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The Ocean Decade (OD) is the name of a United Nations (UN) initiative devoted to ocean science for sustainable development. It started in 2021 and will provide an opportunity to create a new foundation, across the science-policy interface, to strengthen the sustainable management of oceans and coasts and, at same time, bring benefits for future generations. The OD will establish a common strategy to achieve the objectives of the 2030 Agenda for Sustainable Development and the other European Union (EU) and international agreements, such as the EU Marine Strategy Framework Directive (MSFD), the Marine Biodiversity Strategy and the UN World Assessment I and II aimed at preserving ocean health. Furthermore, the OD has several expected outcomes that concern different aspects of marine environment, including its enormous values for humans. Several entities will combine efforts to achieve these goals and science is at the forefront of the sustainable blue economy. Marine research is solving complex challenges through interdisciplinary approaches, revolutionizing our life and our interaction with the ocean. This review discusses recent advancements in science related to the OD outcomes. The role of new technology for ocean exploration and monitoring, the importance of omics science and biotechnology to deal with ocean pollution, and other innovative solutions are discussed. All of these are inspired by the idea of using marine resources in a sustainable way and without impacting in a negative way on marine ecosystems. The role of science communication is therefore considered a crucial issue to spread the OD messages and to reach the general public and stakeholders. Only by the integration of science, governance, industry and public, the OD will have any chance to succeed.
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1 Introduction

The ocean is a vast body of saltwater on the Earth’s surface interconnected with human activity and well-being, and marine ecosystems are both a source of food and energy, and a fundamental actor in regulating climate and in the carbon sink process. However, the ocean is largely impacted by anthropic activities, such as pollution, overfishing, global warming, anoxia and acidification, that seriously threaten the ocean’s current state and conservation. To respond to these threats, it is urgent to develop and adopt new solutions that involve stakeholders in different territorial contexts (local, regional, national and global). Many preparatory actions have been started in recent years, leading to the 2021 launch of the UN Decade of Ocean Science. What follows is a brief history, summarizing the novel concepts introduced. In 2014, the EU Commission launched the Maritime Spatial Planning (MSP)1 which is ‘a process by which the relevant Member State’s authorities analyze and organize human activities in marine areas to achieve ecological, economic and social objectives. Generally, MSP foresees a consolidative process to face the growing demand for maritime space from traditional and emerging sectors while conserving the correct performance of the marine ecosystems. In 2016, the Intergovernmental Oceanographic Commission of UNESCO started to develop this concept involving all the interested parties. In 2020, the new EU Biodiversity Strategy for 20302 has been launched in order to reinforce the defense of marine ecosystems and to reinstate them to accomplish “good environmental status”, including through the increase of secure areas and the institution of severely protected areas for habitats and fish stocks salvage. The Strategy highlights the necessity for an ecosystem-based methodology to manage human activities at sea. It also envisages the reduction or at least the elimination of by-catch for increasing the protection of sea mammals and to avoid the tackling practices for reducing the seabed damage. Finally, during the 72nd Session of the United Nations General Assembly the UN Decade of Ocean Science for Sustainable Development (2021–2030) or ‘Ocean Decade (OD)’ was proclaimed by the motto: “The science we need for the ocean we want”.

The UN raised the role of marine science from lab scale to social and political sphere, involving the society into the ideas of sustainable development and marine conservation, connecting people and oceans. The OD is strictly linked to the 2030 Agenda adopted by the UN in 2015 with its 17 Sustainable Development Goals3 and to many others EU and international agreements aimed at preserving the ocean environment. In 2021 the United Nation published the World Assessment II, which describes the five drivers that apply pressure on the ocean; drivers are characterized as social, demographic and economic developments in societies, including changes in lifestyles and associated consumption and production patterns that apply pressures to the ocean. Relationships between drivers and pressures (and their impacts) are complex and dynamic, with interconnections leading to cumulative interactions. The OD aims at increasing the understanding of marine processes and reducing human pressures, restoring ecosystems for the benefit of future generations, and promoting scientific research to support countries’ actions towards sustainability. In order to achieve these ambitions, a true revolution of science is needed, focusing on solutions for the society, developing an integrated approach, using multi- and inter-disciplinary techniques and with audacious and farsighted challenges. Science should be inclusive and planned as a “multi-stakeholder environment to be relevant and responsive across the entire value-chain; shared and communicated in forms that are widely understood across society and that trigger excitement about the ocean and behavior change”4. The OD has identified seven outcomes (see Figure 1) that describe the state of the ocean at the end of the decade (“the ocean we want”).




Figure 1 | The areas where the OD outcomes are expected to be addressed. The actions of the first three outcomes take place in the Ocean as they relate to its conservation. Outcomes 4 and 5 take place on the coast as they relate to the interaction between the Ocean and human society. Outcomes 6 and 7 are achieved in the city, understood as community, as they concern information sharing and communication on the Ocean.



The first three outcomes are: (1) “A clean ocean”, (2) “A healthy and resilient ocean”, (3) “A productive ocean”. These are dedicated to the well-being of the marine environment, the removal of pollution, the protection and understanding of fragile habitats and the defense of ocean resources for the benefit of nature but also for the good of humans and animals that rely on them. The outcomes (4) “A predicted ocean” and (5) “A safe ocean” are focused instead on a better understanding of the ocean, promoting its exploration, and predicting ocean’s hazards, and developing solutions in order to minimize their impact. The last two outcomes are mostly related to data management and communication: outcome (6) “An accessible ocean” aims at promoting access to information, technology, and innovation regarding the ocean among all the stakeholders (community, states, industries, scientists); while the outcome (7) “An inspiring and engaging ocean” promotes the better understanding of ocean value and ocean literature, and their importance to the whole society.

These outcomes are specifically linked to the Sustainable Development goals that will shape and support the scientific efforts worldwide and of course, the OD is linked to many targets of the SDG 14: Life Below Water.

Specifically:

	SDG 14.1: By 2025, prevent and significantly reduce marine pollution of all kinds, in particular from land- based activities, including marine debris and nutrient pollution.

	SDG 14.5: By 2020, conserve at least 10 percent of coastal and marine areas, consistent with national and international law and based on the best available scientific information.

	SDG 14.7: By 2030, increase the economic benefits to small island developing States and least developed countries from the sustainable use of marine resources.

	SDG 14.a: Increase scientific knowledge, develop research capacity, and transfer marine technology, in order to improve ocean health and to enhance the contribution of marine biodiversity in developing countries.

	SDG 14.3: Minimize and address the impacts of ocean acidification, including through enhanced scientific cooperation at all levels.



The OD will involve the main actors of our society (general public, governance, industry, science) and its success will in fact guarantee long-term sustainability and benefits both for the oceans and the social community (Figure 2). In this review, we present the status quo of marine science focusing on its perspectives in relation to the OD outcomes. Recently accomplished progresses are discussed, particularly in the field of: (i) marine exploration (focusing deep-sea), (ii) non-invasive methods to monitor marine organisms and habitats, (iii) marine biotechnology to develop sustainable solutions, (iv) technology to remotely observe extreme ecosystems, (v) alert systems to predict ocean hazards, (vi) conservation actions to protect all livelihood that depends on marine environment, (vii) communication tools to share scientific results to society by increasing public knowledge and awareness for all of us as stakeholders of the ocean.




