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For mitigation of the effects of pollution, the media, policy makers and, in turn, the scientific community and industry each provide contributions through development of a sense of urgency, and with guidelines and solutions. For non-indigenous species (NIS) that can frequently have negative impacts on the native biota, this is often conveyed in an emotive way to the general public, who are typically keen to help and to get personally involved. This might be through organization of cleaning campaigns, influence on the media, or collaboration with scientists, to inform them of the local presence and abundance of NIS. Alternatively, they might proactively develop technological solutions themselves. To assess the current state of affairs, we reviewed the presence and effects of NIS in the Mediterranean Sea. As so often, any well-planned and successful activity is directly linked to financing, or a lack thereof, and this leads to sometimes untargeted and sporadic measures that are developed within a project or over a limited timeframe, without any sustainability measures. Therefore, we also assessed the activities and strategies that have been financed in this area of NIS mitigation. Based on this review of the presence and impact of NIS, and previous and ongoing activities, we propose a new paradigm to mitigate such pollution: the 8Rs model (i.e., Recognize, Reduce, Replace, Reuse, Recycle, Recover/Restore, Remove, and Regulate). This model extends from the more traditional 3Rs model (i.e., Reduce, Reuse, and Recycle) that is often used and promoted for innovative waste management strategies. Importantly, the 8Rs model can be applied sequentially, for either prevention of NIS introduction, or preparation of mitigation measures. The 8Rs model was constructed based on Mediterranean NIS, although we believe it can be applied to other sources of pollution and other geographic areas. Importantly, the 8Rs model represents a general framework to organize and categorize future pollution mitigation strategies. This approach is essential for development of any action plan to influence the administrative and financial decision makers who essentially enable these activities, and therefore who have important roles in the guarantee of sustainability of these actions, and the creation of innovative societies.
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INTRODUCTION

Non-indigenous species (NIS, also known as non-native, alien, or exotic organisms) are species that have been introduced outside of their natural previous or present range by human activities. These might survive and subsequently reproduce in the new environment (CBD, 1993). If these species become established, and their spread threatens the local biodiversity, or causes economic damage, they are known as invasive species (Molnar et al., 2008). The pioneer studies on NIS date back to the 1970s (see the review in Ojaveer et al., 2018), and they become quite numerous in the 1990s (e.g., Carlton and Geller, 1993; Nolan, 1994; Gollasch and Leppäkoski, 1999). Since then, the global research in this field has grown very rapidly (Giakoumi et al., 2019).


Primary Pathways of Non-indigenous Species Introduction

Globally, the introduction of marine NIS can happen deliberately or accidentally. The primary introduction pathways are presented here according to the classification scheme proposed by the Convention on Biological Diversity (CBD, 2014; see also Tsiamis et al., 2018; Zenetos et al., 2018). Accidental introduction of NIS is typically mediated by ships, either through ballast water tanks or by hull biofouling (i.e., Transport – Stowaway). Other examples of the introduction of NIS in aquatic ecosystems include mariculture [i.e., Transport – Contaminant: contaminant on animals (except parasites, species transported by host/vector)], or escape or release due to aquarist activities (i.e., Escape from confinement), or also, for the Mediterranean Sea via the Suez Canal, as dispersal of Lessepsian migrants (i.e., Corridor: Interconnected waterways/basins/seas).



Non-indigenous Species in the Mediterranean Sea

The Mediterranean Sea is nowadays considered among the most impacted upon of the regional seas, due to the diverse anthropogenic pressures on the different ecosystems within the Mediterranean basin (Mannino et al., 2017). Among these, the most relevant are habitat loss and modification, climate change trends, eutrophication and pollution, coastal urbanization, overexploitation of natural resources, and intentional or unintentional introduction of NIS (Lejeusne et al., 2010; Zenetos et al., 2012; Katsanevakis et al., 2013; Marchini et al., 2015; Azzurro et al., 2019).

Over the last two decades, changes in the Mediterranean marine biodiversity related to introduction of NIS have been reported as the consequences of a number of specific actions: intense maritime traffic (Petrocelli et al., 2019; Sardain et al., 2019); opening of artificial channels (Galil, 2006; Galil et al., 2017); and aquaculture activities (Savini et al., 2010). In the last decade, the species richness of marine organisms in the Mediterranean Sea has been reported to have reached ∼17,000 taxa, among which some 820 can be considered NIS (Katsanevakis et al., 2013; Galil et al., 2016; Zenetos et al., 2017). These have included marine species across all taxa, from phytoplankton to fish. These numbers of NIS in the Mediterranean basin are continually evolving, as checklists of NIS are subjected to frequent changes due to morphological similarities and the consequent erroneous identification of taxa or insufficient historical records, and to data from new molecular high-throughput analyses and new phylogenetic studies. However, only around 12% of all of NIS in the Mediterranean are today considered as invasive, or potentially invasive (for review, see Bonanno and Orlando-Bonaca, 2019). Very few invasive aquatic species (IAS) have been recorded for offshore areas, which is probably because the majority of the pathways for their introduction (i.e., maritime traffic, aquaculture, Suez Canal) are related to shallow coastal waters. At the same time, this might also be because most of the sampling efforts have been focused on the coastal areas (Katsanevakis et al., 2016).



Impact of Non-indigenous Species

Human-mediated introduction of marine species to a region outside their natural range of distribution is widely considered to be the major threat to indigenous species diversity and community structures. This can cause habitat modifications, changes in ecosystem functioning, introduction of new diseases and parasites, and genetic modifications, such as hybridization with the native taxa (Cook et al., 2016). NIS, and especially marine IAS, have an overall impact on the provisioning, regulating, cultural, and supporting ecosystem services (Kettunen et al., 2008). Some studies have argued that the overall impact of invasive species is first related to the degree of biological diversity of the recipient habitats, which assumes that the higher the biodiversity, the lower the level of vulnerability of a habitat to NIS invasion (Occhipinti-Ambrogi and Savini, 2003; Bulleri et al., 2008). However, the overall ecological impact of NIS on the Mediterranean Sea remains relatively difficult to quantify, and is mainly qualitative; nevertheless, there have been some good attempts at quantification (Katsanevakis et al., 2014, 2016; Ojaveer et al., 2014, 2015; Gallardo et al., 2016). In particular, the analyses of Katsanevakis et al. (2014) have led to the conclusion that the majority of the recognized invasive species in the European seas (72%) have both positive and negative impacts on the native biota. Few have only positive effects (8%), while more (∼20%) have only negative effects on the host environment.


