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Abstract

:

Among aquaculture activities, shellfish culture is considered more sustainable and beneficial in terms of food security. Currently, only a few bivalve species are reared and there is a need to explore the possibility to introduce new candidates for shellfish farming. Due to the lack of information on bivalve recruitment in the North-Western Adriatic Sea, in this study, the possibility to collect natural spat of commercial species was investigated. Artificial collectors (net bags) were deployed in two sites, Pellestrina and Caleri (North-Western Adriatic Sea), within two commercial mussel parks, during the spring–summer and summer–autumn periods. At both sites, collectors were placed at a distance of 1 m from each other, from 5 to 14 m depth. The influence of season, site and depth on bivalve recruitment was inspected and the presence of invasive species was also evaluated. In all, 28 bivalve taxa were found, and a higher settlement rate was observed in summer–autumn compared to the spring–summer period. Mytilus galloprovincialis, Flexopecten glaber, Mimachlays varia and Aequipecten opercularis were the most abundant species in spring–summer. In the summer–autumn period, in both sites analysed, a very high quantity of Anadara transversa and F. glaber were found. Indeed, these species were dominant at Pellestrina and Caleri, respectively. Another non-indigenous species, Arcuatula senhousia, was also detected. Relevant amounts of Pectinidae spat, F. glaber in particular, were collected and the optimal depth range for the scallop spat collection was found to be between 8 and 14 m. Our results highlight the relevant potential of Pectinidae spat collection along the North-Western Adriatic coasts, even though the presence of invasive species needs to be monitored.
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1. Introduction


The natural bivalve populations of the North Adriatic Sea are subject to intense fishing efforts. The main commercial species in the Adriatic Sea (striped venus clam, Chamelea gallina, smooth clam, Callista chione, Mediterranean scallop, Pecten jacobaeus and queen scallop, A. opercularis) are fished by hydraulic dredges and rapido trawls [1,2]. These fishing gears have a heavy impact on the seabed, change its morphology, damage benthic organisms and fauna, tend to over-exploit the target species and significantly increase the mortality of non-target species [3,4]. Bivalves are mainly filter and suspension feeders and exploit phytoplankton and organic particles. Additional foods, as well as pharmaceuticals, are not required to sustain bivalve growth in outdoor rearing plants [5]. Within the aquaculture sector, shellfish culture is more beneficial in terms of food security and environment conservation [6]. As for the latter issue, an increase in cultured shellfish products might contribute in reducing the consumption of fished bivalves, with a consequent reduction in fishing pressure and the negative impacts of fishing gears on the sea bottom [1,2].



Between 1961 and 2016, the global supply of fish for human consumption strongly increased, due to the growth of both population and per capita fish food consumption. Increased global fish production was mainly accountable to the steady increase in aquaculture production since the 1980s, rather than to the increase in capture fishery production, which remained relatively static [7]. Italy is the fifth European state for aquaculture production, preceded by Norway, Spain, the United Kingdom and France [8]. As for Spain and France, Italian mariculture is mainly based on bivalve species. In Italy, shellfish culture represents 63% (in weight) of national aquaculture production and is almost entirely limited to the Mediterranean mussel, M. galloprovincialis (72%), and Manila clams, Ruditapes philippinarum (28%) [9]. Mussels are cultivated mainly in offshore long-line facilities, while clams are grown intensively in the soft-bottoms of confined coastal lagoons, mainly in the Lagoon of Venice [10,11]. The lack of diversification in Italian shellfish culture makes it vulnerable to stochastic events, e.g., new pathology outbreaks, strong sea storms or climatic changes [12]. The availability of seed is one of the basic requirements for shellfish farming [13]. Previous studies showed that wild scallop spat in the Northern Adriatic waters is easy to collect with artificial collectors, where scallop juveniles were the most frequent and abundant among the newly settled bivalves [14,15]. Scallop spat collection is also successful in the Ionian Sea, in particular for F. glaber and M. varia species [12,16,17,18]. The collection of wild spat from local bivalve populations reduces production costs and could allow for the avoidance of risking to introduce new, non-indigenous species and invasion of coastal habitats, by spat translocation from different natural sites [19]. Scallops constitute an interesting prospect for rearing, also, in relation to their considerable market value. For the collection of wild seeds intended for scallop culture, artificial collectors, made by synthetic filaments, contained inside a plastic-mesh bag, are mainly used. Competent larvae (pediveliger or larvae with eye spot) enter the bag, attach themselves to the filaments through the byssus and undergo the metamorphosis. Most scallops, after reaching a size of a few millimetres, lose the byssus and detach themselves from the substrate. Therefore, the openings of the plastic bag should not be greater than 3–5 mm, so as to retain the spat inside the collector after the attached phase, while filament type and collector bag dimensions may vary [20].



