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This paper discusses the conceptual and methodological challenges to co-developing high-quality and transferable knowledge to understand and manage harmful algal bloom (HAB) risks as part of adaptation to changing aquatic ecosystems in Europe. Global HAB-climate change research efforts to date have focused on enhancing the credibility of scientific knowledge by conducting basic scientific research aimed at understanding the physical and biogeochemical drivers and mechanisms shaping HAB dynamics in order to predict their occurrence and prevent their societal and ecological impacts. However, the rapid and interconnected changes occurring in marine ecosystems worldwide necessitate a simultaneous shift toward enhancing the salience, legitimacy, usefulness, and usability of this knowledge for decision-making. To address this need, we present and discuss empirical findings from the marine-focused CoCliME project, which set out to co-develop user-oriented climate services to support HAB risk mitigation and adaptation in European coastal regions. We present lessons learned in relation to four areas of project implementation, across five regional cases, that emerged as essential for enhancing the quality of knowledge for managing HAB-climate risks: (1) Engaging stakeholders to understand their knowledge, experiences, interests and concerns; (2) Co-developing a shared terminology and framing of the “HAB-related problems”; (3) Advancing scientific understanding of drivers and interactions shaping HAB-climate risks and; (4) Co-producing prototype services that integrate social and HAB-climate data and knowledge to support decision-making. We find that efforts to reduce scientific knowledge gaps and uncertainties about HAB-climate linkages (efforts to enhance credibility), while important, risk overlooking key aspects of knowledge co-production and application that are necessary to render this knowledge more salient, legitimate, useful, and usable. Understanding the multi-risk decision-making context within which societal stakeholders appraise HAB and climate change risks and approaching knowledge co-production as a learning process, are vital lessons learned in this respect. Drawing on project learning, we highlight key priorities for enhancing the societal relevance and impact of HABs-climate research during the UN Decade of Ocean Science for Sustainable Development.
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INTRODUCTION

Climate change and anthropogenic pressures are modifying the world's ocean in an unprecedented manner (Pörtner et al., 2019). Increasing atmospheric and ocean temperatures, more persistent water column stratification, ocean acidification, and human induced eutrophication are already impacting coastal ecosystems (Bindoff et al., 2019; Pörtner et al., 2019). And while the long-term and interactive impacts of these trends are difficult to assess, if left unchecked, they are likely to cause major changes to marine ecosystem functions, with corresponding adverse ecological and societal consequences for regions that depend on coastal and marine environments and the economic, social and cultural values and service they support (Claudet et al., 2020). As recognized in the EUs Blue Growth strategy and highlighted in numerous national marine strategies, coastal regions, which support close to half (43%) of the population in EU countries, provide myriad opportunities for enhancing citizens' health, well-being and prosperity (European Parliament, 2015). However, these benefits coexist alongside hazards and risks that may be exacerbated by climate and anthropogenic pressures on coastal and marine environments (European Marine Board, 2013).

One of these hazards is the occurrence of harmful algal blooms (HABs), an important indicator of ecosystem health status. Harmful algal blooms are associated with particular combinations of physical, biological and chemical conditions in marine and coastal environments, and can be facilitated by human activities (for example eutrophication and ecosystem destruction). The term HAB refers to a biological event that occurs in marine, brackish and freshwater systems when certain macro- or micro-aquatic photosynthetic organisms proliferate above reference limits, causing adverse impacts for ecosystems or society (GEOHAB, 2001; Wells et al., 2020). HABs are natural phenomena modulated by anthropogenic, physical, biogeochemical and climatic factors. They are considered a hazard to aquatic ecosystems and many human marine activities including aquaculture, tourism, recreation, and human health due to the negative impacts that may result from the phycotoxins that are produced and/or oxygen limitation that occurs in the water due to the excess biomass when the bloom is active or decays.

Both warming ocean conditions, as well as eutrophication caused by human activities such as agricultural run-off, may favor the development of particular HABs. Yet the complexities in HAB life cycle stages, and biochemical and physical interactions involved indicate that the scientific community has yet to unravel the particular climate and non-climatic drivers modulating HAB dynamics (Gobler, 2020). Research suggests that shifting climatic conditions are influencing the biogeographic distributions and abundances of some HAB species and the temporal and spatial extent of blooms (Wells et al., 2020). The 2019 IPCC special report on the ocean states with high confidence that an increase in coastal HAB events has occurred in many parts of the world since the 1980s (Bindoff et al., 2019; Pörtner et al., 2019). Although regional efforts to reduce nitrogen run-off have been partially successful at controlling eutrophication in areas such as the Baltic Sea region, there has been a notable increase in reports of prolonged HAB events associated with marine heat waves in different parts of the world in recent years. Such marine heat waves are expected to increase as the climate continues to warm due to continued anthropogenic greenhouse gas emissions (e.g., Di Lorenzo and Mantua, 2016). For example, blooms of the neurotoxin-producing diatoms, Pseudo-nitzschia australis, such as that which coincided with a prolonged marine heatwave in the Pacific Northwest USA in 2015, are becoming more common, with major ecological and economic consequences for marine wildlife and resources, and communities that depend on them (McCabe et al., 2016; Trainer et al., 2020a and references therein). Strong alterations of the atmospheric and oceanic circulation dynamics in the southeastern Pacific Ocean, likely related to climate change, were also linked to massive HABs dramatically affecting salmon and shellfish aquaculture in 2016 (Trainer et al., 2020b). Of further concern and as highlighted by the 2019 IPCC report, many coastal communities will be exposed to future HAB risks, especially in areas where HAB monitoring is poorly implemented (Bindoff et al., 2019 and references therein).

The increasing prevalence of major HAB events in recent years corresponding with marine heatwaves (e.g., McCabe et al., 2016; Roberts et al., 2019) and other extreme events highlights the need for more robust and impactful HAB risk mitigation and adaptation strategies on a regional and global scale. Yet to date, there remains a paucity of high-quality and actionable knowledge to support HAB risk assessment and management in the face of climate change (GlobalHAB, 2017; Ritzman et al., 2018). To address this gap, we present and discuss conceptual and methodological challenges and lessons learned within the European research project “Co-developing Climate Services for Adaptation to Changing Marine Ecosystems” (CoCliME). This transdisciplinary project constituted a collaboration between natural and social science researchers and societal stakeholders from seven European countries across six European coastal regions and set out to enhance the co-production, integration and uptake of high-quality knowledge to support HAB impacts assessment, risk mitigation and adaptation strategies in European coastal waters in the face of climate change.


Harnessing High-Quality Knowledge for Adaptive Governance in European Coastal Regions

The transdisciplinary approach taken in CoCliME reflects increasing calls to improve the link between high-quality scientific outputs from marine based research and societal decision-making needs (Stenseth et al., 2020). Attending to the multiple drivers and consequences of coastal and marine ecosystem dynamics and changes—including those that contribute to HABs—requires that environmental decision-makers have access to the necessary knowledge to manage complex risks and changes in a flexible and adaptive manner (Cvitanovic et al., 2015). An adaptive management approach has been identified as vital for navigating these challenges; however, ensuring the necessary knowledge exchange and trust between scientists and environmental decision makers remains a significant obstacle (Cvitanovic et al., 2015; Stenseth et al., 2020). Joint knowledge production processes involving scientists and societal decision-makers—also known as “knowledge co-production” —is increasingly advocated as a way to bridge the gap between the supply of and demand for scientific knowledge and to render scientific advice more actionable in practice (Lemos et al., 2012). Under the United Nations Decade of Ocean Science for Sustainable Development (2021–2030), for example, there are increasing calls for enhanced collaborations across scientific disciplines, geographic and political borders, and science-policy interfaces in order to improve the credibility, salience, legitimacy, and usability of ocean science (Claudet et al., 2020). It is within this timely context that we present lessons learned within the European CoCliME project, which aimed to address many of these challenges.