Environmental Impact and Impact on Human Health

Gallardo et al. (2016) stated that settlement of IAS can lead to ecological impacts that propagate along the food web. Their analysis suggested strong negative influences of IAS on the abundance of aquatic communities, and especially on native macrophytes, zooplankton, and fish, although not on the species diversity in the invaded habitat. Although some NIS impacts on native marine biota were well documented and summarized by Gallardo et al. (2016), there remains a large lack of knowledge in some scientific fields. These gaps are primarily related to biological traits (e.g., competition and space requirements) and biotic resistance (e.g., to pathogens, parasites, and native predators of NIS). This knowledge gaps need to be filled to incorporate such kind of data into a robust bioinvasion model (Ulman et al., 2019).

Some studies have shown strong relationships between the settlement of NIS and the extinction of native species (for reviews, see Bellard et al., 2016; Pyšek et al., 2017). However, as indicated above, a wide range of anthropogenic pressures is influencing worldwide ecosystems, with deleterious consequences on both species and habitats. These continuous changes need to be considered in any assessment of the roles of NIS in undergoing extinctions, as in many cases, a decline in the native species and an increase in abundance of NIS might be coincidental, as this might derive from simultaneous adaptations of native species and NIS to various human-induced disturbances, as was discussed by Pyšek et al. (2017).

Invasive macroalgae have the highest impact among all of the taxonomic groups, with Caulerpa cylindracea Sonder, Womersleyella setacea (Hollenberg) R.E. Norris, and Lophocladia lallemandii (Montagne) F. Schmitz indicated as the most invasive in the Mediterranean Sea (Katsanevakis et al., 2016). The green alga C. cylindracea is considered highly invasive also in the Adriatic Sea (for review, see Orlando-Bonaca et al., 2019), and specifically along the eastern Croatian coast. This seaweed was reported to have smothered live colonies of Mediterranean stony coral [Cladocora caespitosa (L., 1767)] in the Mljet National Park, which caused complete retraction of the corals, thus leaving the calyx rims deprived of tissue cover (Kružić et al., 2008). The C. cylindracea colonization of predominantly port areas and urbanized bays along the western Istrian coast led Iveša et al. (2015) to assume that human-induced activities might enhance the diffusion of this IAS. Ulman et al. (2019) concluded that as high levels of pollution are known to cause reduced biodiversity, the settlement of opportunistic NIS is favored in such impacted sites.

As for C. cylindracea, the red algae W. setacea and L. lallemandii have also been reported to reproduce predominantly vegetatively (Rindi et al., 1999; Lučić et al., 2017), to form extensive turfs in the southern Adriatic Sea (Battelli and Rindi, 2008) and along other parts of the Mediterranean coast (Deudero et al., 2010; Bitar et al., 2017), thus competing with the native algal species for the natural resources (Verlaque et al., 2015). Battelli and Rindi (2008) outlined that the rapid spread by vegetative fragmentation is a typical trait of many of the invasive macroalgae that have been introduced into the Mediterranean Sea.

Among the animal NIS, it appears that the invasive American comb jellyfish, Mnemiopsis leidyi A. Agassiz, 1865, is one of the invertebrates that is still spreading, and has not yet reached its maximum possible extension (Malej et al., 2017). M. leidyi was first detected in the Black Sea in the 1980s (Vinogradov et al., 1989), from where it has spread to diverse marine and transitional Mediterranean areas (Shiganova et al., 2004; Boero et al., 2009; Galil et al., 2009). From 2016, M. leidyi has been observed in several northern Adriatic areas, where it was also reported to successfully reproduce, which confirms its status as a successful invader (Malej et al., 2017).

When the Pacific oyster Magallana gigas (Thunberg, 1793) was intentionally introduced into northwestern Europe in the late 1960s, it was considered an ideal replacement for many of the stressed native oyster farms due to its rapid growth rates and resilience to disease (Kerckhof et al., 2007). As a culture species, this NIS was then translocated to over 60 countries outside its native range, and in the end it now accounts for >80% of the global oyster cultures (Kong et al., 2015). M. gigas has spread widely from the culture sites, thus also proving to be a successful invader (Troost, 2010), with competition with the native oyster species for food resources and space (Dankers et al., 2006). Among molluscs, for the Mediterranean Sea to date, only the increased abundance of the Red Sea mussel Brachidontes pharaonis (Fischer, 1870) has been reported to have led to local displacement (although without extinction) of the native mussel Mytilaster minimus (Poli, 1795) (Rilov et al., 2004).

According to Galil (2011) and Manfrin et al. (2018), among the diverse crustacean NIS so far detected in the Mediterranean Sea, around 70 decapods are known (i.e., crabs, crayfish, and prawns), which are believed to be both aggressive and adaptable to various environments. Among these, the Atlantic blue crab, Callinectes sapidus Rathbun, 1896, that is a native from the eastern coast of America, has high fecundity, strong swimming capacity, and pronounced aggressiveness (Garcia et al., 2018). C. sapidus has now been reported as already established in the Mediterranean Sea (Galil et al., 2002; Lipej et al., 2017), and it continues to spread up to the northern Adriatic (Dulčić et al., 2010). As C. sapidus also attacks fish and other crustaceans that are trapped in fishing gear, which can cause material damage, it is included in the list of the 100 worst invasive alien marine species of the Mediterranean Sea (Streftaris and Zenetos, 2006).

Non-indigenous species have also been reported for the phytoplankton and benthic microalgal communities across the Mediterranean Sea, although they appear to be far less numerous compared to macroalgae. Native phytoplankton species can sometimes be deleterious for the environment, such as for their high biomass blooms and all the consequences of these, or due to their toxic potential against humans and marine fauna (e.g., Lassus et al., 2016). Therefore, introduced microalgal species might be accompanied by the same threats. Many factors contribute to the difficulty of assessing the NIS status of any microalgal species, including difficulties in sampling and identification, and poor knowledge of their particular biological and ecological characteristics, such as patchy distributions and heteromorphic life cycles (Gómez, 2008, 2019; Corriero et al., 2016). In his recent work, Gómez (2019) expressed doubt on the non-indigenous nature of all 52 microalgal species in European seas reported by Tsiamis et al. (2019). This would also exclude 10 NIS found in the Mediterranean Sea. Similar doubts on the origin of several cryptic species have led experts from Mediterranean sub-basins to perform a rigorous survey, which resulted in a much shorter list of microalgal NIS, i.e., two dinoflagellates [Alexandrium catenella (Whedon & Kofoid) Balech, Ostreopsis cf. ovata Y.Fukuyo] and three diatoms [Chaetoceros bacteriastroides Karsten, Pseudo-nitzschia multistriata H.Takano (H.Takano), Skeletonema tropicum Cleve] (Zingone, 2015; Corriero et al., 2016; Mozetič et al., 2019). Apart from the diatoms Skeletonema tropicum and Chaetoceros bacteriastroides, the other three species can be considered as harmful to the environment and to human health (Lassus et al., 2016).