Figure 2 | Infographic showing the main actors and benefits of each OD outcome.





2 Scientific Effort to Address OD Outcomes


2.1 Outcome 1: A Clean Ocean

(Where sources of pollution are identified, and reduced or removed)

Marine pollution has reached alarming levels in the last decades. Marine sediments of coastal areas act as sink and storage for large amounts of toxic chemical contaminants, typically persistent organic pollutants (POPs) and heavy metals. These molecules tend to bioaccumulate and biomagnify through the marine food web and have been associated with several devastating effects to the ecosystems (Landrigan et al., 2020; Sanganyado et al., 2021). In open waters, major risks are represented by oil spills, caused by oil extraction and/or transportation. Plastic pollution is also considered to be one of the most dangerous hazards the ocean is facing due to the uncontrolled use and mismanagement of waste (Cózar et al., 2014; Law et al., 2014; Sharifinia et al., 2020). It is expected that 20 million tons of plastic will be released in the ocean by 2030, and this represents a major threat for the marine environment (Gewert et al., 2015). In the past, the strategies employed relied on sediment removal and treatment, but these approaches had several disadvantages, such as limited space capacity and high cost, and their application can sometimes be impractical. Thanks to the latest advances in marine biotechnology, in situ bioremediation strategies have proven their efficacy for the removal of pollutants, particularly of hydrocarbons (Skinder et al., 2020).

Bioremediation technologies include biosurfactant amendments, biostimulation and bioaugmentation. Biosurfactants are amphipathic molecules produced by microorganisms that are extensively used for bioremediation of hydrocarbons as they enhance oil solubilization, increasing hydrocarbons availability to microorganisms able to degrade these pollutants (Kubicki et al., 2019). Biosurfactants are gradually replacing synthetic surfactants in many fields because of their low toxicity, high biodegradability and tolerance to extreme conditions (Olasanmi and Thring, 2018; Naughton et al., 2019). Identification of new biosurfactants with better properties, as well as identification of their biosynthetic pathways, that can lead to enhanced production in heterologous hosts, will be crucial for further exploiting these molecules in bioremediation. Through biostimulation, metabolic activity of endogenous microorganisms is increased. This is achieved by providing nutrients (carbon, nitrogen or phosphorus sources) that support the growth of the bacteria already present in the contaminated site (Andreolli et al., 2015; Paniagua-Michel, 2015). Biostimulation is regarded as an effective remediation strategy with the advantage of not-altering the taxonomic structure of the bacterial community; a limitation to this strategy is related to nutrients delivery, as they could be easily dispersed in water (Gertler et al., 2015). The poor presence of microorganisms with adequate degradative/assimilative capabilities in the polluted area may be another limiting factor. Bioaugmentation can in fact overcome these limitations: the addition to the pollution site of specialized microbes selected in laboratory conditions has proven to be a very effective approach for the removal of pollutants (Da Silva and Alvarez, 2010; Fernandez-Luqueno et al., 2011). Microorganisms can be supplied as a single strain or as a consortium of different strains with specialized ability (hydrocarbons degradation, biosurfactants production, biofilm formation). However, the success of the bioaugmentation process depends mostly on the adaptation of the microbial consortia to the contaminated environment. Very often the bacteria tend to disperse in the environment or cannot survive in it due to both abiotic and biotic factors. Encapsulation of microorganisms is a good strategy that consists of entrapping living microorganisms within a semi-permeable gel or carrier materials. In this state, biological and physical stabilities are ensured by reducing challenges such as sudden variations of temperature or pH. Overall, encapsulation is associated with high biomass concentration and enhanced cell survival, and it has been successfully investigated and employed (Shi et al., 2014; Surkatti and El-Naas, 2014; Dellagnezze et al., 2016).

Another potential advantage of bioaugmentation is the possibility to introduce genetically modified strains. The advances in our knowledge of pollutants degradation metabolism and in genetic engineering allow us to design and construct better strains for this task. So far, many engineered bacteria with augmented abilities of pollutant degradation have been constructed, significantly improving the efficiency in degradation of pollutants (Liu et al., 2019). Engineered microorganisms could offer a viable way of tackling the problem of plastic and microplastic pollution in the oceans. Many recent reports have clearly indicated that some microorganisms possess enzymes that can help to degrade plastic polymers (Amobonye et al., 2021); hence, integration of these genes or pathways in suitable optimized microbial hosts could be pivotal for plastic bioremediation. The major limitation for plastic degradation is the still poor knowledge of plastic-degrading enzymes (PDEs), so the identification of new microorganisms acting on the plastic polymers is expected to drive the discovery of biocatalysts with functional features never described so far. Cutinases, esterases and lipases are able to hydrolyze ester bonds in polystyrene (PS), polyurethane (PUR) and polyethylene terephthalate (PET) (Schmidt et al., 2016), whereas lignin-degrading enzymes (e.g., laccases, manganese and lignin peroxidases) are involved in the degradation of the C-C backbone of polyethylene (PE) (Krueger et al., 2015). Recently, the screening of microbial communities from environmental samples contaminated by PET led to the isolation of the bacterium Ideonella sakaiensis 201-F6 that a) produces a PET hydrolase, which hydrolyzes PET into mono (2-hydroxyethyl) terephthalic acid (MHET), and a MHET hydrolase that degrades MHET to terephthalic acid and ethylene glycol, and b) can grow on PET (Yoshida et al., 2016). Biotechnology can also offer solutions to the plastic problem acting at its source, i.e., waste generation. Biodegradable polymers that have a very low or null impact on the environment include among others polylactic acid (PLA) and polyhydroxyalkanoate (PHA). PHAs are entirely a product of microbial metabolism, while PLA is produced through a combination of fermentation (to produce lactic acid) and chemistry (Cheng et al., 2009). Their use is still limited due to uncompetitive pricing compared to fossil-based plastics, but the continuing advances in metabolic engineering are expected to close the gap, allowing to design novel pathways to both known and novel biodegradable polymers.

For bioremediation processes, microorganisms are the principal biological entities used. Specifically, bacteria and microalgae are widely employed for bioremediation of PAHs and heavy metals due to their fast growth, their versatile metabolism and their natural occurrence in all the areas of the ocean. However, systems employing macroorganisms already exist and have found many applications. Macroalgae can accumulate heavy metals, through different mechanisms and to degrade emerging contaminants, primarily synthetic organic chemicals (Kumar et al., 2016; Zeraatkar et al., 2016; Ayele et al., 2021). Therefore, they represent a promising solution for the treatment of municipal or industrial wastewater. This water is characterized by poor quality and high levels of anthropic contamination with a broad range of chemicals (Muñoz et al., 2009). These effluents end into rivers, lakes, aquifers and coastal waters, supplying the marine environment with hazardous chemicals that can have direct or indirect effects on the entire ecosystem. Macroalgae-based technologies for wastewater treatment have already been implemented in many countries such as the USA, UK and Australia, using different approaches that have the great advantage to yield high volumes of algal biomass that can be used as source of compounds, or fertilizers or even energy (Piccini et al., 2019; Wollmann et al., 2019). More recent implementations regard the synergistic utilization of micro- and macroalgae for heavy metals bioremediation and the on-field application of engineered organisms (Lee et al., 2022). Genetic modification of macroalgae focuses on their pollutant absorption capabilities, as well as on modifying the metabolic pathways that degrade hazardous pollutants. As for the utilization of engineering microorganisms, their employment is seriously threatened by rigid legislation in some countries (particularly in the EU), which is based more on political views rather than scientific ones. Seeing the immense potential of these technologies, the authors hope for a radical change in the public perception of OMGs, unlocking their utilization for OD outcomes. Other macroorganisms that are being investigated for bioremediation uses are sponges. These metazoans are natural active filters that can sift hundreds of liters of water daily, feeding on the ultraplankton fraction and dissolved organic matter in the surrounding seawater (De Goeij et al., 2008; Morganti et al., 2019). Moreover, microorganims associated with sponges, defined endosymbionts, have shown the capacity to accumulate or degrade many organic pollutants and toxic metals (Bauvais et al., 2015). Thanks to these abilities, sponges could be employed as bioremediation agents for removal of toxic bacteria present in coastal areas via municipal wastewater, improving aquaculture or mariculture systems (Milanese et al., 2003; Zhang et al., 2010).