A number of authors have described the determinants of “high-quality” knowledge. In their seminal article: “Knowledge systems for sustainable development,” Cash et al. (2003) draw on “lessons learned” from a series of cases to describe key qualities that enable knowledge systems to mobilize scientific and technological know-how to solve sustainability challenges. The authors show how success in connecting scientific information to decision-making is fundamentally linked to whether and how this “information is perceived by relevant stakeholders to be not only credible, but also salient and legitimate” (Cash et al., 2003, p. 8086). According to the authors, “credibility”…[refers to] “the scientific adequacy of the technical evidence and arguments” while “salience” refers to the extent to which the information that is produced meets the needs of targeted decision makers. “Legitimacy” has to do with the extent to which the production of knowledge, information or technology is inclusive and respectful of stakeholders' different values and beliefs and whether it is “unbiased in its conduct, and fair in its treatment of opposing views and interests” (Cash et al., 2003). Usefulness is defined by Lemos and Morehouse (2005, p. 63) as the extent to which knowledge and information are “provided in forms and at temporal and spatial scales that fit with user practices and needs.” The related term of usability refers to whether stakeholders can “actually access and use the information in the form that it has been delivered,” e.g., whether it is easily accessible online, in the local language of stakeholders, and in layman terms as opposed to scientific jargon (Lemos and Morehouse, 2005).

To date, global research efforts linking HABs and climate change have focused on enhancing the credibility of scientific knowledge through inter alia, conducting basic scientific research on the physical, biogeochemical and other drivers and mechanisms shaping HAB ecological dynamics. However, efforts to enhance the salience, legitimacy, usefulness, and usability of HAB research in the context of climate change have received comparably less attention. Yet HABs occur in coastal marine socio-ecological systems undergoing multiple sources of environmental, climatic, and socio-political changes, and are themselves driven by a complex interplay between anthropogenic and natural factors operating and interacting across scales. Addressing HAB risks to society, whether by reducing drivers such as eutrophication, mitigating impacts, or adapting to the consequences of marine ecosystem changes, therefore requires attention to the social, economic and governance—in addition to ecological—contexts that shape human-ocean interactions in particular contexts.

In the sections that follow, we outline the conceptual and methodological challenges we encountered in the project as we strove to generate salient, credible, legitimate, useful, and usable knowledge, information and services to support HAB-climate risk mitigation and adaptation activities in diverse geographic and sectoral contexts. Section Materials and Methods introduces the CoCliME project and regional case studies and describes the steps taken to document and synthesize project-wide “lessons learned.” Section Results summarizes key lessons learned with respect to four areas of project implementation that correspond to the five knowledge quality criteria. Here we provide project-wide and case-specific examples of the main encountered challenges and our efforts at addressing them. Section Summary of Findings and Implications for the UN Decade of Ocean Science discusses the findings in light of the wider literature on knowledge quality criteria, climate and HAB risk management, and adaptive coastal governance and highlights the relevance of the findings for the UN Decade of Ocean Science for Sustainability. This section concludes with recommendations for enhancing the quality of knowledge and knowledge co-production processes to help society better understand, prepare for and manage HAB-climate impacts and risks in coastal and marine socio-ecological systems undergoing rapid changes where decision-making contexts are characterized by high uncertainties.




MATERIALS AND METHODS


Conceptual and Analytical Framework

To address the CoCliME objective of co-producing high-quality and transferable knowledge to help society better understand, prepare for and manage HAB-climate risks, we employ a conceptual and analytical framework that describes and links “lessons learned” within four key areas of project implementation to the five “knowledge-quality criteria” of salience, credibility, legitimacy, usefulness, and usability (described in section Harnessing High-Quality Knowledge for Adaptive Governance in European Coastal Regions) that have been identified as important pre-conditions for creating inclusive, robust, policy-relevant and actionable environmental research (Cash et al., 2002, 2003; Lemos and Morehouse, 2005). Specifically, our analysis focuses on lessons learned in relation to (1) Engaging stakeholders to incorporate their knowledge, experiences, interests and concerns (legitimacy); (2) Co-developing a shared terminology and framing of the “HAB-related problems” (salience); (3) Advancing scientific understanding of key drivers and interactions shaping HAB-climate risks (credibility) and; (4) Co-developing prototype services that integrate social and HABs-climate data and knowledge to support decision-making (usefulness and usability). The four areas correspond to key research objectives and activities that emerged as essential for improving the quality of knowledge for understanding and managing HAB-climate risks across five European regional cases (described further below). Our analyses are framed by a hybrid conceptual framework that draws on insights from the literature on knowledge-quality criteria and discusses their relevance for HAB-focused climate services and HAB risk management and adaptive coastal and marine governance.

Since CoCliME investigated both the social and ecological dimensions of HAB-climate risks, “vulnerability” and “adaptation” in this article encompass both the ecological and social dimensions of these terms, while recognizing that they are understood and applied somewhat differently by natural and social scientists and in the fields of HABs and climate change research (see section Co-developing a Shared Terminology and Framing of the “HAB-Related Problems”). We therefore employ a broad definition of “vulnerability” that refers to the suite of factors that may render coastal and marine ecosystems, communities and associated sectors susceptible to sustaining harm from climate change, HABs, and their interactions. Similarly, and building partly on the IPCC (2014) definition of adaptation, in CoCliME, “adaptation” refers to socially- as well as biologically-adaptive strategies and actions taken in response to or anticipation of HAB and/or climate-related risks in order to moderate or avoid harm and/or exploit beneficial opportunities (see e.g., Field et al., 2014, p. 40). In the sense used in this paper, adaptation therefore also encompasses HAB risk prevention and mitigation strategies (see, e.g., Kudela et al., 2015). These definitions are consistent with the CoCliME interpretation of coastal and marine environments as constituting “coupled socio-ecological systems” (Whitney et al., 2017).



The CoCliME Project and Regional Case Studies

The transdisciplinary CoCliME project formed part of the ERA-NET Consortium “European Research Area for Climate Services,” (ERA4CS), which was designed to boost the development of efficient climate services in Europe (http://www.jpi-climate.eu/ERA4CS). Under ERA4CS, “climate services” are defined as the “user-driven development, translation and transfer of climate knowledge to researchers and decision-makers in policy and business. This includes knowledge for understanding the climate, climate change and its impacts, as well as guidance in the use of climate knowledge”. From the beginning, CoCliME set out to co-develop tailored, proof-of-concept and prototype HAB-climate services and a transferable framework to support HAB-climate risk management and adaptation decision-making in European coastal regions. The project focused on HABs as aquatic phenomena that are driven by a range of environmental (including climate) and anthropogenic factors, and their associated impacts on water quality, seafood safety, and different socio-economic sectors. To date, HAB-focused climate services remain in their infancy. For this reason, this pilot project drew upon and combined expertise from diverse scientific disciplines and intensive stakeholder dialogues with exploitation of existing data sets toward the goal of co-producing actionable knowledge to support HAB risk mitigation and adaptation decisions in specific contexts.

Our analysis in this paper draws on lessons learned across five regional coastal cases: the NE Atlantic (Ireland), NE Atlantic (France), Mediterranean, Baltic and North/Norwegian Seas. Table 1 summarizes the geographic and sectoral focus, key stakeholders consulted and HAB issues addressed in each regional case. The cases are in turn briefly presented below.