Toward the Establishment of Mitigation Measures

According to González-Moreno et al. (2019), to identify the most harmful NIS on a larger trans-regional scale, standardized tools are needed, as well as highly skilled experts, to whom adequate training and clear guidelines have been given. In parallel, the mapping and quantification of NIS impacts on a Mediterranean scale, combined with better knowledge about the anthropogenic pressures that have led to the majority of the invasions, would significantly help scientists and policy makers in the preparation of prevention or mitigation actions. In terms of legislation, the Marine Strategy Framework Directive (MSFD; 2008/56/EC) (EC, 2008) is the most comprehensive environmental legislation in the European Union that requires the Member States to report on the ecosystem characteristics, pressures and impacts (Borja et al., 2016). NIS are covered within the Descriptor 2 that provides basis to develop indicators for the evaluation of the environmental status. Moreover, there are regional legislative initiatives that provide requirements and standards in terms of NIS monitoring. In the Mediterranean area, the United Nations Environment Programme (UNEP-MAP) Convention for the protection of the Mediterranean Sea against pollution (Barcelona convention) and its Action Plan identify the potential impact of NIS and establish the objective of maintaining the levels of NIS, introduced by human activities at levels that do not adversely alter the ecosystem (UNEP-MAP, 2012). However, a lack of consistency/reliability of the information related to NIS has been reported (Palialexis et al., 2014). Moreover, these legislative provisions describe the need for establishing proactive measures but fail to develop a strategic framework that might offer a starting point for the implementation of mitigation measures. One of the reasons for this could be the communication and collaboration gap between scientists and policy makers where the increasing monitoring requirements are often set against a backdrop of decreasing budgets (Borja et al., 2016). On the other hand, there is a lack of adoption of good practice examples from other regional strategic frameworks, such as HELCOM Monitoring and Assessment Strategy, adopted for the Baltic Sea Region (HELCOM, 2018). Importantly, both regional strategies highlight the need of developing mitigation measures against NIS introduction, without providing concrete measures.



Economic Impact

The oceans, and especially the coastal ecosystems, have been estimated to contribute >75% of the global economic value of the biosphere (Martínez et al., 2007; Katsanevakis et al., 2014). Estimations of the costs of the damage of harmful IAS have ranged from 1.4 to 12% of gross domestic product (Marbuah et al., 2014). This is up to sevenfold more than the proportion of the global gross domestic product that was spent on research and development, at 1.7% in 2017 (UNESCO Institute for Statistics, Supplementary Table S1). The concerns for the need to reduce the impact of NIS species are thus of significant importance to economists. However, due to the lack of understanding between the fields of ecology and economy, experts from these areas rarely work together to understand and mitigate the adverse effects of NIS (Keller et al., 2011).

The present article reviews the current situation of NIS spreading in the Mediterranean Sea and confirms the need for the definition of structured approaches for mitigation of such pollution, especially in the case of those species for which their invasive nature has already been recognized. The aim of the manuscript is to propose and introduce the 8Rs model (Recognize, Reduce, Replace, Reuse, Recycle, Recover/Restore, Remove, and Regulate) for the NIS mitigation, with the explanation of each of the eight Rs, including real-life examples of previously established solutions. The formal 3-step prevention/mitigation strategy is then proposed, where each of the eight Rs are included with a set of recommendations on how to efficiently tackle NIS presence in the Mediterranean. Finally, a case study with two non-indigenous and invasive macroalgae in the Mediterranean Sea, the brown Undaria pinnatifida and the green Caulerpa taxifolia, is presented.



A NEW PARADIGM IN MITIGATION OF NON-INDIGENOUS SPECIES

Marine pollution can be categorized into physical (e.g., light, sound), chemical or biological (macro and microorganisms). The introduction and/or successful colonization of NIS and IAS has been regarded as biological pollution in the past (Elliott, 2003; Olenin et al., 2011). It is, however, important to differentiate between NIS and IAS. The latter can automatically be considered as biological pollutants, as their adverse effects on the environment have been proven. An example is Caulerpa taxifolia, a green alga that was accidentally introduced to the Mediterranean Sea from ornamental aquaria and attributed to the decline in native species richness and abundance (Keller et al., 2011). On the other hand, NIS should not automatically be considered as biological pollutants before their effects on the ecosystem and their invasiveness potential are monitored and confirmed. This necessarily implies a structured approach for determining strategies to first establish the effects of NIS and mitigate them in the second instance. Hence, to develop a new paradigm toward mitigation of NIS, we started by upgrading the 3Rs model (Reduce, Reuse, and Recycle) that was originally defined to help to improve global waste management. We have thus defined an 8Rs model for NIS management, as illustrated in Figure 1. The eight steps proposed are Recognize, Reduce, Replace, Reuse, Recycle, Recover/Restore, Remove, and Regulate, which are now initially defined.
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FIGURE 1. Representation of the 8Rs model for NIS management. This model can be adapted for use for other sources of biological or chemical pollution.



Recognize

Correct identification of NIS is of extreme importance for the scientific and government sectors. Recognition of a NIS is typically through dedicated collaborative projects or long-term monitoring campaigns, which in Europe should follow the requirements of ‘Descriptor 2’ of the Marine Strategy Framework Directive (MSFD; 2008/56/EC) (EC, 2008). However, monitoring campaigns often provide only static information of the absence or presence of a species. Between any two monitoring campaigns, and particularly in cases where there is a lack of financial support, researchers are not able to dedicate time and effort to recognize any dynamic changes in NIS abundance. Therefore, it is of strategic importance to educate citizens, to more professionally prepare them for individual citizen science campaigns. These surveys can then serve as important sources of information (e.g., geolocation, time, and abundance) for the detection of important changes and dynamics in NIS richness and abundance. In the case of macroorganisms, it is relatively simple to organize citizen science campaigns nowadays, providing that there is a constructive strategy and financing for the resources needed (e.g., app development for real-time feedback, motivation workshops for future citizen scientists).



Reduce

The most effective method in NIS reduction is to prevent the entry and spread, and finally the establishment, of any NIS in any specific area. In the marine environment, where the introduction of NIS mainly occurs through ballast water discharges from transport ships, the reduction of NIS might be achieved by focusing on the primary pathways of their introduction; i.e., the appropriate treatment of the ballast waters. For the introduction of NIS by mariculture activities (i.e., species transported by a host or vector), we recommend examination of, e.g., imported molluscs in the search for non-indigenous accompanying algal species.