Several biotic and abiotic factors (life and reproductive traits of the species, type, orientation and heterogeneity of the substrate, water column turbidity and sedimentation rate) influence the settlement and the formation of fouling communities [21,22,23,24,25]. The settlement of bivalve competent larvae occurs some weeks after the species spawning period. Artificial collectors have to be immersed at an appropriate time, in order to allow the formation of the microfouling layer, which facilitates the invertebrate settlement [26]. Besides spat availability, time of collectors’ deployment and their suitability, the abundance of collected spat is influenced by the post-settlement mortality, due to competition and/or predation [27,28]. Other factors, such as temperature variations and availability of suitable food, could influence post-settlement mortality [29]. Among abiotic factors, hydrodynamic activity is of crucial importance, for both larval settlement and growth, because it influences larval dispersal and spat distribution [30], as well as the plankton community composition [31] that could be fundamental for successful bivalve larvae metamorphosis and post-settlement survival [13].



Marine aquaculture practices are strongly affected by biofouling, which leads to a wide range of significant impacts on production, involving both the cultured species and the related infrastructures [32,33]. Shell mechanical function of cultured bivalve species could be compromised by fouling colonization, with consequent decreased feeding ability or increased susceptibility to predation. Biofouling could affect shellfish growth and condition, leading to biological competition for food and space and/or reducing the water flow and, consequently, the oxygen level and food availability [32,33]. Furthermore, marine fouling communities of artificial structures are known to represent invasion hotspots for non-indigenous species. The introduction of non-indigenous species could threaten the native communities’ stability, through competition for resources, predation, release of toxins, disease transmission and ecosystem engineering [34,35,36]. The monitoring of the biofouling communities on artificial substrates allows us to detect their dynamics, in relation to time and depth, and represents a valuable method to avoid the peak settlement of non-target species in mariculture infrastructures. Furthermore, early detection of non-indigenous species allows for the implementation of management strategies aimed at reducing non-indigenous species’ establishment and spreading [37]. In the Adriatic Sea, recent studies of biofouling communities were focused on natural [38] and artificial substrates [39,40,41,42], also in relation to aquaculture infrastructures [43,44,45]. Along Italian coasts, between 1945 and 2009, the highest number of non-indigenous species were registered in the North Adriatic, with Mollusca as the taxon, having a major number of species [46]. However, the knowledge on bivalve recruitment in the North-Western Adriatic is very limited, even though the bivalve stocks have been heavily exploited for a long time [47].



As previously mentioned, the successful collection of natural seeds depends on many factors. The use of suitable collectors, favourable sites and depths for their immersion and the right recovery time are among the fundamental features to be defined in non-hatchery dependent shellfish culture. In addition, the use of bivalve collectors allows us to fill the gap in data on the presence and abundance of invasive species, and to monitor the presence of invasive species that could alter the structure of local biofouling communities and compromise shellfish farming, by competing for space and resources with reared species. In this study, we analysed the composition and spatial and temporal variation of the bivalve community, present on artificial collectors, located within commercial mussel parks on the north-western coast of the Adriatic Sea. The general hypothesis of this study is that in the North-Western Adriatic Sea, it is possible to collect enough natural spat of commercially relevant bivalve species that could be used to enhance and diversify shellfish rearing. The main purposes of this study were as follows: (a) define the bivalve spat distribution in relation to depth, site and season; (b) inspect the possibility of introducing new local bivalves to be cultured, and (c) highlight the presence of invasive species.




2. Materials and Methods


2.1. Study Area


The artificial collectors used for settlement analyses were deployed in two sites, Pellestrina (P) and Caleri (C), within commercial mussel parks, both located approximately 2 NM off the western coast of the North Adriatic (Figure 1). The geographical coordinates of the mussel farms were 45°15′39″ N, 12°20′13″ E for Pellestrina and 45°05′42″ N, 12°24′12″ E for Caleri. The Northern Adriatic Sea is characterized by shallow waters with maximum depths of 100 m and a mean depth of about 35 m [48]. Its seabed is homogeneous, mostly made of mobile, silty-sandy sediments [49]. The only hard substrates are represented by scattered biogenic outcrops distributed at depths between about 9 and 40 m, at 3 to 13 nautical miles from the North-Western Adriatic coast [50]. The major freshwater input derives from Po river [51] which influences both circulation regime and trophic status of the North-Western Adriatic Sea [52,53]. Pellestrina site is located in front of the Lagoon of Venice and is influenced by outflowing lagoon waters, characterised by higher surface salinity and lower nutrient concentrations than in Caleri site. Indeed, Caleri, located further south, is influenced by large rivers’ discharge (Brenta, Adige and Po) and presents generally lower salinity and high concentration of nutrients and chlorophyll [54,55].




