with the Bonferroni correction, always considering a significant level of 0.05. All graphs and statistical analyses were performed using STATGRAPHICS (STATGRAPHICS Centurion 2018, Statgraphics Technologies Inc., The Plains, VA, USA).





3. Results


THg, expressed on a dry weight (dw) basis, in sponges collected in the area of Montecristo and Giglio islands, are reported in Figure 2A,B, respectively.



Total mercury showed high variability in sponges coming from the marine area of Montecristo island, ranging from 0.033 to 0.64 mg·kg−1, with the minimum content in Cliona viridis (0.033 ± 0.001 mg·kg−1) and the maximum (20-fold higher) in Sarcotragus spinosulus (0.64 ± 0.01 mg·kg−1). Values ranging from about 0.11 to 0.29 mg·kg−1 were recorded in Agelas oroides, Axinella damicornis, Haliclona (Halichoclona) fulva and H. (Soestella) mucosa, whereas slightly higher values were found for the three samples of Penares euastrum (1), (2) and (3) (0.35 ± 0.03 mg·kg−1), that showed similar concentration among them. Statistical analysis of the data showed a significant difference (Kruskal–Wallis test, p < 0.05) between C. viridis vs. P. euastrum (3) and S. spinosulus, H. (S.) mucosa vs. P. euastrum (3) and S. spinosulus (Figure 2A).



A high variability of THg content was also found in sponges collected in the marine area of Giglio Island: total Hg ranged from 0.017 to 0.73 mg·kg−1 dw. Even in this case, the minimum content was measured in C. viridis (0.0167 ± 0.0003 mg·kg−1), which showed values from 10 to 70 times lower than other species. On the other hand, the three samples of Chondrosia reniformis (1), (2) and (3) showed the highest concentrations (ranging from 0.39 to 0.73 mg·kg−1). In the other sponges, the THg content ranged from ≈0.1 (Crambe crambe, Hemimycale columella) to about 0.22 mg·kg−1 in H. (H.) fulva, Hymedesmia baculifera and Petrosia (P.) ficiformis. The Kruskal–Wallis test highlighted significant differences (p < 0.05) between C. reniformis (1) vs. C. crambe, C. viridis vs. C. reniformis (1) and C. reniformis (3) (Figure 2B).



Since samples of C. viridis and H. (H.) fulva were found in both islands, differences in the THg content between the two islands have been investigated, to compare the possible influence of different sites. C. viridis showed a higher THg in Montecristo island (Kruskal–Wallis test, p < 0.05), while the concentration of mercury in H. (H.) fulva was higher in Giglio (Kruskal–Wallis test, p < 0.05).




4. Discussion


Samples show the presence of mercury both in Montecristo and Giglio. Although statistical differences in the Hg concentrations have been detected in the sponge species (Cliona viridis and Haliclona (H.) fulva) collected in both islands of the Tuscan Archipelago, the lack of a trend excludes a possible influence of the site. In fact, even though since 1971 Montecristo has been an Integral Nature Reserve considered a pristine area not interested by mechanic impacts, such as anchoring and diving disturbances, fishing, etc., its water can still be affected by other different impacts, such as climate change and alien species, e.g., References [52,53], and the presence of different pollutants [20,21,22,23] due to water circulation [54].



Currently, no law limit is defined for Hg in sponges and few data are available on Hg concentration in this phylum, most of which regard species and genera different from those collected in this study, e.g., References [28,55,56]. THg values of Sarcotragus spinosulus, measured by us, are comparable with the concentrations found in other species belonging to the subclass Keratosa, characterized by a skeleton of spongin fibers [57] such as Scalarispongia scalaris (Schmidt, 1862) (cited as Cacospongia scalaris) [37], Spongia (Spongia) lamella (Schulze, 1879) (cited as S. agaricina) [36,37], S. (S.) nitens (Schmidt, 1862) (cited as S. nitens) [36] and S. (S.) officinalis (Linnaeus, 1759) (cited as S. officinalis) [10,36,37,38] (Table 1). THg values of Chondrosia reniformis recorded in specimens from Montecristo and Giglio are similar to the ones recorded in Reference [37] for the same species collected in different localities near Marseille (Table 1). On the other hand, results obtained for Agelas oroides and Cliona viridis in Reference [37] are higher than our THg values for both species (Table 1). Perez et al. [37] collected samples of Cliona viridis in polluted and non-polluted areas, and he did not find any differences in the Hg concentrations. Therefore, also the difference reported between our specimen and the one of Reference [37] could be related not only to the species-specificity but also to the individual specificity of sponges, with a high intra- and inter-specific variability [58,59].