Reuse

These activities encompass the use of complete organisms for another goal. For example, larger NIS can be removed from the affected areas and used for recreational purposes (e.g., for home use, in spa salons, such as jellyfish or fish in aquaria), in “high-level” culinary products, or as organic fertilizers, as a bio-based approach where side stream/waste (as NIS can be seen as such) is used to produce valuable products, thus also helping the global economy.



Recycle

The compounds and metabolites in NIS can be valorized for use as high value-added products. Indeed, this is the innovative area with the highest potential for exploitation. Marine biotechnology is an emerging field, where synthesis of the metabolites that are produced by marine (micro)organisms can be optimized to maximize their yield. These metabolites can then be used in various applications, such as medicine, pharmacology, nutraceuticals, food, feed, and other industries.



Recover

These are organized activities aimed to recover and/or restore an invaded area to its original state. However, before any efficient recovery activities can be carried out, it is necessary to remove the impacting organisms, or at least to reduce their severity, intensity and/or duration (Smith et al., 2017). Ideally, restore/recovery activities are conducted in regions where the ecosystem has high recovery potential (Smith et al., 2017).



Replace

Replacement strategies can be categorized into (a) species replacement or (b) surface replacement. In the first case, the aim of replacement strategies is to intentionally introduce competing species that will eventually out-number and out-compete the NIS. On the other hand, surface replacement strategies can be considered to decrease the likelihood of accidental NIS introduction by hull biofouling. In fact, when not coated with anti-fouling additives, ships, buoys, floating oil platforms, and other shipping infrastructure represent an excellent substrate for settlement of NIS. Hence, ship bottoms are often coated with anti-fouling systems to prevent the attachment of marine organisms. By adopting the International Convention on the Control of Harmful Antifouling Systems on Ships in 2001 (IMO, 2001) that completely prohibited the use of organotin compounds in anti-fouling systems in 2008, there was a need to find alternatives (e.g., copper-based, tin-free paints, non-stick coatings, periodic cleaning of the hull, electricity, prickly coatings, and natural biocides). Therefore, by using bio-based anti-fouling systems, these surfaces can be replaced by environmentally acceptable and efficient options, thus reducing the surface area to which NIS can attach.



Remove

Removal activities can be organized as citizen science events (in the case of the macroorganisms that are easy to detect and remove), or in the form of innovative research and actions. These would typically be financed as collaborative projects where removal strategies are developed. In the case of microorganisms, e.g., harmful algal blooms of either native or non-indigenous species, several mitigation actions have been proposed, which are likely to be field demonstration ready in the near future or are already in use. These actions include physical (flocculation, sediment resuspension, and cell harvesting and removal), chemical (use of biosurfactants, barley straw, hydrogen peroxide, copper) and biological control (algistatic and algicidal properties of macroalgae, viruses, and bacteria) for mitigating harmful algal blooms (Kidwell, 2015).



Regulate

Essentially, the aim of the establishment of a regulatory framework for NIS in the Mediterranean Sea is to safeguard the environment from any critical increases in the numbers of individual NIS before they can have adverse effects on local ecosystems. Moreover, regulation is often directly linked to stable financing, which at a minimum enables constant monitoring of the environmental status to detect any introductions, and the local abundance and effects of NIS.



THE 8RS MODEL IN CURRENT PRACTICES

We initially collected together the available information on the efforts that have been (or are currently being) undertaken in the Mediterranean Sea to better manage marine NIS. We searched for finalized and ongoing EU projects, as well as scientific papers that have provided mitigation solutions. The CORDIS and keep.eu databases were used for EU-funded research (mainly Framework Programmes 7, Horizon 2020) and Interreg/cross-border projects, and Web of Science for scientific articles, using a range of keywords: non-indigenous, non-native, alien, invasive species, ballast water management, citizen science, and biotechnology. These past and current activities were then arranged into the categories of the newly constructed 8Rs model for NIS management, and are presented in Table 1, as Recognize, Reduce, Reuse, Recycle, Recover/Restore, Replace, Remove, and Regulate. Table 1 provides an overview of the current strategies and enables better identification of strategies and recommendations for future NIS pollution mitigation.


TABLE 1. Innovative solutions under the 8Rs categories that are designed to mitigate the problems of non-indigenous species.
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Recognize

Different approaches that fit under this action were included, which are all crucial for prevention of the spread of NIS. Harmonization and implementation of standard monitoring programs at national, regional, and European levels represent one of these approaches. Some projects have focused on the harmonization of monitoring programs (e.g., HARMONY) and the development of early warning systems at a regional level (e.g., REDMEDINV). However, joint efforts need to be carried out to gain accurate estimations of NIS richness, abundance, and potential additional dispersal. On the other hand, there appears to be a lack of collaboration between public authorities, policy makers, stakeholders, and scientists, which needs to be established at national and cross-border levels to improve environmental policies (e.g., INVALIS and ALIEM). MedPAN associations have prepared guidelines for NIS monitoring in marine protected areas, where they have emphasized the need for site-specific NIS management. Recently, increased efforts have been observed in awareness-raising campaigns, and for citizen science inclusion and education programs (i.e., ocean literacy). Addressing this problem with the general public, and especially with the younger generations, is of tremendous importance. Studies have shown that the inclusion of citizen science in the monitoring of IAS (e.g., using smartphone apps, online platforms) can significantly improve the database and also the knowledge of the overall IAS abundance and spread (Freiwald et al., 2018; César de Sá et al., 2019; Giovos et al., 2019). Ocean literacy initiatives have been shown to be effective and to have positive effects on behavior changes of citizens, who then take direct and sustainable actions toward sustainable solutions for marine environments (Ashley et al., 2019).



Reduce

A lot of research has been carried out into ballast water treatment within EU projects (e.g., FP6, FP7, and H2020), for the development of cost-effective technologies (e.g., using UV, filters, electrical pulses, and electrolysis) that can be used to successfully destroy, remove or reduce the organisms before or during the ballast water discharge, to thus reduce the quantities of NIS that enter the new environment with the discharged water. Since 2017, ships have been required to manage their ballast water according to the D-1 and D-2 standards defined by the Ballast Water Management Convention (IMO, 2004). All ships must conform to the D-1 standard, whereby the ballast water must be discharged at least 200 miles from the coast at a minimum depth of 200 m. New ships must also conform to the D-2 standard, where a specific number of organisms is allowed in the discharged water. Although the implementation of these two standards minimizes the survival and spread of harmful aquatic organisms and pathogens, they can still be discharged, thus still allowing the expansion of IAS.