Table 1. Summary of the CoCliME case studies discussed in this paper, the HAB taxa addressed, the sectors impacted and types of stakeholders consulted.
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NE Atlantic (Ireland)

Closures of aquaculture facilities are caused by Pseudo-nitzschia or Dinophysis biotoxin accumulated in filter feeding mussels and mortalities in fish farms are due to anoxic conditions produced by high biomass Karenia blooms. These blooms originate in offshore shelf waters and are carried to the inshore aquaculture sites by ocean circulation dynamics. In CoCliME a numerical physical hindcast and ocean climate model was developed and combined with in-situ biological information to investigate future possible changes and environmental linkages with HABs.



NE Atlantic (France)

Shellfish aquaculture in the area is threatened by Alexandrium spp. and Dinophysis spp. biotoxin-producing blooms. Research was undertaken on the biological aspects (food web structure) of the Dinophysis spp. that could be modulated by climate change, and on the economic losses of shellfish farm closures caused by the HABs.



Mediterranean Sea

In summer, recurrent blooms of Ostreopsis spp. are associated with acute respiratory and cutaneous disorders in beach users, workers and coastal inhabitants. Ongoing studies address the ecology, ecotoxicology, toxin aerosolization, epidemiology, economic impacts, and modeling bloom dynamics as a function of climate scenarios.



Baltic Sea

This semi-enclosed regional sea is characterized by limited wind mixing, low ventilation of deep water and multiannual eutrophication, which results in an excess availability of nutrients in the system. These conditions favor blooms of nitrogen fixing cyanobacteria in summer that cause problems for tourism and leisure activities and potential human health problems.



North/Norwegian Sea

In this area, the main HAB threats are posed by fish-killing microalgae (e.g., Chrysochromulina, Pseudo-chatonnella) that cause infrequent but massive mortalities of farmed fish in aquaculture facilities. HABs causing shellfish closures and recalls are also a recurring problem across the region. Research in this area is investigating the environmental conditions driving these blooms toward predicting their future dynamics, considering biogeographic shifts of HAB taxa and HAB risk periods.




The CoCliME Climate Service Co-development Approach

In CoCliME, co-development of case-specific proof of concept and prototype HAB-climate services was pursued with targeted stakeholders and end-users through an iterative process organized around project-wide “Engagement Points (EP).” The EPs (Table 2) were carefully designed to flexibly pursue co-discovery with relevant stakeholders in each case study in order to tailor and co-develop useful prototype services. Table 1 provides an overview of the main types of stakeholders that were consulted in the different CoCliME cases. The EPs acted as a platform for the CoCliME partners to gather stakeholder input, discuss results, and further tailor product development to suit identified user needs. The EP format ranged in style from workshops, semi-structured interviews conducted in person or by telephone, to virtual online and/or one-to-one or structured group meetings and discussions and online surveys. Regular dialogue with key stakeholders was deemed important and carried out through established working relationships, partnerships, and professional forums/channels in many cases. The targeted stakeholders included co-developer partners identified at the start of the project, new co-developers, intermediary or end-user stakeholders identified during the course of the project, and scientific partners internal and external to the project.


Table 2. Focus and aims of the project-wide Engagement Points (EP).
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RESULTS


Engaging With Stakeholders to Understand Their Priorities and Define the Focus of HAB-Climate Services

To ensure saliency and legitimacy, a climate service co-development process must take its starting point in thoroughly analyzing stakeholder priorities and decision-making contexts (Buontempo et al., 2017). Discussions and interviews with stakeholders at the start of the project (EP1) revealed that vulnerability and adaptation to and mitigation of HABs risks, are location- and stakeholder-specific and depend on a range of contextual factors. Characteristics of the bloom such as the timing of the onset, and the duration and location of blooms relative to the main periods of economic activity (e.g., during peak tourism season in the Mediterranean Sea, or during the fish growth period from smolts to adults in aquaculture pens in the North/Norwegian Seas), has a significant effect. Economic factors related to business activities that affect vulnerability and adaptive capacity to HAB risks include the size of firms and levels of integration and/or collaboration across them (with smaller firms typically, though not always, being more vulnerable), the extent of economic diversification across geographic areas, species and markets, the potential for substitution (i.e., sourcing fish or shellfish from other locations), the flexibility of operations (e.g., the potential to move planned maintenance activities to periods of closures, delay harvesting, and the flexibility of the workforce), and the extent of economic support mechanisms such as insurance or other compensation measures in the event of prolonged closures or large-scale mortalities of farmed fish. Technological factors such as access to, and ability to implement, mitigation options, such as raising or lowering fish cages, and the use of physical control methods such as “bubble curtains” (e.g., Gallardo-Rodríguez et al., 2019) also play a role. Finally, aspects related to the social infrastructure, including the extent of local networks and cooperation for monitoring, mitigation, and emergency preparedness and response, shape stakeholders' vulnerabilities, and adaptation to HAB risks and their ability to mitigate impacts (e.g., Le Bihan et al., 2013; Guillotreau et al., 2017). For example, CoCliME interviews conducted with Norwegian aquaculture stakeholders that were affected by a devastating bloom of Chrysochromulina leadbeateri in northern Norway in 2019 revealed that close cooperation between family-owned salmon farming firms in the affected region was decisive for managing the effects of the bloom.

The perceived importance of HAB risks, relative to other risks, moreover varies according to the occupational and professional roles and knowledge and background of different stakeholders. In cases having shellfish aquaculture as a focus, some stakeholders have extensive experience and well-developed adaptation strategies for dealing with regularly occurring HABs on a seasonal or cyclical basis. In other cases, sporadic, major bloom events that occur with no forewarning and cause massive mortalities of farmed fish are a key concern. Economic risks and impacts from pathogens that cause shellfish mortalities are a more important concern than HABs in some regions while in others, predation by starfish, jellyfish and eider ducks are key concerns. In cases where the linkages between HABs and human health are not obvious or well-established, local residents and tourist stakeholders may not be fully aware of potential HAB risks.

Stakeholder perceptions and concerns about climate change in relation to HABs moreover varied widely. Some stakeholders in the NE Atlantic (Ireland) and North/Norwegian sea cases expressed specific concerns about potential risks associated with new invasive HABs species, driven by climate change. Most stakeholders however, noted that climate change is only one among multiple factors driving HABs, and recognize that large uncertainties are involved when trying to project HABs into the future. To meet stakeholder needs and interests, CoCliME researchers had to maintain a high level of flexibility. For instance, in the Irish case, regional policy makers asked specifically for a climate information service in the form of outreach material for local authorities and the public. To accommodate this request, CoCliME activities were realigned, and the scientists worked with the co-developer and a designer to produce graphics and climate information suitable for the target audience. Co-creating outreach material from technical results with the end-user was a helpful exercise and highlighted the importance of addressing end-user's interests and needs and working together to produce useful decision support products.

In summary, experiences in CoCliME suggested that stakeholders have varied understandings, awareness and priorities when it comes to HABs and climate change risks and their management that affect the perceived saliency of a HAB climate service. These factors needed to be assessed thoroughly in a co-design process, where stakeholders' knowledge, experiences, interests, and concerns constituted the starting point for finding the appropriate focus and entry-points for service development. The EP format in the project was therefore tailored in each case to support co-design and co-development of prototype services at local scales that were differentiated according to case study-specific parameters and stakeholder needs and realities. Stakeholders' varied climate-change perceptions and understandings, HAB and climate service knowledge, interests and priorities, and their perceived vulnerability and strategies for avoiding, adapting to and managing HAB risks formed an important backdrop for co-developing a shared terminology and framing of the “HAB-related problems” to be addressed in each case, to which we turn in the section below.