2.2. Spat Collection


The artificial collectors consisted of 28 cm × 53 cm net bags, with a 4 mm mesh opening (Figure 2a). Net bags were filled internally with 5 m long tubular net having 5 cm mesh opening, which is commonly used for mussel rests. This net, called “filler”, is folded and rolled up on itself, in order to give volume to the collector. Each set of collectors consisted of a rope on which 10 net bags were placed at a distance of 1 m from each other. The upper end of each rope was tied to a longline located at 4 m depth so that the collectors remained submerged from 5 to 14 m depth. A weight of about 12 kg was hung at the lower end of the rope to keep it stretched towards the seabed. Each set of collectors were 1 m distance from each other. At Pellestrina five sets of collectors were submerged in spring–summer and in summer–autumn. At Caleri the collectors’ deployment was granted only in summer–autumn period; due to the accidental loss of a rope, four sets of collectors were recovered. Details are provided in Table 1. During the deployment the collectors were not managed and fouling was not removed until recovery (Figure 2b,c).




2.3. Spat Identification


After recovery, collectors were closed in plastic bags, transported to the laboratory and frozen. Before analysis, each collector was thawed and washed with running water, in order to collect all the material contained in the net bag and on the internal filler. The collected material was sieved with a 2 mm mesh net and stored in 70% alcohol, in polyethylene containers. In the case of particularly abundant samples, half of the total material was analysed. Collected samples were examined under the stereomicroscope (Leica S8 AP0) at a maximum magnification of 80×. Several texts were used for the taxonomic identification [56,57,58,59,60,61,62,63]. The filled and closed bags had a total area useful for settlement of approximately 0.092 m2 (28 cm × 33 cm). The spat abundance was expressed as settlement rate, i.e., number of individuals m−2 day−1.




2.4. Statistical Analyses


To properly compare the samples regardless of the duration of collectors’ immersion, statistical analyses were performed on the number of individuals per square metre per day. NMDS and PERMANOVA multivariate tests were performed using the software package PRIMER 6 PERMANOVA Plus (PRIMER-e Ltd., Plymouth, UK). Differences in species composition among depths, based on square-root transformed abundance data, were assessed for each sampling survey (PI, PII, C) using multivariate analyses based on a Bray–Curtis similarity, combined with visualization by NMDS plots. To compare the two sites in the same seasonal period (summer–autumn), a PERMANOVA (Permutational Multivariate Analysis of Variance) [64] was applied. A three-factor experimental design was used with ‘site’ and ‘depth’ as fixed factors, ‘rope’ as a random factor.





3. Results


In this study 28 bivalve taxa were identified on the 140 collectors analysed and the total number of taxa was similar between sites (21 in Pellestrina I and II, 22 taxa in Caleri) (Table 2). On average, lower settlement was observed in the spring–summer period (Pellestrina I, 58.2 ind m−2 day−1) compared to the summer–autumn period (Pellestrina II and Caleri, 76.8 and 65.1 ind m−2 day−1, respectively). Taxa that settled exclusively in the spring–summer period were P. jacobeus, Pectinidae n.i. and Tellinidae n.i., while Modiolus adriaticus, Mytilaster n.i., Barbatia barbata, Arca noe, Limidae n.i., Pinna nobilis and Varicorbula gibba, were found only in the summer–autumn samples. Tellinidae n.i. were found only in the Pellestrina site in spring–summer samples (Table 2). In all samples, the abundance increased with depth, in particular at PI (Figure 3A–C). Conversely, richness, that is the number of taxa, tended to decrease with increasing depth (Figure 4). In each sample, seven more abundant taxa contributed to about 95% of the total bivalve community abundance (Figure 5). F. glaber and Musculus subpictus have always been among the most abundant species (Table 2, Figure 5 and Figure 6).



In Pellestrina I, a clear increase in settlement with depth was observed, in particular, starting from 10 m downwards (Figure 3A). Depth influenced the settlement in Caleri also, where a higher abundance of bivalve spat was found between 8 and 13 m depths (Figure 3C). Conversely, in Pellestrina II, the settlement rate was high and quite constant between depths (Figure 3B).