Replace

In some cases, the removal of IAS by replacement of the species has been reported to be effective. In the late 1980s, the invasive Mnemiopsis leidyi devastated the Black Sea economy, and also its ecology. M. leidyi reached high abundance and greatly affected the fish stock, as it was feeding on fish larvae and competing with adult fish for food resources. Another ctenophore Beroe ovata arrived in the Black Sea ecosystem from North American coasts through ballast waters (Shiganova et al., 2014), which then preyed on and replaced M. leidyi. This action turned out to be effective in the reduction of M. leidyi abundance (Kideys, 2002). Although this action allowed recovery here, similar biocontrol systems should be considered very carefully, as all of the potential impacts of any native species in a new environment can be difficult to predict.

The replacement of standard antifouling agents can be achieved by finding a sustainable and eco-friendly anti-fouling agent that can cover or modify (i.e., replace) exposed surfaces, and thus prevent NIS attachment. Many EU projects have been financed for research in this field. For example, the recently concluded EU FP7 project BYEFOULING was aimed to design, develop, and upscale antifouling coatings through the use of innovative antifouling agents, protein adsorption inhibitors, quorum sensing inhibitors, natural biocides, and microorganisms with antifouling properties.



Reuse

Microalgae, seaweed and jellyfish have been studied and screened for potential product development in terms of the reuse of their biomass as fertilizers or biostimulants, or feed and food (Bleve et al., 2019; Leone et al., 2019; Torres et al., 2019). Seaweeds have already been used in the food processing industry (e.g., for production of agar, alginates), but many other applications are possible. They are rich in polysaccharides, phycocolloids, minerals, pigments, fatty acids, vitamins, and terpenoids, whereby their economic value can be relatively low or particularly high, depending on the costs of the application. Of the over 10,000 seaweed species worldwide, many are invasive in certain areas. Two invasive seaweed species in the Mediterranean, Undaria pinnatifida (Harvey) Suringar and C. cylindracea, have shown potential for biomass reuse as a source for feed, food, and fertilizers. An EU project was also financed for screening of invasive macroalgae for bioactive molecules, as well as their testing as feed and food ingredients (i.e., AMALIA). As well as marine flora, marine animals that are invasive or create problems might be reused as a source for industrial processing. Jellyfish biomass has been recently recognized as a novel food source from the Mediterranean Sea (Bleve et al., 2019; Leone et al., 2019), particularly as it has been known as a delicacy in eastern Asia for hundreds of years. Even though the jellyfish body is composed of 95% water, the remaining biomass is rich in proteins and bioactive compounds. An ongoing EU H2020 project called GoJelly is focused on using jellyfish biomass for food, feed, and fertilizer (Emadodin et al., 2020). The above-mentioned ctenophore M. leidyi will also be taken into consideration for applications. Interestingly, an invasive pearl-oyster (Pinctada imbricata radiata) has been used as a bioindicator for metal pollution in the waters of Quatar (Al-Madfa et al., 1998). This species can thus be used as a bioindicator in metal pollution monitoring programs, which is already being established.



Recycle

Recycling covers the use of the IAS biomass for extraction of specific compounds, as applied for added value product development. Under this aspect, application to the bioenergy, cosmetic, nutraceutical and pharmaceutical industries has been considered. Microalgae and seaweed have also been studied for value-added products through biotechnological processing, such as for bioenergy (e.g., methane, hydrogen, ethanol, acetone, butanol, and biodiesel) and for extraction of bioactive compounds for high value-added products (Roh et al., 2008; Kim et al., 2013; Torres et al., 2019). For example, the invasive species U. pinnatifida has been studied for biofuel production (Kim et al., 2013; Torres et al., 2019). Screening for bioactive compounds has also been carried out for invasive seaweeds in the Mediterranean Sea, with U. pinnatifida and C. cylindracea showing promising data (Roh et al., 2008; Stabili et al., 2016). U. pinnatifida extracts specifically are already used in Europe and worldwide in various products for skin care with anti-aging, moisturizing or anti acne benefits1. Under the EU H2020 project GoJelly, the extraction and further processing of jellyfish collagen and other bioactive compounds is ongoing, to use the products for cosmeceutical/nutraceutical applications.



Recover/Restore

Two EU Programs for the Environment and Climate Action (LIFE) projects investigated the restoration of marine areas affected by invasive species (i.e., RESMARIS and RAPID). Their main goal was to reduce and/or eliminate the invasive species, to promote recovery of the natural vegetation. They used different approaches, including monitoring, awareness-raising campaigns, and identification of key actors for biosecurity measures.



Remove

A LIFE project in Cyprus focused on the removal of the lionfish Pterois miles by coordinated removal action teams, as well as by implementation of early warning systems, with capacity building replicated in other affected areas (i.e., RELIONMED). Ballast water management conventions follow the D-3 regulation, which allows the use of active substances and organisms to act against harmful aquatic organisms and pathogens. The substances might also remove and thus prevent the entrance of these NIS. Importantly, removal campaigns are more relevant for large organisms, such as fish (e.g., lionfish), as the likelihood for success is more realistic and does not include measures that might have adverse effects on the environment and local biodiversity (e.g., disinfectants). In addition, studies have been carried out on seaweed clean-up activities, although these have turned out to be less effective for their reduction (Epstein et al., 2018). For example, in the Mediterranean Sea various control efforts, such manual removals of Caulerpa taxifolia (M.Vahl) C.Agardh were taken in marine waters of four countries, but the invasive green alga is still present in the basin, since it was impossible to eradicate it from all colonized areas (Meinesz et al., 2001).