Co-developing a Shared Terminology and Framing of the “HAB-Related Problems”

Conceptually, “framing” refers to “a process by which actors construct and represent meaning to understand an event, process, or occurrence” (Lugen, 2020, p. 2). The act of framing includes the definition of scientific terminology whereby “individual disciplines and their associated academic networks can be understood as communities of practice which “make meaning” by creating and reinforcing a shared frame around their research topic” (ibid). The framing of scientific problems reflects shared assumptions and values within a scientific community as expressed in research methodologies, hypotheses, and in specific forms of expert language. For example, the term “harmful algal bloom” is essentially a “societal term” (Smayda, 1997) that is species-specific and defined normatively according to what society judges to be “harmful.” As a transdisciplinary project involving multiple cases and disciplines and seeking to integrate different forms of scientific and lay expertise, the implicit assumptions, discourses, terminology, language and epistemological, conceptual and methodological approaches employed within and across the project differed substantially. Differences in the terminology and scientific approaches employed within and across the consortium were not always openly discussed or communicated at the start of the project. It moreover became clear early on that scientist and stakeholder understandings and framings of the importance of HABs and climate change for decision-making and salient problems to be addressed differed substantially in some cases. This led to plural understandings of how to approach climate service co-production and created some challenges for integrating and connecting knowledge and data at later stages of the project.


Language and Terminology

Two examples illustrate the diversity of ways in which CoCliME scientists approached key language and terminology. The first example concerns the terms “mitigation,” “adaptation, “adaptive capacity” and “resilience.” The term “mitigation” in a HAB context refers to human actions taken to reduce the ecological or societal impact of a HAB event, while for climate change, it refers to efforts to reduce local and global emissions of greenhouse gases. Examples of HAB mitigation activities at the firm level include moving fish cages away from a patchy high biomass bloom or transferring shellfish into depuration tanks to remove accumulated biotoxins that can harm consumers if eaten. Governments may facilitate HAB mitigation through the provision of subsidies or compensation measures to individual firms that limit the potentially devastating local consequences of major bloom events.

From a social science perspective, adaptation, adaptive capacity and resilience refer to how an individual, a company or firm, a community, sector or even a country acts to achieve health and well-being in the face of complex socio-economic and environmental change processes (Smit and Wandel, 2006). Societal vulnerability, adaptive capacity, and resilience are interlinked, context-specific, socially differentiated, and shaped by a range of social, political, institutional, economic and environmental aspects and interactions (Engle, 2011). Since coastal and marine environments constitute “coupled socio-ecological systems,” there is a need to incorporate and address both the ecological and social dimensions of these terms (Whitney et al., 2017).

From an ecological point of view, “adaptation” and “adaptive capacity” refer to biologically adaptive strategies to ensure survival and reproduction of the organisms within any ecosystem (Whitney et al., 2017). For example, the microscopic biotoxin-producing microalga Dinophysis is a predator that feeds on other microorganisms (ciliates called Mesodinium rubrum), which in turn feed on smaller microflagellates such as Teleaulax amphioxeia. Dinophysis blooms are dependent on food sources (prey) that are sensitive to marine environmental factors that vary with changes in physical parameters (e.g., temperature, pH and light). Thus, in CoCliME, laboratory studies were conducted with these microorganisms to explore their potential adaptive capacity to climate change scenarios. Related to the ecological definition of “adaptation” is the concept of “ecological niches,” which are the ensemble and ranges of environmental conditions (physical and biogeochemical) that define where an organism has adapted to live.

A second example is the term “climate services,” a relatively new term for which there are a number of definitions operating in research, policy and practice. While CoCliME adopted the definition of climate services employed by the ERA4CS (see section The CoCliME Project and Regional Case Studies), natural and social scientists in the project interpreted the term depending on their particular perspectives. For physical oceanographers focused on open sea environments such as the Baltic Sea and the North Seas, climate services consisted of providing hindcasts and forecasts of the marine environmental properties that influence the occurrence of high biomass HABs. In this case, well-organized and technically supported numerical modeling tools were necessary to develop the climate services. In the NE Atlantic (France) case study, the target for climate services was Dinophysis, a highly toxic HAB species, that even at low biomass can contaminate shellfish and cause shellfish poisoning if consumed by humans. For the natural scientists in this case, a key focus was on filling knowledge gaps on small scale ocean processes affecting the bloom and clarifying the adaptation of essential Dinophysis food web components to changing light, temperature and pH conditions (Gaillard et al., 2020). Knowledge at this small scale can be combined with physical oceanographic numerical modeling of future scenarios to progress climate service development (Ralston and Moore, 2020). On the social science side, economists worked to develop a harmonized database of shellfish farming closures in order to assess the economic impacts of the closures. Both types of data are needed in order to provide actionable information to decision makers working to reduce the economic and health impacts of Dinophysis-related shellfish farming closures in the area.



Establishing Salience: Understanding the Reason for Concern

One of the key challenges we faced as a project from a scientific point of view was to develop HAB-related data products that contribute to services that can help the end user(s) to make decisions. On the natural science side, the entry-point for service development was on addressing knowledge gaps that prevent connecting and integrating information about HABs with information about climate change. On the social science side, interactions with stakeholders during engagement points generally revealed that HABs are only one part of a complex multi-risk picture and may not be the most important or impactful risk that they need to consider in their decision-making.

Several examples from stakeholder engagements undertaken during the project highlight this point. For instance, shellfish and fish farmers are usually concerned with factors that affect mortality of shellfish or fish since these lead to direct losses that cannot be recuperated by delaying harvesting, and often cannot be foreseen through monitoring or other efforts. Other factors affecting mortalities that were identified by shellfish and fish farmers in the North Sea and Norwegian Sea case study included marine pathogens, oxygen depletion, predation by other species (shellfish), sea lice and other diseases (in the case of fish). In the Baltic Sea case study, it became clear that HABs are one aspect or indicator of ecosystem health and water quality that need to be considered by marine spatial planners, alongside numerous other factors. For food safety authorities, HABs are one aspect of monitoring and regulation of harmful substances in seafood consumed by people in Europe and globally (see for example the European Food Safety Agency webpage, https://www.efsa.europa.eu/en). In addition to well-known seafood poisoning risks caused by harmful algae, care is taken to protect consumers from emergent poisonings, such as those associated with the tropical genus Ostreopsis, which produces potent toxins that can be transferred through the food web and can cause respiratory and cutaneous irritations on beach users, inhabitants and workers exposed to marine aerosols during the summer vacation period (e.g., Berdalet et al., 2016; Vila et al., 2016 and references there in) with implications for both human health and tourism in affected regions. The challenges for the scientific stakeholders involved in Ostreopsis monitoring in the Mediterranean Sea case study in CoCliME included adequately informing the population without causing alarm, while also communicating with health authorities to distinguish between microalgae-induced respiratory problems and similar disorders caused by virus or bacteria, which may require specific types of treatment. Like other HABs, Ostreopsis blooms moreover appear to be driven by a combination of climate (e.g., ocean temperature-related) factors as well as alterations of the coastal zone due to factors such as infrastructure development in coastal areas and beach erosion caused by violent storms. For health authorities, bacteria and chemical contamination due to sewage and agricultural runoff are further concerns which may increase in the future due to climate change-induced alterations in the frequency and intensity of extreme weather.