In Pellestrina I, Pectinidae (47.9%) and Mytilidae (40.6%) were the dominant families, with a slightly greater presence of Pectinidae (Table 2, Figure 3A). Instead, in Pellestrina II and in Caleri, one family was notably dominant, Arcidae (52.4%) and Pectinidae (52.4%), respectively (Table 2, Figure 3B,C). In terms of abundance, the main settlement rate of Mytilidae was found in Pellestrina I (23.6 ind. m−2 day−1), while for Pectinidae and Arcidae, the settlement was more abundant in Caleri (34.1 ind. m−2 day−1) and Pellestrina II (34.1 ind. m−2 day−1).



For each sampling survey, the separation between superficial and deeper samples is evident in MDS plots, due to both lower total settlement in surface layers and different variations in single taxa abundances with depth (Figure 3D–F). The PERMAVOVA, performed on summer–autumn settlement data, from Pellestrina and Caleri, showed significant effects for both ‘site’ and ‘depth’ factors (Table 3). The same p-value (0.001) was found for these fixed factors, but the pseudo-F value was much higher for ‘site’ (37.18) than for ‘depth’ (4.51), meaning that recruitment differed more between sites than among depths. The interaction between ‘site’ and ‘depth’ was also significant, underlining that at the same depths, different taxa with different abundances were present in the two sites. For example, at 9 m depth at PII, the abundances of F. glaber and A. transversa were 25 and 42 ind. m−2 day−1, respectively, while at the same depth at the C site, the abundances of the same species were 36 and 14 ind. m−2 day−1. Another species, B. barbata, was found only at 5 m, with very small abundance (0.32 ind. m−2 day−1) at PII, while it was the seventh most abundant species (up to 2.79 ind. m−2 day−1), distributing at all depths at the C site.



3.1. Mytilidae


In Pellestrina I, the Mytilidae family was very abundant, clearly more abundant than in the Pellestrina II and Caleri samples. In spring–summer samples (PI), M. galloprovincialis (17.9 ind. m−2 day−1) and M. subpictus (4.4 ind. m−2 day−1) were the most abundant species, even though in exiguous quantity, other species found in PI were Modiolus barbatus, Musculus costulatus and A. senhousia (Table 2). A higher abundance of M. galloprovincialis was observed at 5 and between 11 and 13 m depths, with a mean abundance of 25.69 ± 2.52 ind. m−2 day−1, while M. subpictus settled mainly on deeper collectors, starting from 10 m up, to a maximum abundance of 8.35 ind. m−2 day−1 at 14 m (Figure 6).



In the summer–autumn samples (PII and C), two other taxa were identified, i.e., M. adriaticus and Mytilaster ni (Table 2). The settlement rates of the single taxa were consistent with those observed in PI, with the exception of M. galloprovincialis, which showed very low settlement in summer–autumn (Table 2). In Pellestrina II, the most abundant species were M. subpictus (2.88 ind. m−2 day−1) and A. senhousia (2.20 ind. m−2 day−1), while in Caleri, the highest settlement rate was observed for M. subpictus (3.39 ind. m−2 day−1), followed by M. barbatus (0.35 ind. m−2 day−1) and A. senhousia (0.35 ind. m−2 day−1), with a quite significantly lower settlement rate (Table 2, Figure 6). Interestingly, the settlement observed in the two sites appeared more influenced by the depth; in PII, the settlement of the most abundant species was shown to decrease with increasing depth, while in Caleri, it appeared not to be affected by depth (Figure 6).




3.2. Pectinidae


In spring–summer (Pellestrina I), F. glaber was the most abundant species (11.1 ind. m−2 day−1), with a slightly higher settlement rate compared to M. varia and A. opercularis (8.1 ind. m−2 day−1 for both species). Although very low in quantity, P. jacobeus spat was found only in Pellestrina spring–summer samples (Table 2). Pectinidae species, mainly F. glaber and M. varia, showed an increased settlement rate with depth, starting from 10 m, specifically (Figure 6).



In summer–autumn samples, F. glaber was a dominant and very abundant species, with a higher settlement rate observed at Caleri (32.2 ind. m−2 day−1), compared to both Pellestrina II (16.5 ind. m−2 day−1) and Pellestrina I (11.1 ind. m−2 day−1) (Table 2). The settlement rate appeared to increase with depth, starting from 8 m at both sites. In particular, higher settlement was observed at 9–10 m depth at Pellestrina II and at 10–11 m depth at Caleri (Figure 6).