2.2 Outcome 2: A Healthy and Resilient Ocean

(Where marine ecosystems are understood, protected, restored and managed)

Cleaning up the ocean, however, is only a first step in ocean conservation. In the last few years, many scientific studies have shown the dramatic depletion of ocean resources and its biodiversity (Danovaro et al., 2020). The preservation of marine ecosystems must rely on comprehensive and powerful systems to monitor its state. However, monitoring and safeguarding this vast environment, particularly off-shore and deep-pelagic areas, still denote a significant challenge (Howell et al., 2020). The scientific community has yet to understand basic biological information on thousands of rare and elusive marine organisms (Danovaro et al., 2014). Research in marine science and environmental protection requires expeditions that are costly to carry out and very often influenced by extreme climatic and environmental conditions (Howell et al., 2021). Therefore, the acquisition of data from poorly known areas is still a difficult endeavor, and in the near future will represent the limit to overcome for marine conservation. Consequently, ocean monitoring is rapidly innovating, in accordance with the global trend toward more independent systems able to collect huge amounts of data in near real-time, with higher resolution and during long-term and large-scale monitoring. International programs now aim to fill this gap by mapping the ocean habitats (Mayer et al., 2018), and multiple types of observatories are deployed underwater and available to the community of international experts (Whitt et al., 2020). Underwater vehicles, such as UAV (Unmanned Autonomous Vehicle), ROV (Remotely Operated Vehicle), and MUV (Manned Underwater Vehicle), have been used for the past twenty years mainly for physical oceanography and biogeochemical studies, targeting the pressing issue of global warming.

The improvement of Autonomous Observation Systems (AOS) is a key element to increase the ability to explore and learn more about ocean environments (Figure 3D), allowing them to work safely and without directly exposing personnel (Whitt et al., 2020). New sensors capable of acquiring information on the diversity and relative abundance of ecological communities need to be integrated within these platforms, so that they can simultaneously produce effective results using state-of-the-art environmental monitoring devices (Hawkins et al., 2020). Our current ability to run comprehensive observations of the marine ecosystems is limited on ecological applications; current in situ autonomous platforms need to be able to acquire data on important facets such as marine biodiversity (Scholin et al., 2019). Nevertheless, computational advances have enabled the development of automated data analysis techniques (i.e. machine learning approaches) to monitor ecosystems and marine organisms, enabling large amounts of data to be analyzed quickly and reliably and to produce standardized measurements (Caruso et al., 2020a). Furthermore, expensive robots and vehicles are being developed with the ability to overcome the challenge of the deep sea, to observe and manipulate living organisms in dangerous environments and to allow communication with each other while remotely operated (Figure 3A). The possibility to use both new autonomous systems and non-invasive techniques, reducing effort of marine ship-based surveys and increasing efficiency of sampling processes, will be necessary to monitor different marine ecosystems and drastically mitigate human impacts on a healthy ocean.




Figure 3 | Ocean challenges and opportunities (A) The deep-sea manned submersible called “Fendouzhe” (//english.cas.cn/) successfully landed on the Mariana Trench, the deepest site of the Earth (B) The ALOHA Cabled Observatory (//www.hawaii.edu/), the world’s deepest cabled observatory; (C) Marine-natural-product-inspired pharmaceuticals. Trabectedin, bretuximab and eribulin are the active principles of Yondelis, Halaven and Adcetris, respectively, and are used for cancer treatment; (D) Picture of the Sentry AUV (//www.whoi.edu/), a fully autonomous underwater vehicle capable of exploring the Ocean down to 6,000 meters; (E) The front gate of Stazione Zoologica Anton Dohrn, a world-wide famous marine research center and the oldest public Aquarium in Europe; (F) Aerial view of an algal bloom (//www.nrdc.org/harmful-algal-blooms).



For example, Passive Acoustic Monitoring (PAM) and Environmental DNA Monitoring (eDNA) are two different emerging non-invasive methods to assess biodiversity, distribution and abundance of marine organisms without direct observations. PAM applications are opening up new scientific prospects in ocean monitoring and exploration, even in deep-pelagic waters (Caruso et al., 2015). This is a recent investigation technique spreading around the globe as a key sampling approach for acquiring ecological information, including the effect of human activities and habitat degradation (Howe et al., 2019). Array of hydrophones are used to listen and survey underwater acoustic sources providing data on spatio-temporal distributions of natural phenomena (e.g., wind, rain, ice), sound producing organisms (e.g., crustaceans, fishes, marine mammals) and sources of anthropogenic noise (e.g., ships, sonar, seismic air guns, pile-driving) (Caruso et al., 2020b; Xu et al., 2020). eDNA is another key sampling method on the rise for the future of marine biology and ecology (Stefanni et al., 2018): the possibility of analyzing a mixture of genomic DNA from different organisms – found in an environmental sample such as seawater – reduce the costs and impacts of traditional survey, thus becoming an extremely powerful tool for genetically monitoring diversity, distribution and abundance of both microbes and higher complex organisms, and it is considered a good proxy for off-shore biodiversity since the direct identification of marine species (Yamahara et al., 2019),

Marine biodiversity is proving even more susceptible than previously believed, with increasing biodiversity losses observed in relation to rising temperatures due to global warming (Smale et al., 2019; Antão et al., 2020). Throughout the EU, the current political agenda is increasingly concerned about the reduction of environmental damage by protecting and restoring natural ecosystems, with promising and ambitious plans to reduce the impact of human activities (European Green Deal) and with a commitment to restore degraded ecosystems and conserving biodiversity (European Biodiversity Strategy for 2030). Transition to a sustainable society urgently requires to develop and organize observation systems of marine biodiversity integrated with physico-chemical sensor networks (Heymans et al., 2020). Regional coverage of established long-term biodiversity datasets, combining traditional methods and emerging techniques, is needed (Claudet et al., 2020).Therefore, marine biodiversity observation networks (BONs), through international coordinated approaches (e.g. EMBRC, EMO-BON, GEO-BON), has an important role to converge the research effort and produce meaningful data expanding the local and national activities to a broader scale and global level. The BONs seek to establish a process for standard biodiversity measurements around the world. Shared datasets to understand how biodiversity is changing locally and how these changes are related to global dynamics, and to provide information to help define options for government policies relevant to the conservation of marine resources. Finally, data acquisition must take a rigorous approach to protocols and quality control to ensure the replicability of experiments and validation of ocean models using in-situ observations. For example, the European Marine Omics Biodiversity Observation Network (EMO BON) is an EU contribution to the global observation of omics which, following appropriate data and metadata standards, offers insights into the genetic composition of marine biodiversity.