In Ireland, the Climate Action Regional Office (CARO) with whom CoCliME scientists partnered is responsible for coordinating regional climate action and providing guidance, advice and support to local governments and the communities they serve on national climate change policy. During interviews and discussions, they explained that coastal communities in Ireland are especially in need of climate services that can assist them to adapt to extreme weather events such as floods and storms, as well as longer-term processes such as sea-level rise and associated impacts such as submergence, flooding, shoreline erosion, salinization and wetland change. Since local authorities provide hundreds of services ranging from roads, planning, housing, economic and community development, environment, recreation, and amenity services, libraries and fire services, HABs were not considered by the CARO to be a primary concern for communities. However, community adaptation strategies are currently being developed under Ireland's Climate Adaptation Framework, with a view to identifying what functions are at risk from climate change and what action is needed to adapt and build resilience. This requires an understanding of the multiple risks and impacts of climate change across many categories (social, economic, cultural, infrastructure, ecosystems etc.) with HABs constituting one of the many hazards to consider.

Our findings thus point to the need to take a more holistic approach to the concept of “service development” as encompassing more than HABs. This resonates with scholarship on the links between climate change and societal vulnerability and adaptation, which has long recognized that people are not vulnerable or adapting to climate change risks independent of other hazards or risks. Climate change is only one type of change and “stressor” (and not always the most important one) to which people are responding Leichenko and O'Brien (2000).

In summary, in CoCliME scientists and stakeholders brought different conceptual and methodological entry-points, expertise and concerns to the table in seeking to study and address the complex interface between climate change and HABs. The plural definitions and ambiguity in the concepts and language used by scientists and stakeholders affected how HAB-climate change risks were understood, framed and approached scientifically and in practice. The fact that HABs are one of many challenges facing operational stakeholders and coastal decision-makers poses particular challenges for efforts to co-design services that link the two.




Advancing Scientific Understanding of Drivers and Interactions Shaping HAB-Climate Risks and Societal Impacts

CoCliME experiences highlighted that, in general, transdisciplinary research linking physical climate, marine ecology, and social science approaches with information about salient societal information needs can guide the process toward co-developing credible HAB-climate services. CoCliME aimed to co-develop HAB-related climate services and thus needed to anticipate future trends of HABs and their societal and ecological impacts. The partners identified existing tools and knowledge that could contribute to co-develop a wide range of prototype HAB-related climate products and services (see Table 3). Overall, efforts to generate a credible knowledge base resulted in important scientific advancements. However, several critical knowledge gaps remain, including the link between environmental changes and HAB responses, and the interactions between HABs and essential climate variables. These gaps are linked to the complex environmental interactions of HAB dynamics, limitations in data availability, and lack of statistical and modeling expertise in the project. These challenges and their implications for the co-development of credible HAB-climate services are discussed below.


Table 3. CoCliME prototype HAB-related climate products and services.
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Gaps in Basic Knowledge to Determine HAB Species Ecological Niches

Despite increasing scientific knowledge, there remain large uncertainties about the precise linkages between climate change and specific HABs due to the complexity of biogeochemical-climate interactions for different HAB types and locations (Wells et al., 2015). In many cases environmental drivers of HABs are not fully understood (e.g., see Hallegraeff, 2010; Wells et al., 2015 and references therein). While underlying conditions necessary for HAB events are often described in the literature (e.g., Raine, 2014), it is acknowledged that the presence of such “HAB suitable” conditions may not lead to a bloom event. There is also a miss-match between observed HAB numbers and recorded toxicity that is in some cases attributed to differences in the production of biotoxin by different phytoplankton species of the same genus, or toxic and non-toxic strains within a species (e.g., Trainer et al., 2012), or environmental control (temperature, nutrient availability) of biotoxin production. In other cases, the reasons are still poorly understood. Phytoplankton can have a rapid (within days) response time to changing environmental conditions. It is therefore reasonable to compare HABs to environmental conditions at the same point in time and environmental conditions several days prior to HAB observations. It is also possible for HABs to have a slower response time or that pre-Spring bloom environmental conditions have significant effects on whether HABs will develop later in the year or not. It is also possible that there is a mismatch between the location where HABs are observed and the environmental drivers. This means that underlying environmental conditions that stimulate HAB growth are missed at unmonitored sites where HABs develop unobserved before being transported in ocean currents to the monitoring sites where they are recorded (e.g., Anderson et al., 2019).



Limitations of Data Availability

High quality, comparable, long-term environmental and HAB data are essential to assess and manage HAB risks over a range of timescales. HAB events are generally only recorded at fixed locations such as at shellfish harvesting sites or popular tourist destinations. Fluctuations in marine algae and plankton are a natural—and also essential—part of marine ecosystem dynamics and food web structure. Toxic or harmful algae may be present in marine ecosystems, but go undetected, or may not result in an algal bloom that is associated with negative societal impacts, complicating detection and assessment of ecological impacts. Due to limited resources, HAB records might only be available seasonally, at few sites and at a fixed water depth or as depth integrated samples. Data on ecological impacts are normally not recorded in a systematic way; surveys are generally only carried out on an ad-hoc basis, in response to HAB events that have caused economic impacts (closures of shellfish harvesting sites, death of farmed fish), with fragmented reports and accounts of the ecological impacts. Key drivers of phytoplankton succession, such as nutrients, prey and competition are missing for many case studies. Monitoring of HABs was insufficient in some CoCliME regions (e.g., enhanced monitoring was needed to address an exceptional fish killing bloom in Norway). While the partners worked with policy makers to address these issues, the important lesson here is that individual champions and formalized, cross-border collaboration and funding are required to sustain such activities in the long term. Similarly, a lack of historical high quality sustained ocean observing data needed to do trend analysis posed challenges to generating credible data in some cases. A lack of long-term observational data can lead to flawed decision-making due to insufficient understanding of natural and anthropogenic-imposed variability over time (Stenseth et al., 2020). The relatively short time series inhibited progress in the data analyses activities in all of the cases. Climate change is measured over centuries, with at least 30 years of data needed to calculate climatological averages, while most biological HAB datasets are only 20 years in length. While some trends were observed, the high interannual biological variability made it difficult to identify statistically significant trends in many of the available datasets. A substantial share of the project time was therefore spent on gathering baseline information on environmental, social and climate variables to create credible knowledge about the links between environmental change and HABs.



Limited Statistical and Modeling Expertise and Short Duration of the Project

Lack of numerical and statistical experts, and bottlenecks related to accessing modeled data in the right format for biologists to use in data analyses posed additional challenges. European downscaled ocean climate models were, unfortunately, unavailable from data repositories at the start of the CoCliME project. This inhibited progress in some areas as only a few partners had funds to develop ocean models for specific regions. Fortunately, more downscaled ocean models are becoming available in this area of research; this is welcomed by the community. The modelers in the project responded to a need expressed by the biologists to develop a data extractor to condense numerical model information into usable formats. A CoCliME expert hosted training courses and shared an application to facilitate time series analyses. However, time limitations within the project proved to be one of the biggest challenges in CoCliME, as it takes time to do basic scientific research. While this inhibited progress in areas of basic science that are critical to advancing HAB-climate services, the modeling approaches used in HAB projections were shared between partners in order to help build capacity within organizations and the information generated will be made publically available to enable learning in the wider scientific community. In addition, CoCliME was involved in documenting the best practice on how to create a weekly HAB bulletin to assist other regions (Leadbetter et al., 2018; Pearlman et al., 2019).



Challenges in Assessing HAB Impacts

HAB socio-economic impacts include both tangible and intangible economic, and non-economic impacts related inter alia to shellfish and/or beach closures and mortalities of farmed fish (Trainer, 2020). To date, a lack of comparative methodologies to study these impacts, which are often case-specific, complicates efforts to derive more general lessons about the costs of HAB events and the costs and benefits of measures to mitigate these impacts (ibid). While intangible and non-economic impacts of HABs are less studied and may be more difficult to assess quantitatively, recent studies indicate that they may nonetheless be substantial, and may include impacts such as psychological and mental stress, loss of traditional ways of life, recreational opportunities, spiritual and aesthetic experiences in nature, sense of individual and collective identities and cultural attachment and place-belonging (Ritzman et al., 2018; Willisa et al., 2018). The economic and social impacts of shellfish closures may extend beyond coastal and marine-based harvesting activities and into other sectors, such as tourism.