3.3. Arcidae


This family was almost totally represented by the invasive species A. transversa, which was found in all samples analysed. However, the settlement rate observed in spring–summer (0.02 ind. m−2 day−1) was negligible but very high in summer–autumn. A. transversa was the dominant species in Pellestrina II (40.2 ind. m−2 day−1) and showed the maximum settlement rate observed during this study for a single species (Table 2). In Pellestrina II, a slight increase in settlement with depth was observed, starting from 9 m, while in Caleri the settlement showed similar values among depths, with a peak at 10 m (Figure 6). In addition to A. transversa, a second non-indigenous species detected in this study was A. senhousia. This species was present in all samples, with higher abundance in summer–autumn and maximum settlement in Pellestrina II (Table 2). Indeed, in Pellestrina II, A. senhousia was the fifth most abundant species (Figure 5).





4. Discussion


In the present study, from May to December, 28 bivalve taxa were found on net bag collectors deployed along the north-western coasts of the Adriatic Sea. Most of the species are reported in checklists of sessile bivalves of the North Adriatic [65] and are components of benthic biocenoses, on rocky substrates of biogenic concretions (tegnùe), which are not far from the study area [50,66,67,68]. A low number of individuals belonging to mobile substrate taxa, such as Cardiidae, Veneridae, Mesodesmatidae and Tellinidae, were found. Indeed, the bivalve community of the North Adriatic Sea, described following a hydraulic dredge survey, showed a higher diversity (54 taxa) [69]. This confirms that net bags are more suitable for sessile bivalve recruitment. Compared to other artificial collectors, such as net panels, “Chinese caps” or tiles, the diversity of the bivalves settled on net bags was higher [14,15,38,39,43,45,70]. The three sampling surveys produced very similar results in total taxa number but differed in total abundance and taxa type, dominance and distribution along depth. Despite the bivalve taxa diversity, in all samples, seven taxa constituted about 95% of total settled individuals.



4.1. Seasonal Settlement Patterns


In spring–summer, the bivalve community was dominated by Mytilidae and Pectinidae, while in summer–autumn, by Arcidae and Pectinidae.



M. galloprovincialis was the most abundant species in spring–summer and its settlement was negligible in summer–autumn. For this species, very limited spawning events are possible, even in July–August; the main spawning occurs in January–February [71,72]. Spring–summer recruitment detected in this study is consistent with the spawning period of M. galloprovincialis and with settlement previously observed in the North Adriatic [43,73]. As for the Mytilidae family, M. subpictus was very abundant in both periods, with higher settlement in spring–summer.



The second most abundant species in spring–summer was F. glaber, followed by M. varia and A. opercularis. Of the Pectinidae family, P. jacobeus was found only in this period, but was among the less abundant species. The recruitment of F. glaber was even higher in summer–autumn; indeed, this species was dominant together with A. transversa. Our settlement data support the evidence that, for F. flaber, there are two spawning events in the Adriatic Sea. A minor one occurs in April and May and the main one between July and September [74]. For this species, the same increased recruitment in summer–autumn, compared with the winter–spring period, was also observed in the Ionian Sea [16]. M. varia and A. opercularis were recruited in both periods considered, but mainly in spring–summer. For the Mediterranean Sea, the recruitment of both species was observed almost all year round, with a peak in spring–summer. A. opercularis recruitment was recorded, also in autumn [16,75] For both species, spawning activity is likely to occur throughout the year, except in winter for M. varia [76,77,78,79], and our settlement data suggested main spawning events in spring and early summer. In the Adriatic Sea, P. jacobeus was observed to have more restricted spawning periods, which occur in May, August and December, with summer as the main spawning season [76]. However, it is to be noted that in the Mediterranean Sea, the settlement was observed in January–March and April–July [16,75]. In our samples, P. jacobeus recruitment was very low in spring–summer and was even absent in autumn, while the winter period was not investigated.



The settlement of the arcid clam, A. transversa, was very high in summer–autumn, whereas the low recruitment observed in spring–summer suggested the presence of scarce spawning events in spring. These findings are in agreement with previous observations by other authors and support the hypothesis that the main spawning occurs in late summer [43,80,81]. Higher spat abundance of Ostreidae was found in summer–autumn, which is consistent with the spawning period of Crassostrea gigas and settlement of Ostrea edulis in the Adriatic Sea [43,82]. Based on our observations on low abundant taxa, species detected in all samples, but prevailed mainly in the spring–summer samples, were Anomia ephippium, Hiatella arctica and Parvicardium exiguum, while M. costulatus and A. senhousia were mainly summer–autumn settlers. Taxa found exclusively in the summer–autumn period were M. adriaticus, Mytilaster n.i., B. barbata, A. noae, Limidae n.i., Pinna nobilis and V. gibba, while Tellinidae settled exclusively in spring–summer. Data in the literature on M. barbatus, P. nobilis and H. arctica reproduction and settlement are consistent with our findings [83,84,85,86].