In addition, marine animal telemetry through tagging is also an important emerging field benefiting from new technologies and automatisation of data processing, with crucial implications for animal conservation and management (Allen and Singh, 2016; Hays et al., 2016). Bio-logging technology has improved over the past several years and tags are increasingly able to measure a range of movements, behaviors and physiological parameters of different marine organisms (Flaspohler et al., 2019; Savoca et al., 2021), with also environmental data for days or weeks at a time (Martín López et al., 2022). For example, AniBOS (Animal Borne Ocean Sensors) is an emerging network of the Global Ocean Observing System (GOOS), as a project of the OD program “Ocean Observing Co-Design – Evolving ocean observing for a sustainable future” 5. AniBOS is providing freely available oceanographic measurements across the oceans collected through bio-logging tags. These non-invasive and key tools are enabling the direct observation of the animals in the wild and providing both physical and ecological data in ocean regions directly at the scale and resolution at which animals move (Harcourt et al., 2019). Therefore, animal movements (i.e., migration routes, home range, habitat limits), their fine-scale behaviors (i.e., dynamic body acceleration, energy expenditure, foraging rates, dive patterns) and co-located environmental data (i.e., temperature, conductivity, dissolved oxygen, wind speed) can be examined improving our ability to observe wildlife and predict global climate processes for societal benefit.

There are also marine ecosystems that can be safely explored by diving operators (e.g. mesophotic grounds, marine caves), where autonomous tools are unnecessary and not cost-effective in relation to research objectives and available fundings. The advancement of scientific diving through new technologies and approaches (e.g. technical diving, Closed Circuit Rebreathers) is expanding its range and enhancing the monitoring of understudied coastal or restricted/remote environments. The activity of divers is essential nowadays both for the supply of in-situ data and samples, and for the deployment, implementation, maintenance and recovery of marine instruments. Scientific diving is a highly productive support in the progress of European marine research. The European Scientific Diving Panel (ESDP) was affiliated to the Marine Board of the European Science Foundation in 2008 (Benjamin and Mackintosh, 2016) and is currently encouraging underwater scientific excellence being part of the MARS Network (The European Network of Marine Stations). The ESDP has defined two levels of professional qualifications: the European Scientific Diver (ESD) and Advanced European Scientific Diver (AESD).

Finally, active habitat restoration is an important concept that is expected to play a vital role for the health and resilience of marine ecosystems in the near future. While in constant expansion, this field of research is still in development, hence new discoveries and models are proposed and tested every so often. Today, one of the emerging concepts underlying habitat restoration is the definition of which factor is more important for a successful restoration. Basically, it seems that the context (i.e., where the action is performed) is more important than the way the restoration is carried out. Furthermore, for a successful restoration, the re-establishment of previous habitats and the removal (if possible) of any stressor is more important than the creation of new areas (full details in (Fraschetti et al., 2021)).



2.3 Outcome 3: A Productive Ocean

(Supporting sustainable food supply and a sustainable Ocean economy)

From the point of view of human society, ocean conservation (see 2.1 and 2.2) is also fundamental from a nutritional and economic aspect. Today, the ocean makes a significant contribution to food security and nutrition, and it is expected to play an even bigger role in the global food system. However, current food arrangement is responsible of the 60% of loss of biodiversity in terms of global terrestrial resources, with a 30% related to the overexploitation of commercial fishing populations (Costello et al., 2020). (FAO 20186; UNEP 20167). The status of conservation of some species ranges from unknown for many of the smaller tuna species, such as bullet tuna, bonito, and little tunny (ICCAT, 2016, 20188), to fully exploit or recover from depletion for other species (i.e., mackerel, bluefin tuna, swordfish) (ICCAT, 2018). Fisheries subsidies are mainly focused to large-scale industrial fishing fleets (Schuhbauer et al., 2017), with a scanty attention towards small-scale fisheries which can make this sector less economically viable (Schuhbauer and Sumaila, 2016). Criminal activities in the fishing sector, such as market frauds and illegal, unreported and unregulated (IUU) fishing, also affected the marine environment and the associated ecosystems. A specific strategy for ocean governance is required to achieve a sustainable ocean economy with the aim of assessing local food resources, including seafood, for each country, as well as to promote all fishery resources, including fisheries discards and by-catches, and to reduce imports/export systems. Today, fish, crustaceans and mollusks provide only 17% of edible meat; sustainable fisheries and mariculture together should be able to deliver 36–74% higher yields by 2050 (increasing from 21 million to 44 million metric tons), meeting 12–25% of the extra meat needed to cope with the dramatic increase of human world population (expected to reach 10 billion by 2050), that will call for more and more proteins and essential nutrients (Costello et al., 2020).

To increase aquatic food production for a growing world population, and make it in a sustainable way, it is necessary to improve fisheries assessment and management systems in all regions by ensuring that the best available scientific advice is duly considered in decision-making processes. Science can also support the continued growth of aquaculture, particularly through innovative practices which ensure social, environmental, and economic sustainability. It is important that these processes take place in synergy with MSP activities that have been developing in recent years with the support and promotion of UNESCO and the MSP global initiative. MSPs are procedures that bring together multiple users of the ocean – including energy, industry, government, conservation, and recreation – to make informed and coordinated decisions about how to sustainably use marine resources. MSP generally uses maps to create a more comprehensive picture of a marine area, identifying where and how it is being used, and which natural resources and habitat exist there. Through the planning and mapping process of a marine ecosystem, planners can consider the cumulative effect of maritime industries on our seas, seek to make industries more sustainable, and proactively minimize conflicts between industries seeking to use the same sea area. The intended result of MSP is a more coordinated and sustainable approach to how our oceans are used – ensuring that marine resources and services are used, but within clear environmental limits to ensure marine ecosystems remain healthy and biodiversity is conserved.

The identification of new edible species could also be seen as a possible solution for the needed food increase in the near future. Deep-sea fishes and crustaceans, and edible sea plants, are underestimated in the human diet even if their properties in terms of protein and micronutrients are well recognized. Likewise, smaller tuna species in several European countries could help to diversify the socio-economic portfolio for local and artisanal fisheries and culinary options for local consumers. However, the population, biomass and exploitation levels of these species, relatively to sustainable fisheries management objectives (e. g., FMSY- Fishing Maximum Sustainable Yield, and BMSY- Biomass Maximum Sustainable Yield), are generally unknown because of limited data (ICCAT, 2016, 2018). Consequently, it is unclear whether populations of these species are already at risk of collapse due to past overexploitation or could support increased exploitation and marketing effort. A change in food demand, managed by several actors along the value chain, will help the seafood industry to reduce its overall CO2 emissions by identifying new opportunities for economic growth based on locally caught and processed species, whose value chains have lower CO2 emissions than those sourced and processed somewhere else.