Regulate

The invasion of NIS is not affected by any geopolitical borders. Thus, it necessarily needs international cooperation where regulatory initiatives are needed to define and influence NIS management strategies. The international legislative measures that are designed to help to monitor and control the spread of NIS include the Ballast Water Management Convention for control and management of ship ballast water and sediments (IMO, 2004). However, despite this convention being finalized in 2004, and despite the widespread consensus that its implementation can reduce rates of invasion by IAS, it entered into force only in 2017. The Convention on Biological Diversity (CBD, 1993) entered into force in 1993, and this included provisions for conservation of biological diversity, sustainable use of its components, and fair and equitable sharing of the benefits arising out of the use of genetic resources. However, there is no clear control of (inter)national compliance with legally binding measures and defined sanctions for violation of these provisions that has been established internationally. For example, there is no history of nations being sanctioned for not following the guidance on prevention, introduction, and mitigation of the impacts of alien species, and there is little evidence that the CBD has led to improved NIS management (Keller et al., 2011). Finally, there is no centralized legislation that covers NIS, which makes the coordination of mitigation measures difficult (Keller et al., 2011). Long-term NIS monitoring programs in ports and Marine Protected Areas need to be implemented and harmonized, rather than just providing monitoring of a target species (Ojaveer et al., 2014; Lehtiniemi et al., 2015). According to MSFD requirements, European Member States have to establish the good environmental status of their marine waters, and should subsequently monitor them, also in relation to Descriptor 2 (see section “Recognize”). However, to date, organized monitoring programs for NIS have not been started in all EU countries (Tsiamis et al., 2019), even if proposals for national Descriptor 2 monitoring programs were developed before July 2014, as requested by the MSFD. Nonetheless, there are other mechanisms within EU financing schemes that can provide the additional funds needed to achieve a good environmental status based on MSFD: European Maritime and Fisheries Fund; EU Regional Funds (European Regional Development Funds and Cohesion Funds); EU Program for the Environment and Climate Action (LIFE); and EU Framework Programme for Research and Innovation (Horizon 2020).

As categorized in Table 1, Figure 2 illustrates the summarized EU funding contributions per each of the eight Rs. Here, funding of scientific articles was not taken into account, nor Regulate, because there is no information available on dedicated funds per country for NIS monitoring. To date, most of the EU contributions have been dedicated to NIS introduction (Recognize, 35%; Reduce, 17%; Replace, 21%) which is perhaps not surprising, as this is the first important step toward tackling the NIS problem. There are already regulations that are designed to prevent the entry and spread of NIS, as well as to minimize their impact, although there remains the need for harmonized, long-term, and innovative approaches. Also, there is still room for solutions to Recover, Recycle, and Reuse NIS that are already established in a new environment.
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FIGURE 2. EU funding contributions categorized under the 8Rs model.




DISCUSSION


Three-Step Mitigation Strategy

Based on the results from our systematic review and analysis and the current and past 8Rs initiatives (Table 1), Figure 3 provides a conceptual diagram of the impact of NIS and the possible mitigation measures in the Mediterranean Sea. The invasion flow is represented by the rounded blue squares. Once NIS enter into their new environment and establish themselves, their impact on the ecosystem services, health and the overall economy can be estimated. The mitigation strategies that are in the process of being developed and are routinely implemented are indicated in the conceptual diagram for the 8Rs model. This three-step mitigation strategy is as follows:

Step 1: Mitigation before NIS enter into the Mediterranean Sea. As the demonstration of successful marine NIS removal is rare, the pragmatic approach to marine NIS management is to focus on precautionary activities (Ojaveer et al., 2015). By increasing the knowledge of the scientific community and by educating the general public (e.g., through proactive communication campaigns, citizen science approaches), the environmental changes can be recognized early enough to enforce the monitoring of potential areas for NIS introduction (e.g., reducing ballast water exchange locations), and replace the previous anti-fouling paints with newly developed bio-based anti-fouling compounds.

Step 2: Establishment of global regulatory mechanisms (by national and joint international monitoring campaigns) that will provide for detection of new NIS and/or changes in their spatiotemporal abundance. This will allow definition of the situation and the issue of early warning mechanisms. In particular, when propagated by the media, these can lead to rapid responses in terms of organized activities (e.g., citizen science campaigns) or to increased budgets [e.g., research programs, (inter)governmental financing] that can be dedicated to mitigation of the potentially devastating impacts of a NIS.

Step 3: Definition of several possible mitigation measures that can come into force after NIS establishment in a new environment. Ideally, this step will generate a plethora of new innovative approaches in the near future. We envision the organization of removal campaigns that will include citizens. With the development of high-throughput technologies in molecular biology, future collaborations will result in new ways to recycle NIS biomass and use their metabolic compounds in new products in the cosmetics, pharmaceutical and energy fields. NIS might also be reused as an alternative food or feed source.
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FIGURE 3. Conceptual diagram of non-indigenous species invasion flow (rounded boxes), their impact (boxes), and the possible steps (1–3) of the 8Rs prevention and mitigation measures (in ellipses).




Recommendations for the Efficient Adoption of 8Rs Model

Finally, we provide here a set of recommendations to search for and find the diverse alternative uses of marine NIS.


Recommendation 1: Establishment and Maintenance of Regular Monitoring Programs

Regular and early detection, elaboration of mitigation measures, and harmonization of national and international legislation help to avoid the need for later damage control (Marbuah et al., 2014; Galil et al., 2016). Therefore, countries should establish national monitoring programs that include ballast water sampling, fouling surveys, and targeted sampling of aquaculture sites. These programs provide longitudinal data that can be used to quantify changes in the native species composition, assess the rate of introduction and spread of a NIS, provide trends in the NIS richness and abundance, detect their negative impacts, and release early warnings. Data from monitoring campaigns are also valuable sources of information for planning mitigation measures for removal of NIS, and the possible novel uses of the compounds that these species synthesize. The establishment of monitoring areas should ideally be carried out near the port areas that receive the greatest number of ships, and are therefore at the greatest risk of NIS introduction (Chan et al., 2015). However, current monitoring programs mostly rely only on traditional taxonomic identification of species based on their morphological traits, which is a lengthy and error-prone system due to the varying individual taxonomic expertise of the analysts (Leese et al., 2016). Moreover, monitoring field sampling, although well suited for larger organisms such as macrofauna or macroalgae (von Ammon et al., 2018), is subjected to imperfect detectability, as not all of the target species can be caught by classical sampling strategies and devices, which can lead to underestimation of a species population size and extent, or even to total failure to detect a NIS (Katsanevakis and Moustakas, 2018). Therefore, high-throughput technologies are increasingly being used for biodiversity assessment and marine biosecurity surveillance programs for a range of aquatic ecosystems, such as the use of metabarcoding (von Ammon et al., 2018). However, there are challenges that prevent the application of the genomic tools into routine monitoring campaigns: standardization of sampling protocols, establishment of DNA barcode reference databases, selection of gold standard sequencing platform and protocols, data analysis and storage pipelines, as well as the lack of ecogenomic indicators (Leese et al., 2016). Ideally, metabarcoding will in future be endorsed by the monitoring authorities and used as an additional screening method to detect NIS, followed by the required validation methods that combine more targeted molecular methods or in-depth morphological analysis (von Ammon et al., 2018). This way we will understand and provide explanation on the ecology of the invaders, their native and introduced ranges and the control of their spread (Douglas et al., 2009).