It is to note that the patterns of seasonal variations in the main hydrological parameters, shown in Figure 7, are consistent with those reported in the literature for the North-Western Adriatic Sea [87,88], and no atypical trend was observed during the study period (data recorded at the CNR Oceanographic Platform “Acqua Alta”).




4.2. Influence of Depth and Site on Settlement Patterns


In all samples, the total settlement rate increased with depth. Our study was focused on the bivalve community; therefore, other taxa, which usually account for most of the biomass in the Adriatic Sea biofouling communities, such as algae, ascidians and crustaceans [44,45], were not examined. The reduced abundance of bivalve recruits at shallower depths may be due to the lower presence of competent larvae in this part of the water column, but also to the higher competition with other fouling species, including phototrophs, which are more abundant at lower depths [89].



In the spring–summer period, this settlement pattern was evident for dominant taxa, such as M. galloprovincialis and Pectinidae (F. glaber, A. opercularis, M. varia), and for most of the less abundant species (M. subpictus, A. ephippium, H. arctica, Ostreidae n.i., P. exiguum, P. jacobeus). M. galloprovincialis settlement was observed to occur mainly at shallower depths [90,91,92]. Our collectors were placed starting from 5 m depth, where high settlement was observed, but we registered an increase in M. galloprovincialis spat also at 10–13 m depth. The increased settlement of Pectinidae at higher depths was expected, since high recruitment of scallops is usually ensured by deploying the collectors near the bottom, at a depth ranging from approximately 10 to 30 m [12,16,78,93,94].



Contrarily to what was observed in spring–summer, in summer–autumn samples, the increase in settlement with depth was detected for two dominant species, A. transversa and F. glaber, while the other less abundant species mainly exhibited the opposite trend. Increased settlement at low depth was particularly noticeable at Caleri, compared to Pellestrina. In this regard, it cannot be excluded that different environmental conditions, mainly concerning stratification of the water column and salinity vertical profile, can influence the settlement at the studied sites (Figure 7). Of the two sites, Caleri was found to be more suitable for scallop spat collection. Indeed, despite the high presence of invasive A. transversa at both sites, in the summer–autumn period, F. glaber was the most abundant species at Caleri and M. varia recruitment was higher than at Pellestrina. In addition, when comparing the settlement rates of the species found in the two sets of summer–autumn samples, H. arctica and B. barbata were more abundant at Caleri, A. senhousia and M. barbatus at Pellestrina. Information on the status of natural bivalve stocks in the North-Western Adriatic Sea is scarce and outdated. For this reason, no specific relationship between settlement data in the study areas and broodstock abundance in the proximity can be inferred. In a previous study, performed in 1995, to assess Pectinidae abundance in an area of about 10 km2, located 40 km south-west of Venice (45°13.5′ N 12°47.1′ E), A. opercularis was found to be particularly abundant, with an estimated population density of 2.8 individuals m−2, while P. jacobeus was less abundant (0.05–0.08 individuals m−2), and very low amounts of M. varia and F. glaber were found [95]. Conversely, a dominance (96.52%) of F. glaber was observed in the adult pectinid stocks at the Gulf of Manfredonia (South-Western Adriatic Sea) [96]. The relevant abundance of F. glaber spat detected in the present study suggests the need for future research addressed to the evaluation of adult Pectinidae abundance in the study areas.




4.3. Occurence of Alien Species


Two alien species, A. transversa and A. senhousia, were found in this study. A. transversa is a Lessepsian Indo-Pacific species, reported for the first time in the Mediterranean, on the Turkish coasts, in the port of Izmir [97], and subsequently found in the North Aegean Sea [98]. In Italy, it was reported for the first time in 2001, at Cesenatico [99], and then in the area of Ancona [100]. The presence of this species in the North Adriatic, and more precisely in the Lagoon of Venice, dates back to 2002 [101], but the significant increase in abundance, confirmed also by our study, indicates the acclimatization of A. transversa and spread in the marine environment [43,102,103]. The abundance of this species on the collectors in summer–autumn may represent a serious problem for a fruitful collection of the Pectinidae spat, F. glaber in particular, in the same period of the year.