Although it is known that some heavy metals (e.g., copper, lead and vanadium) have effects on sponges, increasing their fission frequency, inducing changes in cellular aggregation and reducing growth and filtration rates [34,35], no information is available for Hg. However, some studies showed, from laboratory experiments, that mercury can cause death, inhibition of gemmule formation and malformation in gemmoscleres in the freshwater sponge Ephydatia fluviatilis (Linnaeus, 1759) (0.001 to 1.000 mg·kg−1) [60], and it can arrest movement of single sponge cells of Scopalina lophyropoda (Schmidt, 1862) (1 and 5 µg·kg−1), which tended to be rounded without pseudopodia [61], while a high concentration of MeHg (0.6 mg·kg−1) induces apoptosis in tissue of Geodia cydonium (Linnaeus, 1767) [62].



The highest THg values were found in Chondrosia reniformis and Sarcotragus spinosulus, collected in Giglio and Montecristo islands, respectively. These two species share the absence of a mineral skeleton, showing C. reniformis, a dispersal fibrillary collagen, and S. spinosulus, an organic skeleton made of spongin [57]. Three papers on Antarctic and Mediterranean species [59,63,64] showed that spicules accumulate only a small part of heavy metals compared to the sponge tissues; while in Spongia spp., the skeletal spongin fibers can trap and consequently concentrate metals, such as Fe, Pb, Cr, Zn and V [37,65]. These studies suggest that a collagenous skeleton instead of a mineral one can bioaccumulate a higher concentration of heavy metals. On the other hand, the mercury concentrations recorded for C. viridis, which is the only boring species and symbiotic with zooxanthellae [66], were the lowest among all the species collected. It is possible that the association with zooxanthellae influences the accumulation capacity of the sponge, as also pointed out in Reference [37]. It has been demonstrated that C. viridis can vary its filtration rates depending on the photosynthetic activities of its zooxanthellae [67], and this could partially explain why our samples present low concentrations of THg in their tissues.



The aforementioned intra- and inter-specific variability suggested by our observations and other authors [37,38] (Table 1) appear to not always be in agreement with the distance from the main source of pollutants. This can be a result of physiological and skeletal differences among sponge species. For example, the diversity of morphology of the aquiferous system could influence the size range of particles that can be filtered as well as the filtration rates [37]. Moreover, sponges are long-living organisms, with variable rate of growth, and it is very difficult to age each individual [36], therefore it is possible that low concentrations of heavy metals found in one organism could be related to its young age. In different sponge species, Clathria (Clathria) prolifera (Ellis and Solander, 1786) (cited as Microciona prolifera) [68], Suberites domuncula (Olivi, 1792) [69] and Spongia (Spongia) officinalis [10], authors found the presence of metallothioneins (MT) and metallothionein-like proteins (MTLPs), which are known to be used in the sequestration of metals in some invertebrates [70,71], and a positive correlation between MTLP concentrations and some heavy metals’ (Cu, Zn and Hg) concentrations has been established [10].



Moreover, sponges can host complex communities of microorganisms, including bacteria, cyanobacteria and fungi, in their tissues [72]. The relationships between sponges and their microbiota can be defined as a symbiosis, in which microorganism communities can take part in the metabolic cycles and exchange different metabolites with their host [73]. It has been demonstrated that many bacteria, which can contribute up to 40% of the sponge biomass, are resistant to different antibiotics and pollutants, including Persistent Organic Pollutants (POPs) and heavy metals, such as Cu, Pb, Co, Cd, Zn, Ni, Hg and their organic compounds, e.g., References [72,74,75,76]. Moreover, some studies asserted that sponges and the associated bacteria can potentially be applied in the bioremediation of aquatic environments contaminated by mercury [74,75]. Therefore, the microbiota also seems to play an important role in the bioaccumulation of heavy metals in sponge tissues, suggesting the necessity of deepening the investigation towards this aspect.