Recommendation 2: Education of the New Generation of Researchers for Communication of Their Science

Nowadays, the research itself is being carried out in transdisciplinary communities. This allows the work of basic biology scientists, who are typically in charge of providing knowledge of the species presence and abundance, and of changes in their trends, to be merged with the outcomes of applied scientists, who typically aim to exploit compounds that might be synthesized by these organisms. As information is readily accessible and new technologies are emerging on almost a daily basis, the science is rapidly evolving. There is a demonstrated need for awareness raising about NIS and their negative impacts, and for an understanding of the methods for their control (Dehnen-Schmutz et al., 2018). Even the CBD has identified the need to raise public awareness of IAS, which is seen as crucial to their successful management and any introduction and mitigation activities. Future scientific collaborations will necessarily consist of researchers skilled in their basic scientific expertise, and also able to communicate well with the media and across various disciplines. Hence, knowledge of communication, economy, entrepreneurship and project teamwork are all subjects that need to find their way into the obligatory student curricula.



Recommendation 3: Innovation as a Result of Multisectoral Collaboration

As society is becoming more interactive, contributions to innovation are a result of the sharing of knowledge and the transfer of know-how (Cavallini et al., 2016). This implies the need for collaboration between different entities with the global aim of creating an innovative society. The potential use of NIS as a source of new compounds is perfectly encapsulated using the quadruple helix model, where transdisciplinarity, rather than disciplinarity, is the dominant system for creating and organizing knowledge (Yawson, 2009). Hence, any mitigation measure should be an iterative result of transdisciplinary collaboration between the policy makers and the scientific community. Scientists are experts that can provide the know-how and propose mitigation strategies (possibly guided by the 8Rs model), while policy makers have the authoritative power over the legislative and financial barriers. Figure 4 shows how we envision the quadruple helix approach in practice. Often the initial demand for providing solutions for NIS removal/reuse will be created by the media and non-governmental organizations, who will inform the general public about the problem. This creates a demand for providing solutions, which is directed toward the experts (i.e., scientific and academic institutions). However, innovative solutions cannot be found by scientific collaboration alone, although collaborative networks need to be established. These should include other key actors from the quadruple helix: the policy makers who can directly change the legal framework, which can enable financing or dictate monitoring activities (i.e., either through national monitoring campaigns or through national and international ecological scientific collaborations). Policy makers also provide the legal basis and the financial support to tailor solutions (e.g., usually by financing relevant collaborative projects), as well as the constraints (e.g., quality assurance and trademarking) before any products enter the target markets. Importantly, any innovation inherently includes industrial partners who are in need of fresh ideas and innovative knowledge, for prototypes/ideas that can eventually be used and commercialized. This will directly contribute to (international) economic development and prosperity. Last but not least, we are stepping into the age of proactive involvement of citizens, and hence closing the circle of innovative society, as illustrated in Figure 4 (full black lines as the first step; dashed blue lines as the second step). Citizens can directly contribute to scientific knowledge through their involvement as individuals or within environmental non-governmental organizations. By organizing awareness raising and educational campaigns, the scientific community can empower citizens with knowledge and tools to monitor and report on sightings of individual NIS. Their feedback is typically invaluable for data for statistical models and to increase knowledge of the abundance and seasonal trends of NIS. Moreover, citizens can be included in large clean-up campaigns, and give their potential user feedback on new products, which represents a milestone in pre-commercialization stages of product development. Importantly, the involvement of each of the individual quadruple helix actors is not mutually exclusive; i.e., a representative from the industrial sector can commercialize recycled items and be included in the NIS recognition activities as a citizen scientist.
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FIGURE 4. The quadruple helix approach for using non-indigenous species as a source is a two-step process. The first step: black arrows; second step: blue arrows. Communication flow (from-to) is represented by the direction of the arrows. SMEs, small and medium-sized enterprises; NGOs, non-governmental organizations.




Recommendation 4: Possible Mitigation Strategies for Non-indigenous Species in the Mediterranean

An important result of this study introduces the 8Rs model for NIS management, with the definition of possible uses and preventive actions to reduce the introduction and/or diffusion of NIS (Figure 1). There are two levels of the possible intervention measures (Figure 3, left): prevention measures (which encompass the first half of the 8Rs model), and mitigation measures (which encompass the second half of the 8Rs model). While the first step (i.e., Recognize, Reduce, and Replace) has traditionally been given the most amount of financing (73% overall; Table 1 and Figure 2), real innovations are expected to arise from innovative collaborations for the NIS mitigation activities (i.e., Reuse, Recycle, Recover/Restore, and Remove). Currently about a quarter of the overall financing (27%; Table 1 and Figure 2) has enabled mitigation ideas to emerge. We are, however, convinced that in the next 10 years, financed collaborative efforts will emerge that will use NIS to provide and subsequently commercialize prototypes, or to identify new removal strategies that will be economically viable and environmentally sustainable. The future Framework Program (Horizon Europe, the main European international scientific financing mechanism) is indeed allocating a significant proportion of resources to build an innovative and competitive Europe (i.e., with the Mediterranean Sea included). Importantly, our proposed 8Rs model can be extended and iterated to offer solutions for other modern challenges (e.g., plastic pollution, where Reduce, Reuse, Recycle, Remove, Recover, Regulate and additionally Refill, Return, and Repair Rs can be added as mitigation strategies). This strategic 8Rs framework can therefore directly contribute to many of the global challenges and strategies, and in particular to the UN 2030 agenda for sustainable development, which addresses societal challenges (e.g., environmental protection) and promotes resource efficiency by financing and implementing innovative actions that will in the long run build toward global economic growth.



Case Study – Potential Application of 8Rs Model on a Realistic Example

We selected two well-known non-indigenous macroalge in the Mediterranean Sea to provide example of conducted mitigation strategies in relation to the unexploited potential of the 8Rs model: the brown Undaria pinnatifida and the green Caulerpa taxifolia. In both instances, the common mitigation strategy was the manual removal. However, in both cases, the removal strategy was not 100% efficient and eventually these species recolonized the affected sites. Importantly, as seen in Figure 3, the mitigation strategies began at step 3. In absence of organized mitigation frameworks, this step was not effective. If our 8Rs model should be implemented as a standard regulatory framework, the mitigation would have started earlier, at steps 1 and 2 – Recognize and Regulate, which could potentially prevent the environmental and economic damage of these invasive species. Regular monitoring campaigns, which are compliant with legislations (such as MSFD, Ballast Water Management Convention and national legislations) should be enhanced in areas that are under threat for establishment of NIS. Besides removal strategies, step 3 also offers other potential mitigation measures – Reuse and Recycle. C. taxifolia was reused as a fertilizer for oil crops, pulses and cereals (Misal and Sabale, 2016), while U. pinnatifida could be used as a functional food (Cherry et al., 2019). Both species can be also recycled. C. taxifolia synthesizes caulerpenyne, an acetylenic sesquiterpene with antifouling activity against bacteria and could be applied for Removal strategies as well (Barzkar et al., 2019). U. pinnatifida is rich in natural compounds such as polyphenols, peptides, and polysaccharides, all of which have anticancer, antioxidant, anti-inflammatory, and anti-diabetes properties (Wang et al., 2018).