A. senhousia is an allochthonous species, of Asian origin, which caused profound changes in the benthic community of Sacca di Goro, a transitional environment in the river Po delta [104]. As in the case of A. transversa, its abundance was greater at Pellestrina than at Caleri. These differences can be related to both variability between sites and competition with other species. Since the abundance of A. senhousia detected offshore in this study was lower than in the Sacca di Goro, a milder impact on the other settled species is hopefully expected at sea collection sites.




4.4. Scallop Spat Abundance


In accordance with our observations, the optimal depth range for the scallop spat collection resulted between 8 and 14 m. Unfortunately, in both seasons evaluated, the presence of competing species emerged. It is likely that M. galloprovincialis, in spring–summer, and A. transversa, in summer–autumn, have reduced the settlement of scallops. Despite the presence of competitors, net bags deployed in May allowed the collection of considerable quantities of scallop spat, belonging to three species (F. glaber: 989 ± 641 sd ind. m−2; M. varia: 766 ± 298 sd ind. m−2 and A. opercularis: 696 ± 246 sd ind. m−2), while collectors deployed in July collected the highest quantity of F. glaber (PII: 2640 ± 733 sd ind. m−2, C: 5639 ± 1245 sd ind. m−2) and minor amounts of M. varia spat (PII: 70 ± 26 sd ind. m−2, C: 325 ± 113 sd ind. m−2).



In the Ionian Sea, spat of F. glaber (average density ranging from 19.3 to 306.1 ind. m−2) were found on net bags immersed for 7 months, near the bottom, together with M. varia (3.3–35.6 ind. m−2) and a negligible amount of A. opercularis spat [12]. Even if the dominance of the species is consistent with our findings, the spat abundance of F. glaber and M. varia was clearly higher in the Adriatic Sea. However, in the Western Mediterranean, A. opercularis and M. varia showed slightly higher recruitment values that were 0.25–99 ind. bag−1 and 0–101 ind. bag−1, respectively, corresponding to about 1–412 ind. m−2 and 0–421 ind. m−2 [75].





5. Conclusions


Our results highlight the relevant potential of Pectinidae spat, F. glaber in particular, collection along the North-Western Adriatic coasts, in the perspective of introducing new cultivations of commercial bivalve species. Optimal seasonal and depth ranges have been defined. In this regard, the present work represents an essential premise to analyse potential effects of global change in future research assessing bivalve recruitment in the study area. As recently highlighted [105], global change is among the main threats to aquaculture. Although the presence of invasive species needs to be monitored, scallop spat abundance in the study area was similar to, or higher than, other coastal areas of the Mediterranean. It is important to consider that our collectors were deployed inside commercial mussel farms; therefore, mussel spat abundance and competition is likely to be reduced if areas specifically devoted to the collection of scallop spat can be set up.
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Figure 1. Sites of net bag collectors deployment in North-Western Adriatic Sea: Pellestrina (P) and Caleri (C). 
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Figure 2. Net bag collectors before (a) and after (b,c) deployment in Pellestrina (PII) commercial mussel park. 
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Figure 3. Settlement rate of the main bivalve families at different depths (A–C) and 2D-MDS plots of bivalve species composition similarities among depths (D–F) over the three sampling surveys. 
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Figure 4. Richness found in Pellestrina I, Pellestrina II and Caleri samples at different depths. 
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Figure 5. Percentage contribution to total abundance of the first seven more abundant species in each sample: Pellestrina I (PI), Pellestrina II (PII) and Caleri (C). 
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Figure 6. Settlement rates of each taxon at the various depths over the three sampling surveys: Pellestrina I (PI), Pellestrina II (PII) and Caleri (C). From left to right, taxa with decreasing total abundance are shown. Note the different scales on the y-axes. 






Figure 6. Settlement rates of each taxon at the various depths over the three sampling surveys: Pellestrina I (PI), Pellestrina II (PII) and Caleri (C). From left to right, taxa with decreasing total abundance are shown. Note the different scales on the y-axes.