5. Conclusions


In conclusion, our results are the first data about total Hg concentration in sponges from the TANP and suggest that these metazoa could accumulate toxic elements in coastal waters. On the other hand, the high variability of concentrations in THg measured in all specimens in both islands did not allow us to identify sponges as bioindicators of toxic elements. However, further studies with a higher number of sponge samples are needed to understand in which compartment (skeleton, tissue or microbiota) they accumulate the heaviest metals, analyzing the main effects on the histology and physiology of this group. Anyway, these results improve the knowledge on the ecosystem of the TANP, pointing out the species/individual-specificity of metal concentrations for Porifera and the key role of the organic skeleton, tissue and microbiota. Moreover, these data provide additional environmental information on the Tuscany Archipelago to address the main input of international guidelines on the Marine Strategy to protect and clean up coasts, seas and oceans.
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Figure 1. Map of the Tuscan Archipelago National Park (TANP) (A), Montecristo Island (B) and Giglio Island (C). The sampling sites are indicated in the islands’ maps. 
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Figure 2. Mercury levels (± standard deviation (SD)) in the sponges collected in Montecristo (A) and Giglio (B) islands. In each graph, different letters (a, b, c) indicate statistically significant differences among sponges (Kruskal–Wallis test, p < 0.05). Ad = Axinella damicornis; Ao = Agelas oroides; Cv = Cliona viridis; Hf = Haliclona (Halichoclona) fulva; Hm = Haliclona (Soestella) mucosa; Pe = Penares euastrum; Ss = Sarcotragus spinosulus; Cc = Crambe crambe; Cr = Chondrosia reniformis; Hb = Hymedesmia (Hymedesmia) baculifera; Hc = Hemimycale columella; Pf = Petrosia (Petrosia) ficiformis. 
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Table 1. Selection of literature data for mercury concentrations in sponges.
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Species

	
Location

	
Methodology

	
Hg (mg·kg−1) dw

	
References






	
Agelas oroides

	
Montecristo Island, Tuscany (Italy)

	
Mean ± SD

	
0.29 ± 0.03

	
This study




	
Coutiou, Marseille (France)

	
Mean ± SD

	
1.7 ± 0.2

	
[37]




	
Chondrosia reniformis

	
Giglio Island, Tuscany (Italy)

	
Mean ± SD

	
0.73 ± 0.05

	
This study




	
0.58 ± 0.02




	
0.39 ± 0.02




	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.8 ± 0.1

	
[37]




	
Cliona viridis

	
Montecristo Island, Tuscany (Italy)

	
Mean ± SD

	
0.033 ± 0.001

	
This study




	
Giglio Island, Tuscany (Italy)

	
0.0167 ± 0.0003




	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.3 ± 0.4

	
[37]




	
Sarcotragus spinosulus

	
Montecristo Island, Tuscany (Italy)

	
Mean ± SD

	
0.64 ± 0.01

	
This study




	
Cacospongia scalaris

	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.8 ± 0.0

	
[37]




	
Spongia (Spongia) lamella

	
Marseille and Saint Tropez (France)

	
Max

	
0.52

	
[36]




	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.3 ± 0.0

	
[37]




	
Spongia (Spongia) nitens

	
Marseille and Saint Tropez (France)

	
Max

	
0.52

	
[36]




	
Spongia (Spongia) officinalis

	
Marseille and Saint Tropez (France)

	
Max

	
0.52

	
[36]




	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.9 ± 0.1

	
[37]




	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.8 ± 0.1

	
[38]




	
Maire, Marseille (France)

	
0.5 ± 0.1




	
Plane, Marseille (France)

	
0.9 ± 0.3




	
Jarre, Marseille (France)

	
0.6 ± 0.1




	
Riou, Marseille (France)

	
0.5 ± 0.1




	
Veyron, Marseille (France)

	
0.6 ± 0.1




	
Lavera, Marseille (France)

	
0.5 ± 0.1




	
Niolon, Marseille (France)

	
1.1 ± 0.5




	
Port-Cros, Saint Tropez (France)

	
0.6 ± 0.4




	
Coutiou, Marseille (France)

	
Mean ± SD

	
0.4 ± 0.1

	
[10]




	
Port-Cros, Saint Tropez (France)

	
0.3 ± 0.1
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