Importantly, Figure 2 and the lower amount of investment confirms that we are at the early stages of turning the pests into opportunities and solutions (Recycle and Reuse). However, as globally there is the trend to stimulate innovations, we are confident that the Recycle and Reuse steps will have a more significant share among the 8 Rs.



CONCLUSION

Any innovation is an iterative collaboration between industry, research, and academia, which is also often applied through public–private partnerships that link basic and applied research to the market, via technology transfer and commercialization mechanisms (Carayannis and Campbell, 2012). Only a team of transdisciplinary actors will have the joint capacity to promote global sustainable development by orchestrating innovative collaborations, possibly taking into consideration this 8Rs model. Both experts and innovators should constantly inform, educate and update potential users on the status of their research, and get feedback from the same potential users. Importantly, the way that research is communicated by the media influences every innovation system, to highlight new discoveries and innovations that will improve the eco-innovation toward its final commercialization (Yawson, 2009; Carayannis and Campbell, 2012).
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FOOTNOTES

1
https://cosmetics.specialchem.com/inci/undaria-pinnatifida-extract; https://centifoliabio.fr/en/content/187-undaria-pinnatifida-undaria-pinnatifida
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1 of i species, establish rules to prevent, minimize and
mitigate adverse effects of non-indigenous species to protect biodiversity and
ecosystems

Ensure adequate protection of aquatic habitats from risks associated with the
use of non-indigenous species in aquaculture

Direct and indirect development of marketable products, which impacts on
regional and global economic growth







OPS/images/fmars-07-00178-t001a.jpg
Action

Recognize
Gitizen science involvement

Development of monitoring
programs

Early warning systems

Education

Improving environmental
policies

Reduce

Developing ballast water
treatments to prevent NIS
discharge

Reduction of number of species

Replace
Anti-biofouling mechanisms
Using organisms to combat
invasive aquatic species

Reuse
Use as food or feed source

Use as fertiizers/biostimulants
Use as bioindicator

Recycle

Bioenergy

Bioactive compound extraction

References

European Alien Species Information Network
[EASIN], 2019

Freiwald et al., 2018; César de Sa et al.,, 2019;

Giovos et al., 2019
awistAPP

HARMONY (Interreg Italy-Malta)
MedPAN Otero et . (2013)
REDMEDINV (FP7 project)

BALMAS [Interreg Adriatic Instrument for
Pre-Accession Assistance (IPA)

Ashley et al., 2019
INVALIS (Interreg Europe)

ALIEM (Interreg ltaly-France)

ECOSEASAFE (FP7-SME Project)

BAWAPLA (FP6-SUSTDEV Project)
ATLANTIS (FP7-SME Project)

IV-BWTS (H2020 Project)

BYEFOULING
Shiganova et al., 2014

Bleve et al., 2019; Leone et al., 2019, Gojelly
(H2020)

Torres et al., 2019

Gojelly (H2020)

AMALIA (Executive Agency for Small and
Medium-sized Enterprises/European Maritime
and Fisheries Fund Project)

Torres et al., 2019; Gojely (H2020)

Al-Madfa et al., 1998

Kim et al., 2013; Torres et al., 2019
Hildebrand et al., 2012; Maeda et al., 2017

Roh et al., 2008

Stabili et al., 2016

GodJelly (H2020)

Comment

“Invasive Alien Species Europe’ smartphone application where citizens can
report 49 invasive aquatic species of EU concern, but with no marine species
included yet

Gitizen science assistance for invasive aquatic species monitoring (model tested
for plants in Portugal) and marine invasive species in eastern Mediterranean
Italian smartphone application for tracing marine organisms, including the
non-native M. leidyi

Harmonizing a set of monitoring and control measures to preserve functioning
of marine ecosystems

Strategy and practical guidelines for managers for monitoring marine invasive
species in Mediterranean Marine Protected Areas

Develop an early warning system for sessile introduced species and develop
models for dispersal patterns

Integration of necessary activities to enable sustainable implementation of
ballast water management measures in the Adriatic

Demonstration of the effectiveness of ocean literacy initiatives

Addressing knowledge gaps, raising awareness about invasive aquatic species
environmental and socioeconomic fisks, bringing together public athorities and
key stakeholders for implementation of invasive aquatic species management
Interaction between policy makers and scientists through establishment of a
cross-border observatory of flora and fauna

A cost-effective and safe system for ballast water treatment using electrical
pulses

Ballast water treatment technology using UV, fiters, and electrolysis
Developing a high surface area substrate that allows incorporation of multiple
biocides that would efficiently target a spectrum of marine organism <50 jm
Elimination of invasive species using excess heat from the vessel engines, thus
saving energy and costs

Developing innovative antifouling agents
Effective solution for M. leidyi invasion i the Black Sea, where the introduced
Beroe ovata fed on M. leidyi biomass, which allowed slow recovery of the
ecosystem

Jellyfish in the Mediterranean area as a novel/western food source. The study
could be linked with the reuse of invasive jellfish species

Use of Undaria pinnatifida in medicine, and for products for functional food.
Use of jellyfish biomass for feed production (GoJelly)

Screening invasive marine macroalgae for pharmaceutical, feed and food high
value-added product development

Support of nutrient cycling
Pinctada imbricata radiata used as a bioindicator of heavy metal polution

Using Undaria pinnatifida for biofuel production
Untapping the potential of diatoms to be included in biofuels research and
industry due to their high lipid content

Extraction from U. pinnatifida of fucoxanthin and polyphenol for pharmaceutical
and food applications. Also, when chemically treated, its biomass can absorb
heavy metals, as can char from U pinnatifida

Invasive seaweed Caulerpa cylindracea as a source of bioactive natural
products; e.g., antibiotics, antioxidants and fatty acids,

Jeliyfish collagen extraction for use in cosmetics and nutraceuticals
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