[image: Jmse 10 00210 g006]







[image: Jmse 10 00210 g007 550] 





Figure 7. Mean monthly values of temperature and salinity at Pellestrina and Caleri. Data from E.U. Copernicus Marine Service Information (CMEMS) https://marine.copernicus.eu/ accessed on 2 December 2021. 
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Table 1. Sampling design: duration of collectors’ immersion periods, and number of collectors used at each site.
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	Immersion
	Recovery
	Total Days
	Total Collectors





	Pellestrina I
	07/May/2009
	16/July/2009
	70
	50



	Pellestrina II
	27/July/2009
	11/December/2009
	137
	50



	Caleri
	27/July/2009
	11/December/2009
	137
	40










[image: Table] 





Table 2. List of total bivalve recruits and their relative abundance (m−2 day−1), collected by net bags deployed in spring–summer in Pellestrina (PI) and in summer–autumn in Pellestrina (PII) and Caleri (C). n.i. not identified species. For each taxon the most abundant recruitment is in bold.
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Average Abundance m−2 Day−1




	
Family

	
Spieces/Genus

	
P-I

	
P-II

	
C






	
Mytilidae

	

	

	

	




	

	
Mytilus galloprovincialis Lamarck, 1819

	
17.862

	
0.180

	
0.197




	
Musculus subpictus (Cantraine, 1835)

	
4.421

	
2.883

	
3.388




	
Modiolus barbatus Linnaeus, 1758

	
1.264

	
1.426

	
0.354




	
Musculus costulatus (Risso, 1826)

	
0.080

	
0.493

	
0.208




	
Arcuatula senhousia (Benson, 1842)

	
0.003

	
2.197

	
0.352




	
Modiolus adriaticus Lamarck, 1819

	
-

	
0.622

	
0.288




	
Mytilaster n.i.

	
-

	
0.084

	
0.003




	
Pectinidae

	

	

	

	




	

	
Flexopecten glaber (Linnaeus, 1758)

	
11.111

	
16.503

	
32.196




	
Mimachlamys varia (Linnaeus, 1758)

	
8.112

	
0.577

	
1.929




	
Aequipecten opercularis (Linnaeus, 1758)

	
8.124

	
-

	
0.005




	
Pecten jacobaeus (Linnaeus, 1758)

	
0.167

	
-

	
-




	
Pectinidae n.i.

	
0.386

	
-

	
-




	
Arcidae

	

	

	

	




	

	
Anadara transversa (Say, 1822)

	
0.025

	
40.179

	
18.943




	
Barbatia barbata (Linnaeus, 1758)

	
-

	
0.032

	
1.372




	
Arca noae Linnaeus, 1758

	
-

	
0.009

	
-




	
Arcidae n.i.

	
0.006

	
7.724

	
-




	
Anomiidae

	

	

	

	




	

	
Anomia ephippium Linnaeus, 1758

	
2.683

	
0.543

	
0.874




	
Pododesmus pattelliformis (Linnaeus, 1761)

	
0.037

	
0.088

	
0.042




	
Hiatellidae

	

	

	

	




	

	
Hiatella arctica (Linnaeus, 1767)

	
2.581

	
0.605

	
1.735




	
Limidae

	

	

	

	




	

	
Limidae n.i.

	
-

	
0.719

	
0.238




	
Cardiidae

	

	

	

	




	

	
Parvicardium exiguum (Gmelin, 1791)

	
0.226

	
0.087

	
0.064




	
Ostreidae

	

	

	

	




	

	
Ostreidae n.i.

	
1.042

	
1.768

	
2.836




	
Veneridae

	

	

	

	




	

	
Tapes sp.

	
0.009

	
-

	
0.002




	
Veneridae n.i.

	
0.012

	
-

	
0.003




	
Mesodesmatidae

	

	

	

	




	

	
Atactodea spp

	
0.056

	
0.005

	
-




	
Tellinidae

	

	

	

	




	

	
Tellinidae n.i.

	
0.037

	
-

	
-




	
Pinnidae

	

	

	

	




	

	
Pinna nobilis Linnaeus, 1758

	
-

	
0.118

	
0.045




	
Corbulidae

	

	

	

	




	

	
Varicorbula gibba (Olivi, 1792)

	
-

	
-

	
0.002
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Table 3. PERMANOVA test on Bray–Curtis similarities of square root-transformed data according to site (2 levels, fixed: Pellestrina and Caleri), depth (10 levels from 5 to 14 m, fixed) and rope (random).






Table 3. PERMANOVA test on Bray–Curtis similarities of square root-transformed data according to site (2 levels, fixed: Pellestrina and Caleri), depth (10 levels from 5 to 14 m, fixed) and rope (random).












	
	gl
	Pseudo-F
	P
	Perms





	site
	1
	37.18
	0.001
	999



	depth
	9
	4.51
	0.001
	999



	rope
	40
	1.07
	0.329
	997



	sitexdepth
	9
	2.5
	0.001
	994
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