The ocean also provides services for a wide range of human needs other than food, in particular health. Ocean biodiversity represents an untapped source of useful substances to cope with some of today’s global health threats, such as cancer, antibiotic-resistant infections, and epidemic diseases. The unrivaled degree of marine biodiversity is paralleled with biochemical diversity at a molecular level, thereby making marine organisms and microorganisms a reservoir with virtually unlimited biosynthetic potential. In recent years, the number of promising marine natural products (MNPs) is increasing rapidly, with approximately 28,500 novel chemical entities identified by the end of 2016 (Jiménez 2018). These molecules unveiled precious biological activities, such as anticancer, antibacterial, antifungal, antiviral, anti-inflammatory and immunomodulatory properties (Della Sala et al., 2018) (Figure 3C). In this scenario, the renaissance of MNPs has passed through the omics technologies, which have accelerated discovery of metabolites and their biosynthetic gene clusters (BGCs), by integration of (meta)genomic and metabolomic data. Harnessing the natural biosynthetic routes for complex natural products provides the tools to create sustainable sources of bioactive compounds which are rare in nature. Therefore, mining genomes and metabolomes from marine organisms in an integrated manner leads to identification of BGCs, which in turn can be exploited for production of bioactive compounds in native or heterologous hosts, either through microbial fermentation and/or genetic engineering.

Moreover, as cultured bacteria represent a very small fraction of total estimated microbial biodiversity in the ocean, the metagenomic age has made the uncultivated majority accessible for exploration and identification of BGCs, thus bypassing current limitations experienced by cultivation-based methods (Wilson et al., 2014). With the advent of next-generation sequencing methods and the drop of costs, high-throughput sequencing of metagenomic DNA samples has become more and more common, thus enabling fast detection of BGCs for bioactive MNPs (Sudek et al., 2007; Donia et al., 2011). In-silico platforms, such as antiSMASH (Blin et al., 2019) and PRISM (Skinnider et al., 2020), provide a consolidated strategy to screen huge amounts of metagenomic contigs and have accelerated the genome mining process, as being specifically addressed to genome-wide detection of BGCs and structural prediction of the relevant secondary metabolites. Through prediction of BGCs, genome mining may: provide a rationale for targeted isolation of natural products and unlock “hidden” natural products encoded by silent gene clusters (Ziemert et al., 2016). Identification of BGCs should pave the way for heterologous expression of MNPs, which is essential to functionally characterize natural biosynthetic routes, unlock products of cryptic genes, and enable sustainable production of MNPs of pharmaceutical and nutraceutical interest. However, heterologous expression at the moment still remains a significant bottleneck in natural product development. The development of tools and strains of so-called “microbial cell factories”, finely designed for MNPs production, will be the challenge of the next decade to finally exploit at full the potential of marine metabolites.



2.4 Outcome 4: A Predicted Ocean

(Where society understands and can respond to changing ocean conditions)

To find out where and how to take appropriate conservation actions to protect our oceans and seas and to use marine resources in a sustainable way, we should focus our efforts on valid scientific data and research. Data collection and analysis are the basis for the development of models and strategies to address ocean health issues. In general, Marine Information Technology (MarineIT) addresses observation, communication and/or control tools for the maritime domain. This involves gathering, transmission, processing, and merging of signals from multiple sensors installed in devices, platforms, observatories and vessels. Traditionally, this topic has been referred to in the context of acoustic, optical, and electromagnetic sensing of the ocean environment, most notably sonar/radar processing and satellite remote sensing. Nowadays, MarineIT is accompanied by the advancements in cabled or wireless ocean observation networks, and it is now a specialized branch of the information technologies. MarineIT plays an important role in many underwater applications, such as marine science research, environmental exploration, resource exploitation, security and defense (Xu et al., 2019). An IT-based marine environment is needed to provide efficient monitoring and protection protocols and to address some critical issues including autonomy, adaptability, scalability, simplicity and self-healing of data sampling processes. The following specific requirements for a hardly accessible environment should be considered during design, development and deployment of new sensors and instrumentations (Xu et al., 2019):

	• high resistance: sensors need to have very high levels of water and pressure resistance. Equipment also needs against physical phenomena of the ocean, such as. currents, waves, tides, storms

	• low energy consumption and energy harvesting: energy conservation and harvesting measures need to be considered due to long communication distances and a constantly moving environment;

	• data streaming: acquisition of data from multi-parametric stations, supporting a variety of sensors and array options, and transmitting in near-real time full bandwidth data to on-shore laboratories, or performing in situ processing and transmitting metadata through satellite link.



Marine bioinformatics refers to the use of information and network technologies to collect, store, integrate, analyze, interpret and disseminate data about marine organisms such as their distribution, description, systematic classification, phylogeny, biomolecular structure and genomics. The bioinformatics field offers specialized analytical technology tools for both laboratory and networking technology fields to achieve the goal of finding natural bioactive compounds from marine organisms as potential drugs, antifouling compounds, biomaterials etc. It has the highest implication in marine based ecology, biology, biotechnology and molecular biology, which are integrated for the gene-based discovery and development of marine drugs (Liguori et al., 2020; Wilms, 2021). The marine bioinformatics includes marine genomics and marine proteomics. The main challenge for the future is to fill the gap between the ability to accumulate data, catalog and reconstruct the structure of a genome, and the need to understand its expression and the regulatory networks.

In addition, the effects of climate change and biodiversity loss are strongly affecting many coastal areas around the world. Many coastal cities suffer high tide flooding thresholds, rising sea level inundating the near-shore regions and contributing to coastal flooding and eroded shorelines. Therefore, coastal infrastructures start to be more vulnerable, also in relation to possible damages generated by extreme weather events. These events have evident socio-economic impacts, as they can affect human health with the risks deriving from exposure to poor water quality, pathogens and harmful chemicals. For example, Harmful Algal Blooms (HABs) occur when colonies of cyanobacteria or algae overgrow and may have dramatic impacts on public health, tourism, fisheries, and ecosystems (Figure 3F). HABs may also produce toxic secondary metabolites, such as cyanotoxins (e.g., microcystins, saxitoxins, anatoxins), causing fish mortality and risks for human health, including skin irritation, nephro-, lung- and hepatotoxicity (Teta et al., 2021). Furthermore, HABs reduce oxygen suply and light availability in surface waters, thereby resulting in dead zones and mass mortality of sea animals. The monitoring of these alarming phenomena is increasing in the last decades, and multidisciplinary approaches have been set up to allow their early detection and analysis (early warning systems). In particular, remote and proximal sensing provide useful data to monitor HABs dynamics by measuring light reflected from water surfaces at specific wavelengths. Indeed, exploiting the unique spectral reflectance signatures of photosynthetic pigments, chlorophyll and carotenoids can be used to track algal blooms while phycobiliproteins (phycoerythrin and phycocyanin) to evaluate cyanobacteria spreading (Teta et al., 2017). Although HABs occur naturally under specific conditions of light, nutrients and temperature, anthropogenic factors contribute to the onset of such phenomena, through climate change, pollution and excessive nutrient input to water bodies (cultural eutrophication) due to urban and agricultural activities (Teta et al., 2016). Satellite sensors (i.e., remote sensing) ensure to cover large temporal and spatial scales while aircrafts and drones equipped with multispectral camera (proximal sensing), have more powerful resolution on a circumscribed area, and, therefore, greater sensitivity. Through spectral anomalies detection, remote/proximal sensing imagery may restrict sampling areas to perform in situ environmental studies, including chemical and metagenomic analyses to assess bloom composition and toxicity. These are the future technological challenges to properly respond to these hazardous events.