In terms of human health impacts, many HABs produce biotoxins that affect human health through food-borne poisonings, or exposure to aerosols, or direct contact with water (as indicated above). While most HABs are natural phenomena and unavoidable up to a certain point, their impacts on human health can be prevented. However, misdiagnosis and underreporting are common concerning HAB-related health impacts. Emerging biotoxins are moreover less well-characterized and constitute new challenges.



Assessing and Communicating HAB-Climate Risks

Assessing and communicating HAB-climate risks to the public and determining the vulnerability and adaptive capacity of various societal actors, sectors and communities to coupled HAB-climate risks is complicated by several factors. First, despite increasing scientific knowledge, there remain large uncertainties about the precise linkages between climate change and specific HABs due to the complexity of biogeochemical-climate interactions for different HABs and locations (Wells et al., 2015). This limits the informative value of marine ecosystem- or climate indices or indicators in predicting the exposure of societal actors to climate-induced changes in the frequency, intensity or spatial occurrence of HABs. Second, the presence of potentially toxic HAB species or environmental conditions favoring their presence, does not necessarily translate into observable ecological, social or economic impacts. Third, the potential for direct and indirect economic, health, and/or intangible impacts of HABs are mediated by how HAB risks are determined scientifically and legally (e.g., biotoxin threshold levels above the EU regulatory limits) as well as how such risks are communicated, experienced and perceived by different actors. For example, precautionary measures taken to reduce the potential impact of HABs on public health, such as closure of beaches in areas where there is a projected threat, can have major economic impacts on tourism, irrespective of whether the HAB risk materializes. In a similar vein, but, with respect to health, residents may choose to ignore warnings about potential shellfish poisoning or beach closures in their area, due to subjective perceptions of vulnerability and higher levels of risk tolerance. These examples illustrate that there is not a simple, linear or causal relationship between the detection and communication of HAB risks, actions taken to avoid, reduce or adapt to them, and efforts to evaluate HAB impacts.

In summary, we find that sustained investments in long-term HABs and environmental modeling, in securing social and economic expertise, and in training and capacity building to connect different communities of practice, are a prerequisite for co-developing credible and actionable HAB-climate services. The fact that large scientific uncertainties remain regarding the biophysical drivers of HABs, the outcomes of different climate scenarios, and the societal vulnerabilities, impacts, adaptive capacities and risk perceptions of particular communities and sectors, highlights that renewed investments are needed in transdisciplinary HAB science and in continued maintenance and optimization of existing HAB monitoring programmes to provide long term datasets and test the validity of models (Ralston and Moore, 2020). Enhancing understanding of the risk perceptions, institutional, business and decision-making contexts and adaptation processes of different end-user groups further requires dedicated social science expertise and is necessary in order to ensure that salient, credible and timely advice is included in HAB and climate risk mitigation and adaptation plans.




Co-developing Prototype Services That Integrate Data and Knowledge to Support Decision-Making

Co-developing prototype services that incorporate and integrate different sources and types of data and knowledge in order to inform HAB risk mitigation and adaptation decisions in diverse contexts posed particular challenges in CoCliME. Below, we discuss key lessons learned relating to scientific integration, knowledge co-production and service co-development and propose potential strategies for making HAB-climate information more useful and actionable.


Integration Across Disciplines, Cases, and Types and Scales of Data

CoCliME drew upon and sought to combine a wide range of natural and social science expertise covering oceanography, marine biology, ecology, numerical and statistical modeling, chemistry, economics and geography as well as combining traditional, science-focused, and applied research organizations. The diversity in conceptual and methodological approaches and epistemologies with respect to applied, vs. basic research was substantial, and posed challenges at times to meaningful integration. The CoCliME project design was moreover highly ambitious in targeting numerous HAB taxa over several geographic regions, with multiple sectors, stakeholders and impact areas to address. The diversity of HAB taxa and their ecological niches and societally relevant impact areas necessitated approaching the study of HABs from multiple perspectives and at different scales simultaneously. Accordingly, the events and processes studied within the project ranged from adaptive cellular processes (namely, biotoxin and cell growth) of individual HAB species to environmental changes (defining ecological niches), to the impacts of HAB events on ecosystems, local and regional economies and human health. Exploratory investigations were in some cases also carried out into how society may adapt to changing marine ecosystems, considering local, regional and global-scale ocean climate projections and their uncertainties. Finally, because the ocean has no borders, some HABs were analyzed from a transboundary perspective where similarities and differences in administrative, ecological, physical, sectoral, or other boundaries had to be considered in order to mitigate potential HAB and climate change impacts and their interactions. While addressing multiple objects of study increased the salience of the research, this context-specific approach prevented making systematic comparisons across cases.

As highlighted in section Advancing Scientific Understanding of Drivers and interactions Shaping HAB-Climate Risks and Societal Impacts, a lack of comparable, long-term data, and difficulties in accessing and processing data in some cases posed further challenges to knowledge integration. Existing historical data sets come with a legacy in that they were collected for a specific purpose (e.g., EC Directive-driven national biotoxin and HAB monitoring programmes) and not necessarily for climate change studies or climate service development. Difficulties arise when climate models are only available in offshore waters and nearshore areas are unresolved. Key lessons learned in this respect relate to the need for long-term and interconnected environmental monitoring systems, for consistent social science, modeling and statistical expertise in the different cases, and for FAIR (findable, accessible, interoperable and reusable) and open data policies to facilitate data transparency and retrieval.



From Knowledge to Services: Translating Science into Usable Knowledge

Co-producing actionable, high-quality HAB-climate services through a process that is perceived as meaningful to stakeholders requires consideration of the relevant time-horizons for decision making and managing stakeholder diversity and expectations.


Short- vs. Long-Term Data

In discussions with stakeholders, it proved useful to conceptually distinguish between short-term and long-term climate service needs. In the short-term, the focus typically lies on mitigating risks associated with specific extreme HAB events, for which climate services such as improved monitoring and early-warning systems are required. In a longer-term perspective, where the focus is on enhancing resilience and adaptive capacity, a climate service may aim to support ecological and social adaptation to multiple stressors and reduce concurrent anthropogenic pressures on the coastal and ocean environment, such as reduced eutrophication in the Baltic Sea, or reduced coastal development in the Mediterranean.

Overall, most operational stakeholders expressed a preference for short-term information such as real-time, early-warning information or information about potential HAB developments for the coming season or year. Establishing, maintaining, and enhancing HAB monitoring systems in the short-term is needed to form a basis for providing “early warnings” of HABs, but could also inform medium- to long-term decisions connected to marine management.



Diverse Stakeholders

At an early stage of the project, investigations revealed a highly diverse set of stakeholders, ranging from national and local government agencies, to the tourism industry, to individual shellfish farmers and researchers (see also Table 1). The diversity in stakeholder types translated into varying knowledge and capacity, information needs, and different levels of prior or ongoing working relationships between scientists and stakeholders. In some cases, such as in the North/Norwegian sea, this made it difficult to identify a clear direction for developing the content of particular services. To address this complexity, stakeholder mapping exercises were carried out for each of the case studies, using interest/influence matrices (adapted from Mendelow, 1981) to identify appropriate target audiences for the climate services to be co-developed (see Figure 1).
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FIGURE 1. Stakeholder interest-influence matrices were created for each of the case studies. The position of stakeholders in the matrix reflects the identified stakeholder group, their interest in the proposed climate service and their influencing power. Modified version of Mendelow (1981).