Another striking example of the changing global ocean conditions is noise pollution. The increase in human activities at sea has resulted in doubling the noise levels every decade during the last sixty years (Xu et al., 2020), and many studies have described the anthropogenic noise as an important stressor for marine animals, causing behavioral changes, hearing loss and masking of communication (Erbe et al., 2019; Popper and Hawkins, 2019). Marine soundscapes are rapidly changing not only in relation to the increase in anthropogenic sources, but also for the decreasing in abundance of sound-producing animals, and the altered contributions of geophysical sources due to the effects of global warming (Duarte et al., 2021). What is urgently needed to reduce the noise pressure on the marine environment is to bridge the gap between science and industry, improving innovative solutions, regulating the global market and promoting behavioral changes for local communities living near the coasts. Moreover, the collection of new information will be essential, since the sound components of many marine habitats are still unknown and critical information on the ecology of marine organisms can be acquired by passive listening of the ocean. For this reason, underwater sound has been recently added by the Biology and Ecosystem Panel of the Global Ocean Observing System (GOOS) as “Essential Ocean Variable” (EOV) (T/yack et al., 2021). GOOS is led by the Intergovernmental Oceanographic Commission (IOC) of UNESCO and supports a community of international, regional and national ocean observing initiatives9. Its main goal is to provide the essential information necessary for sustainable development and human well-being. An example of GOOS’ international collaboration is the ARGO program, a series of thousands of inter-calibrated vertical profilers that measure ocean parameters providing key data through satellite links when on the surface10.



2.5 Outcome 5: A Safe Ocean

(Where life and livelihoods are protected from Ocean-related hazards)

A well-monitored and guarded ocean is also a safer one. We have already seen how Maritime Spatial Planning (MSP) is evolving in defining mechanisms for the management of sea and ocean in a changing environment. It is necessary to rely on long-term data series, over a period of time that is frequently beyond a human life in order to facilitate the acquisition of information by scientists that are developing predictive models for the policy makers (Oliveri et al., 2022). Moreover, unpredictable events may affect ecosystems, such as the arrival of a new species, a tornado, a new ocean current, a volcanic eruption; such events can drastically change the balance and function of an ecosystem and are part of the evolutionary history of the Earth. Different life forms shape marine habitats, and our abilities to observe the effects of these changes are still very limited: precise and systematic observation systems are necessary. The data generated in the outcomes 2.2 and 2.4 will be pivotal to provide services to society such as the forecasting of hazards (i.e., harmful algal blooms and bioprospecting) for the Blue Bioeconomy. Technological tools for capturing different kinds of information have been greatly enhanced in the last decade, and together with these technological developments now we can access a data storage capacity that was impossible just a few years ago. Nevertheless, the skills and algorithms needed to correctly interpret these huge datasets, and to analyze metadata databases, are still a weak point. It is necessary to move from data collection to the understanding of biological phenomena that underlie them, to finally develop predictive models that can be useful for the protection of biodiversity, the environment and human health.

Implementing ocean risk reduction for increased safety can only be based on scientific achievements (Cappelletto et al., 2021). A multidisciplinary approach to observe, monitor and model, will promote more effective and sustainable management and development policies. The implementation of best-practice policies for industries and fisheries towards sustainable use of marine resources is necessary to reduce human impact; this can be achieved through the implementation of MSP principles (see 2.3), as a public process of analyzing and allocating the spatial and temporal distribution of human activities in marine areas to achieve ecological, economic, and social objectives that are usually specified through a political process11. In this direction many initiatives have already started. In the Mediterranean area, the SciNMeet Programme (“Science We Need for the Mediterranean Sea We Want”) (Cappelletto et al., 2021) is aimed to address major challenges and gaps in scientific knowledge to manage regional impacts in consideration of emerging environmental issues. The Biomolecular Ocean Observing Network is developing a global system that will allow science and society to understand and protect ocean life and will also help communities to detect biological hazards. This is an endorsed programme of the OD and will be a key component of next-generation ocean observing systems12.

Concerning HABs, several countermeasures have already been adopted to mitigate them. These strategies aim to reduce the number of toxic species or withdraw secreted, toxic secondary metabolites from the water column. Physical methods for aquaculture facilities have been based on: a) increasing water mixture to hamper stratification, b) bloom disruption by sonication, or c) creating a separation between the bloom and aquaculture animals (Gallardo-Rodríguez et al., 2019). Moreover, algicidal agents, including copper sulphate, hydrogen peroxide, hypochlorite, anthraquinones and low molecular weight water-soluble chitosans, have been described in recent years, showing good efficacy and specificity in removing toxic algal species (Park et al., 2016; Pal et al., 2020). Promising microorganisms, mainly algicidal bacteria, have emerged as useful biotic tools to control HABs in water ecosystems (Matthijs et al., 2016). As an alternative, physical–chemical methods, consisting in inducing bloom flocculation and sedimentation by flocculating agents, have been shown to be effective in removing algal species, nutrients and toxins. In this perspective, the OD could provide the chance for the implementation of new controlling methods, through an in-depth analysis of the economic and environmental impacts.



2.6 Outcome 6: An Accessible Ocean

(With open and equitable access to data, information and technology and innovation)

As stated in the previous outcomes, the success of the OD will rely on the capability to collect new data using new technologies and methods. The acquisition of reliable scientific data will lend credence to any claim for pollution prevention, conservation and rehabilitation of our oceans, creating tools to communicate strong messages to the public. Moreover, more evidence is needed to face environmental problems, to identify and establish appropriate mitigation and restoration actions and to provide information for decision makers, allowing effective sustainable management of marine resources. The target is represented by institutional authorities and all the stakeholders that are involved in the utilization of marine ecosystem services (e.g., fishermen associations, tourism categories), including the civil society. Complex phenomena, such as those that regulate life on our planet, by their nature, cannot be understood by analyzing a single parameter. A network of regional facilities and multidisciplinary observatories are necessary to explore the oceans, to better understand the phenomena happening within the marine ecosystems, and to monitor their role in relation to the evolution of the Earth system (Figure 3B). Platforms equipped with multiple sensors need to be placed along the water column and on the seafloor, measuring different physical, biogeochemical and ecological parameters and addressing alarming issues such as climate change and geo-hazards extreme events (Lo Bue et al., 2021). The synthesis among different disciplines will enable far more holistic insights into evaluation of marine ecosystems, critical for the future of marine policy.