Further, early stakeholder assessments revealed that there was often limited overlap between stakeholders with high influence and high interest in HABs climate services. Notably, efforts to engage government representatives were often time-consuming, partly due to lack of interest in the proposed services. To some extent, this was mitigated by adjusting the methods of stakeholder engagement, for example by switching from larger workshops or online surveys to one-on-one interviews and meetings and regular engagements. In addition, the limited interest in the originally perceived climate services required a change in scientific focus within the project in some cases to better address stakeholder knowledge, interest and concerns. While this was possible in several cases, maintaining flexibility remained a challenge given that the scientific consortium and scientific focus were already to a large degree set.



Managing Stakeholder Expectations

With generally low TRL levels for the co-developed climate services, managing stakeholder expectations proved a challenge. The knowledge base on HABs was often limited, which required transparent discussions with end-users about limitations, uncertainties, and data resolution, to clarify the potential usefulness and reliability of the climate services as decision-support. Feedback from stakeholders in a number of cases, however, revealed that non-tangible outputs of the co-development process, such as improved relationships, networking, trust, access to scientific expertise and capacity building may be of equal importance as the data and information provided to stakeholders, and constitutes a solid foundation for further science-practice collaborations.

Maintaining momentum and stakeholder engagement over the course of the project was also sometimes difficult because the research processes were time-consuming and at times delivered inconclusive results that were not useful to stakeholders. A possible way forward is to focus on enhancing adaptive capacity of ecosystems and institutions to deal with a range of uncertainties, scenarios and changes, irrespective of how specific HABs will develop in the future. Experiences from CoCliME have shown that there is a need to focus on improving or modifying existing services such as HAB monitoring systems, reducing concurrent anthropogenic pressures on the marine environment, such as controlling eutrophication and preventing habitat destruction or modification in coastal areas, as well as focusing on the need to enhance decision-making under uncertainty. Another way forward would be to focus on improving marine planning and governance by placing HABs in a multi-risk context. In CoCliME's Baltic Sea case study, this was addressed by preparing to integrate HABs data into a marine spatial planning tool called Symphony, which includes data on a range of human-driven impacts of importance to marine spatial planners, including marine pollution, fishing, shipping, and climate change (Hammar et al., 2020).

Our experiences also point to the value of building on or connecting to pre-existing climate services, to increase their usefulness, narrow the scientific focus, and identify relevant stakeholders. For instance, in the Baltic Sea case study, shifting focus toward a climate service that could feed into an existing marine spatial planning tool clearly ensured interest and reduced the risk of stakeholder fatigue. Another option is to focus on piloting a service on a small scale, to maintain flexibility and ensure that adjustments can be made to meet stakeholder needs. For example, approaches that engaged stakeholders in easy and simple monitoring in coordination with scientists, as conducted to detect Ostreopsis presence and blooms in Mediterranean beaches, proved successful and encouraging.






SUMMARY OF FINDINGS AND IMPLICATIONS FOR THE UN DECADE OF OCEAN SCIENCE

Lessons learned during the process of implementing the transdisciplinary CoCliME project suggest that progressing and connecting fundamental science with societal needs, understanding the multi-risk decision-making context within which different stakeholders comprehend, appraise and frame HAB and climate change risks, attending to the short- and long-term aspects of HAB-climate service development, and approaching knowledge co-production in transdisciplinary projects as a learning process are all necessary to generate more salient, legitimate, credible and useful, and usable knowledge. Below, we discuss these key findings and their relevance for enhancing the quality of HAB-climate knowledge and services and addressing key challenges and outcomes that have been prioritized under the UN Decade of Ocean Science for Sustainable development 2021–2030 (UNESCO, 2020), hereafter referred to as “the UN Ocean Decade.”


Understanding the Multi-Risk Decision-Making Context for HAB-Climate Risk Mitigation and Adaptation

Enhancing community resilience to ocean hazards has been identified as a key priority under the UN Ocean Decade (UNESCO, 2020, p. 11). Findings from CoCliME concur with other studies that understanding the operational, sectoral, social and economic decision-making contexts and capacities in HAB risk management is essential in order to co-produce high-quality and actionable knowledge to inform societal adaptation decisions (Buontempo et al., 2017). We find that enhancing community resilience to ocean hazards such as HABs requires knowledge of the biology and ecological dynamics of the different harmful organisms, and attention to the different spatial and temporal scales, frequency and severity of harmful impacts and risks faced by diverse stakeholders, regions and sectors. Our findings further show that different stakeholders and scientific disciplines understand, frame and appraise HABs and climate change risks, and adaptation and risk mitigation options in different ways. Developing a shared understanding and framing of the salient problems to be addressed in research involving complex socio-ecological systems and change processes is a challenge that is widely highlighted in the literature (e.g., Djenontin and Meadow, 2018). The way problems are framed, shapes the approaches to studying them and the solutions generated to address them. Experiences in CoCliME therefore underscore the need for involving stakeholders and their knowledge, and for including mechanisms to facilitate inter- and transdisciplinary communication and understanding, early in the project. These findings echo calls for interdisciplinary and transdisciplinary approaches, broad involvement of stakeholders, and active engagement of social and behavioral sciences in ocean research under the UN Ocean Decade (UNESCO, 2020). They are further in line with those of Dilling and Lemos (2011) and Sarewitz and Pielke (2007) and many others who highlight the importance of stakeholder involvement in knowledge co-production processes in order to bridge the knowledge-usability gap. Including a strong social science component, investing time in developing interdisciplinary communication and allowing for methodological and ontological pluralism in transdisciplinary projects are additional lessons learned in CoCliME that echo findings from other studies (e.g., Lowe et al., 2013; Klenk and Meehan, 2015) and that should continue to inform scientific efforts under the UN Ocean Decade.

To be credible, salient, and legitimate, decisions concerning investments in basic science, early warning systems, monitoring and various HAB mitigation and risk management measures should take their starting point in understanding stakeholders' multi-risk decision-making contexts and information needs, the key scientific knowledge gaps, and the expected costs and benefits of implementing different risk mitigation measures (Le Bihan et al., 2013). Acknowledging that enhanced precision and credibility of scientific information does not always translate into immediate or short-term action (Dilling and Lemos, 2011) and that decision-making under uncertainty is the norm in climate adaptation, the costs of investing in different HAB risk mitigation and adaptation measures need to be weighed against the potential societal risks that HABs pose, and the benefits that high-quality information can provide to different public and private-sector stakeholders (Trainer, 2020).



Need to Progress and Connect the Basic Science With Societal Needs

The UN Decade of Ocean Science underscores the need for a safe ocean, “where people are protected from ocean hazards” and a predicted ocean, whereby “society has the capacity to understand current and future ocean conditions” (UNESCO, 2020, p. 10). Experiences gained from the co-production processes undertaken in CoCliME highlight that in order to advance the crediblity of HAB-climate services, there is a need for investments in both basic research, and transdisciplinary research to connect HAB-focused marine ecosystem and climate science with society. Despite the progress made within CoCliME to advance scientific understanding of HAB dynamics, and the consequences and risks for society, large uncertainties and knowledge gaps remain, particularly concerning how climate change may affect these dynamics (Anderson et al., 2019; Wells et al., 2020). Such uncertainties and gaps make it difficult to assess potential future societal exposures, vulnerabilities, and adaptation and mitigation needs, posing challenges to the salience, credibility and legitimacy of future research, stakeholder engagement and service co-development efforts.