The creation of a central data portal and a series of information hubs that exchange evidence about marine life is essential to organize and assimilate multidisciplinary datasets, and to produce knowledge in an open and concise form for scientists, conservationists, general public and policy makers. It is necessary to enforce the data network, such as the European Marine Observation and Data Network (EMODnet), in order to provide access to indications of spatiotemporal distribution of marine species in a multi-use manner13. Nowadays, not all world’s regions and types of data are equally represented and biological data are much less prevalent compared to physico-chemical datasets, with the lack of - for example - a new generation of taxonomists (Pinheiro et al., 2019). In this direction, EMODnet Biology is built upon the World Register of Marine Species (WoRMS) and the Ocean Biodiversity Information System (OBIS). The WoRMS is providing an authoritative classification and database of marine organisms14, and OBIS is establishing a comprehensive and online gateway to the world’s ocean biodiversity and biogeographic data 15. As an example, these data are important to support the scientific evidence necessary for the creation of marine protected areas (MPAs) and to monitor whether what’s established is effectively protected (Claudet et al., 2020). Therefore, well-organized scientific data are needed if we want to protect our oceans and levels of protection should be increased in relation to active monitoring activities to ensure we deliver tangible benefits for biodiversity conservation.

Data sharing is also essential to develop a policy of Open Science for a large and diverse group of users, from scientists and industries to institutions and policy makers. However, many technical aspects remain to be solved regarding the management of large-scale infrastructures and big data, and the improvement of autonomous observatories. For instance, machine learning is used in Ocean science to identify objects from images (e.g., automatically identifying certain types of coral) and to learn from numeric patterns of long-term data series (OECD 2020). These will be indispensable to support decision making for practical use in marine spatial planning processes. Innovation, interoperability, data standards and best practices are necessary, but sustainable management is the key for a healthy and resilient ocean (Buck et al., 2019; Liu et al., 2019). Once interoperable infrastructures are in place, technologies would certainly offer tools for the effective analysis of large marine dataset able to examine long-term changes in environmental conditions, as well as fine-scale geographical and temporal variations. Improving these research infrastructures is a theme of primary importance for the EU. The Program Horizon Europe 16, planning to fund research in the period 2021-2027, has the goal to improve European research infrastructures with a dedicated work program, organized into five destinations. In particular, the destination INFRANET - Network Connectivity in Research and Education, focuses on improving networks and relative services to better connect researchers, to help the sharing of data and information, regardless of the location of the users, in order to achieve excellent research.

The establishment of specific data management plans are also another fundamental aspect in the future of marine research. After the publication of scientific data, subsequent possibility of “data reuse” by the international community is essential to improve knowledge discovery and future innovation. Four principles – Findability, Accessibility, Interoperability, and Reusability (Wilkinson et al., 2016) are guiding academia at European level. Moreover, the Information and Communication Technologies (ICT) are fundamental to manage, transmit and communicate data using new performing technologies able to exchange information from remote and different sensors, to increase computing and storage capacities. The goal will be the integration of data from different fields of science to fully understand the natural phenomena that regulate life in the Oceans.



2.7 Outcome 7: An Inspiring and Engaging Ocean

(Where society understands and values the Ocean in relation to human well-being and sustainable development)

Scientific research cannot be considered complete without the active dissemination of its results. Indeed, while the scientific press will cover such a need for peer-to-peer communication, the necessity to convey new discoveries and their consequences to the general public is undeniable. This is even truer in this moment in history, in which we witness a growing dissent and mistrust towards science and scientists. The failure of the limited model in the so-called PUS (Public Understanding of Science), in which the public audience was basically seen as a container to be filled by oversimplified basic scientific concepts, has brought that part of the scientific community involved in communication to reconsider how to actually communicate science. The PUS model was rapidly converted in PEST (Public Engagement with Science and Technology) and PawS (Public Awareness of Science), in which researchers finally accepted that communication is a two-ways process, that should actually engage and involve the audience in order to increase public awareness and consensus on the great themes of scientific research. Scientific dissemination is a dialogue, not a (often boring) monologue, and scientists from all disciplines should be aware of this very important, and still too often ignored, issue.

In this perspective, public structures of scientific interest and communication, such as museums, zoos, aquaria and public scientific libraries, as well as recent social media-based communication, become fundamental for the two-way communication of science, and the increase of environmental and scientific awareness of people. In the light of the dawning OD, science communication and dissemination become an undeniable part of research, and at the same time an irrefutable need for scientists and the general public alike. Scientific libraries are centers of information and active transfer of knowledge and represent an important tool to increase awareness of research progress among scientists and citizens. Their public access is an important contribution to the OD passing through awareness and behavioral changes towards a more sustainable attitude in order to preserve marine environment and biodiversity. Museums can constitute the repository of marine biological collections. The evolution of biodiversity in time is addressed by exploiting platforms of long-term monitoring (decadal scale), crating museum collections and archives (centennial scale) and by cooperating with archeologists and paleobiologists (millennial and geological time scales). Moreover, given the current rate of extinction for certain species, it is urgent to collect demographic data essential to develop risk assessment for their disappearance. The data collection by aquaria, zoos and museums represents an opportunity for comparative and conservation biology and can be used to fill some of these gaps (Conde et al., 2019).

Natural History Museums are changing, are evolving in order to survive – in an interesting parallel with all living beings. The original scope of showing wonders of the world, often bordering myths and legends (e.g., the “Chambers of Wonders”, that survived well into the modern age) or rows upon rows of systematically ordered specimens, is no longer compatible with the contemporary view of scientific communication. New strategies need to be developed in order to transform such places into interfaces between science and the public (Dick, 2017). Aside from their changing role, museums and aquaria have to embrace the idea of using narrative and storytelling to interact with the public and to convey ideas and concepts, always creating a strong interaction between the visitor and the display (Figure 3E). Interaction is not necessarily immediate and automatic, although the use of new technologies (especially techs such as Augmented Reality and Virtual Reality) in museums and aquaria is becoming more and more important today (Vermeeren et al., 2018). Interaction can be created with narrative, or with peculiar display of items, or by letting the public itself form bonds with what is before the eyes (Davidsson and Jakobsson, 2012). Museums, zoos and aquarium communities fulfill several objectives of environmental conservation, education and entertainment, the so-called edutainment, by attracting their visitors through their enchanting exhibits. Large aquaria are energy-intensive facilities and need to guarantee a low environmental impact to generate economic savings. So, the shift of their focus towards smaller-bodied native local species within scientific research centers is a coherent and trustworthy contribution to OD dissemination and public engagement.

In order to increase public awareness towards natural history and biodiversity conservation within a global change that is so hardly impacting upon our lives, museums and aquaria must step into their new roles of leaders of scientific dissemination and focal points for public awareness. Modern aquaria actively contribute to the recovery of threatened species through ex situ breeding within institutions and through substantial contributions to in situ conservation projects in natural habitats (Conde et al., 2011; Mooney et al., 2020). Steps have already been taken towards this goal; for instance, the formal partnership between ICOM Nathist (the International Committee for Museums and Collections of Natural History of the International Council of Museums) and WAZA (World Association of Zoos and Aquariums) represents a cornerstone of this new “interface building” that will see museums and zoo/aquaria take the lead in promoting good practice and behavioral changes through science popularization (Barongi et al., 2015). The success of the Biodiversity is Us campaign, launched by WAZA and deeply involving the ICOM Nathist, shows how much the close relationship between two only apparently different types of institutions can actually achieve in terms of biodiversity knowledge and preservation. Communication campaigns raise awareness on programs to protect autochthonous species engaging local communities and stakeholders with overlapping interests. Recovery and rescue of stranded animal programs promote synergy with local authorities and launch targeted management policies, even supporting the establishment of protected areas. Scientific libraries develop newly digitalized peer reviewed publications that can be distributed through on-line platforms, thus amplifying the access opportunities by users in real-time. Meanwhile, in the last decade the proliferation of social media-based communication has proven successful in terms of dissemination of scientific information as well as on many other themes17. The recognized limitation of this extremely fast method of information transmission and broadcasting is related to the lack of peer review processes. The general posting system can sometimes even generate ill effects such as miscommunication, fear and panic or disseminate wrong interpretations of the research results creating aversive or disruptive concepts that can further amplify the negative behaviors even more (Barr-Walker et al., 2021).

“The Ocean … is our life support system, and it begins to falter due to human activities on land “ (Stel, 2021). These words perfectly frame the current situation of our world, and better than any other manage to convey the urge for ocean literacy. Although this concept is only relatively new (for a full summary on ocean literacy see (Payne and Marrero, 2021) and references within), between the OD and the dramatic conditions of our oceans the need for a worldwide understanding of at least the basic principles of marine science and their utmost importance in the light of critical ecosystem failure we are facing are now clearer than ever. Unfortunately, education systems do not seem to always fully support the needs evidenced by ocean literacy, and each country still has its own pace and setting; however, as Marrero and coworkers (Marrero et al., 2019) pointed out, the urge to cooperate between all the ocean literacy networks. Therefore, museums, zoos and aquaria are in the position to answer the call for this cooperation, and this will be one of the challenges we will all be facing in the upcoming years. However, there is a downside with such places: learning there is “informal”, therefore it is hardly measurable (Seraphin et al., 2019). Again, we urge to fully cooperate with scientific and educational institutions to give the best experience available in terms of ocean literacy and promote not only better understanding but a greater awareness of the ocean and relative issues, and from there develop a true behavioral change. Similarly, citizen science is constantly evolving and is essential in actively engaging the public, both in terms of biodiversity monitoring (Arvanitidis et al., 2011) or environmental research (Garcia-Soto et al., 2021).

Finally, in order to promote behavioral change in their citizens, policy makers should concentrate on the importance of internal motivation that positively affects conscientious behaviors towards biodiversity protection. This influence motivates people to change their perceptions and attitudes and reveals its importance versus pro-environmental behaviors. Moreover, the trust in the government and institutions can promote respect for the policies dictated by policy makers, thus ensuring also positive behavioral changes (Nguyen-Van et al., 2021). These findings not only imply that policymakers should include social influence programs in their communication but also that entrusted scientific institutions can act as information carriers and foster environmental awareness toward eco-friendly behaviors.




3 Conclusion

The Ocean is a living system that has accompanied humans since the origin of our species. Some people approach it as an endless strip-mine of all types of resources such as fisheries products, alternative fuel, medicine, nutraceutical products, or a platform for intercontinental transports, tourism and leisure. Others had the opportunity to only see its surface without the knowledge of the processes taking place below the seawater interface. Although the OD may somehow seem a utilitarian view limiting the preservation of the Ocean to a resource to sustain and guarantee a future of well-being for our species, it is in reality a challenging opportunity for technological development and knowledge implementation to better sustain all forms of life on our planet. OD outcomes to be strategically addressed are represented by the need to understand the processes that occur within marine ecosystems in order to allow biodiversity protection, use the resources in a sustainable way, counteract climate change and improve quality of life. Habitat preservation and sustainability are both “institutional and individual generalized responsibility” to be implemented by a consistent and effective respect for the environment in everyday life.

However, we can only provide the innovative solutions needed to achieve the OD outcomes by focusing our efforts on scientific research (Table 1). In particular, biotechnology is in a leading position. Multidisciplinary by definition, it is proving its value providing important answers in many outcomes. The use of macro and micro-organism is already crucial for the bioremediation of the polluted ocean. The discovery and the subsequent implementation of new or engineered biocatalysts with better bioremediation properties is the principal challenge for the next few years, together with the genetic modification of organisms. Biotechnology has an important role in valorizing the ocean potential for new molecules for human and animal health. The improvement of technologies such as metagenomics, metatranscriptomic and metabolomics has unlocked the hidden treasure of the ocean, and at the same time has given new instruments for environmental monitoring. This will be crucial for many OD outcomes, since a constant and efficient control of as many as possible ocean parameters will allow us to properly protect the ocean environment. In general, technological progress will be essential to this end through the development of new non-invasive, autonomous and eco-compatible technologies for the exploration and monitoring of the oceans. Innovative platforms and sensors capable of providing information in near real-time, and global data portals to allow easy access to organized databases for all categories of users. Finally, the role of scientific research is to highlight and convert these innovations into opportunities, increasing the understanding of biological mechanisms, evolution of sea life and spreading public awareness about ocean issues. Currently, research projects need specific dissemination activities and communication plans, with the involvement of social community and stakeholders.


Table 1 | Summary of the main challenge of each OD outcome and the scientific solutions identified.



Actually, despite the scientific evidence on the different threats generated by humans on marine ecosystems, many countries face enormous challenges to take effective environmental actions due to their socio-economic vulnerability, political uncertainty and technical-scientific capabilities (Muelbert et al., 2021). The information required by policy makers should be available in an accessible and inclusive way, taking into account data on specific areas and overcoming regional imbalances in terms of economic development, technological level, building capability, societal involvement and governmental control (Muelbert et al., 2021). EU governance must certainly strengthen measures for the protection of the marine ecosystems (e.g. environmental laws, protected areas), but also support the creation of new infrastructures (including digital ones) in which the public can easily acquire scientific knowledge and evolve an ecological consciousness. Research institutes and related knowledge must become the entrusted reference points that will guide the challenges of the human being, in the decade we are facing. Even with the SARS-CoV2 pandemic still raging on our planet, these institutions are doing their best to bring reliable scientific knowledge and up-to-date information into the homes of many people (Gili et al., 2021), perhaps reaching an even wider virtual audience than ever before.
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Footnotes

1https://ec.europa.eu/oceans-and-fisheries/ocean/blue-economy/maritime-spatial-planning_it.

2https://ec.europa.eu/environment/strategy/biodiversity-strategy-2030_en.


3https://sdgs.un.org/goals.

4https://www.oceandecade.org/.

5https://www.oceandecade.org/actions/ocean-observing-co-design-evolvingocean-observing-for-a-sustainable-future/.

6www.fao.org/3/i9540en/i9540en.pdf.

7www.resourcepanel.org/reports/food-systemsand-natural-resources.

8https://iccat.int/Data/REP_EN_10-11_I_1_Annex_6_Confidentiality.pdf.

9www.goosocean.org.

10https://argo.ucsd.edu/.

11https://unesdoc.unesco.org/ark:/48223/pf0000186559.

12https://www.obon-ocean.org/.

13https://emodnet.ec.europa.eu/en.

14https://www.marinespecies.org/index.php.

15https://obis.org/.

16https://ec.europa.eu/info/research-and-innovation/funding/fundingopportunities/funding-programmes-and-open-calls/horizon-europe_en.

17http://www.ict-21.ch/com-ict/IMG/pdf/learning-2.0-EU-17pages-JRC56958.pdf.
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