There is therefore a need to improve basic scientific understanding of HAB-climate links (Griffith and Gobler, 2020). Without a basic foundation of long-term data and observations for generating credible scientific information, the utility of this information for decision-making will remain low (Anderson et al., 2019). High quality, comparable, long-term environmental and HAB monitoring data are essential to assess and manage HAB risks over a range of timescales. Monitoring provides the basis to establish and understand long-term environmental and HABs trends, contributes to enhanced basic scientific understanding of HAB ecology and bloom dynamics, and is necessary to develop “real time” and early warning system information about evolving HAB risks to the public. Long-term observations of key environmental parameters are needed in order to develop indicators of HAB ecological impacts. Identifying and establishing “supersites” or “sentinel sites” where complete water column (planktonic and benthic) and multidisciplinary monitoring is conducted, and into which HAB monitoring is integrated, would enable the development of a more complete picture of ecosystem changes and impacts over time and their interactions with multiple climate stressors (Anderson et al., 2019; Griffith and Gobler, 2020).

The increasing imperative of “usability” in sustainability science and in calls for co-production of knowledge (Lemos et al., 2012; Djenontin and Meadow, 2018) therefore needs to be accompanied by progress in more fundamental areas of basic science that are required to establish credible and usable services to meet stakeholder needs. This in turn will require ample time and funding. In CoCliME, it became clear that a 3 year project is insufficient to address basic scientific gaps, engage key stakeholders, connect data and knowledge, and develop new HABs-focused services in the novel area of marine ecosystem-focused climate services. For example, a short term (3 day) HAB warning system in Ireland took over 20 years to develop into a scientifically credible and operational programme (Leadbetter et al., 2018). Nonetheless, and echoing the findings reported above, we call for targeted HAB ecological research and investments in basic science that take their starting point in an understanding of stakeholders' multi-risk decision-making contexts and that address the specific knowledge gaps that are necessary to inform effective mitigation and adaptation strategies to deal with current and emergent HAB risks.



Need to Focus on Opportunities for Both Short- and Long-Term HAB-Climate Services

“Delivering data, knowledge and technology for all” and developing early warning systems are highlighted under the UN Ocean Decade (UNESCO, 2020, p. 11). In this respect, the findings from CoCliME suggest that there are multiple avenues and potential entry-points for addressing marine and coastal hazards such as HABs. Engagements between scientists and stakeholders during the project led to the identification of a range of entry-points for prototype HAB-climate services. The first entry-point is to focus on low-hanging fruit such as improving or connecting existing HAB monitoring services as a basis for short-term HAB risk mitigation. The second focuses on reducing concurrent and cumulative anthropogenic pressures on the marine environment in order to enhance the adaptive capacity of ecosystems and human societies to respond to multiple stressors. The latter reflects a need that was identified in the project for longer term, adaptive management strategies in coastal regions that take an integrated risk management approach. This approach aims to reduce socio-ecological vulnerability and enhance resilience to concurrent and cumulative human pressures in changing marine environments in order to mitigate HAB impacts and enhance societal adaptive capacities in the face of marine biological and other hazards. For example, continuing to implement existing policies, including the EU Water Framework Directive and the Marine Strategy Framework, that aim to reduce eutrophication and destructive habitat actions can help to decrease the incidence and consequences of HABs in coastal areas. Integrating HAB risk management into adaptive management strategies, multi-hazard perspectives and transboundary marine governance frameworks will require connecting high-quality knowledge about HABs to relevant societal and decision-making contexts and integrating and mobilizing knowledge across disciplines, regions, sectors and scales. These findings are relevant for the UN Ocean Decade Challenge 2 which aims to “understand the effects of multiple stressors on ocean ecosystems, and develop solutions to monitor, protect, manage and restore ecosystems and their biodiversity under changing environmental, social and climate conditions” (UN Decade implementation plan 2.0; https://oceanexpert.org/document/27348).



Need to Approach Knowledge Co-production Processes in Transdisciplinary Projects as a Learning Process

Lessons learned during the process of implementing the transdisciplinary CoCliME project indicate that generating high-quality and actionable HAB-climate services requires dedication as well as realism at the start of a project to determine what can be accomplished when there are large gaps in foundational knowledge upon which HAB-climate services can be built and where the issues and stakeholder needs to be addressed are potentially many. Setting aside ample time to learn about the skills and expertise that different disciplines bring to the project and for developing an in-depth understanding of users' decision-making context and needs would enable identifying and prioritizing key areas of added value for climate service co-development, and novel and innovative ways for scientists and stakeholders to work together. A flexible scientific and management approach with a solid foundation in credible science is important while ensuring sufficient time to build trust, develop shared understandings, and connect and transfer knowledge across disciplines and communities of practice. An appropriate balance between natural and social science expertise (and involvement of communication experts and knowledge brokers) in projects aiming to co-develop marine-focused climate services is further needed in order to enhance the salience, legitimacy and usefulness and usability of the research process and outputs.

Cash et al. (2003) argue that the attributes of salience, credibility and legitimacy are “tightly coupled, such that efforts to enhance any one normally incur a cost to the others” (Cash et al., 2003, p. 8086). Lessons learned in the CoCliME project support this hypothesis. On the one hand, we find that access to long-term environmental and biological datasets, continuous sustained ocean observations and laboratory tests are a basic foundation for generating credible scientific information and for understanding the potential interactions between the effects of climate change on HAB risks and hazards in the future. When combined with an understanding of stakeholders' decision-making contexts and priorities, this information can be used as a basis for dialogue about potential future HAB-climate risks and how they might be addressed in the context of wider marine ecosystem changes.

At the same time, establishing long-term monitoring takes time and adequate financing (Anderson et al., 2015). A large body of social science scholarship further shows that improving the availability and quality of knowledge alone will not guarantee its uptake in practice (Lemos and Morehouse, 2005; Lemos et al., 2012). Efforts to reduce scientific knowledge gaps and uncertainties about HAB-climate linkages (efforts to enhance credibility) therefore need to be accompanied by more holistic efforts to reduce societal vulnerability and support adaptation to HAB, climate and other concurrent risks facing coastal and marine environments, where there are high stakes and high uncertainties on both the social and environmental sides (Cvitanovic et al., 2015; Whitney et al., 2017).

All of these lessons are relevant for, and should inform, the implementation of the UN Ocean Decade. Making progress toward addressing these lessons will require open-mindedness, a commitment to transdisciplinarity and involving appropriate scientific and stakeholder expertise. Building conceptual, methodological and organizational flexibility into projects is essential to encourage iteration and capacity building and to incentivize the creation of products and services that suit evolving stakeholder needs and priorities. Since most scientists are not trained in conducting holistic assessments of coupled socio-ecological coastal and marine systems (Stenseth et al., 2020), this will require broader transformations in the organization, funding and incentive structures in marine science and education akin to those that are called for in order to address the societal challenges posed by climate change (Fazey et al., 2020; Shrivastava et al., 2020). In addition, it will require overcoming “fear of failure” and documenting and sharing not only project successes, but also key lessons learned about what “did not work” (Catalano et al., 2019).

To conclude, CoCliME contributed to the main pillars of the UN Ocean decade by inter alia, co-developing high-quality, interdisciplinary, science-based knowledge on HAB risks in Europe, providing tools for understanding and modeling HAB trends and understanding their potential societal and ecological impacts under climate change, undertaking capacity building activities, and connecting science and society toward the sustainable management and use of coastal and ocean resources. The lessons learned while implementing this pilot European project should help to inform and progress transdisciplinary research practices toward improving the health and well-being of our ocean and societies; working toward getting “The Science we need” for “The Ocean we want” in the UN Decade of Ocean Science.
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