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Climate Change on the World's Oceans. 2013. ICES JMS 70:915-1054) and Santos, Brazil, in 2015 [START_REF] Barange | The evolving and increasing need for climate change research on the oceans[END_REF].

ECCWO-4 occurred at a key juncture for the scientific community's understanding of the implications of climate impacts on ocean systems and societies responses to these impacts. National and international assessments confirm that the Earth's climate and oceans are rapidly changing. The impacts are already evident in some regions and more impacts are expected with continued changes in the planet's climate system [START_REF] Jay | Overview. In impacts, risks, and adaptation in the United States[END_REF][START_REF] Ipcc | Summary for policymakers[END_REF]. Several critical milestones have been achieved since the last ECCWO symposium. The publication of the IPCC Fifth Assessment Report (AR5) laid the foundation for a landmark international agreement to curb carbon emissions (the Paris Agreement, agreed at the 21st session of the Conference of the Parties of the UN Framework Convention on Climate Change or "COP 21" in December 2015). The adoption by the UN General Assembly in 2015 of the 2030 Agenda for Sustainable Development and its 17 Sustainable Development Goals (SDGs) provided a roadmap for global efforts to incorporate climate change impacts within the global socio-ecological system. These developments underscore the worldwide recognition that changing oceans will have significant impacts on a range of issues spanning health, food security, gender equality and women's empowerment, sanitation, energy, sustainable economic growth, ensuring sustainable consumption and production, mitigating and adapting to climate change, protecting biodiversity, and maintaining peaceful dialogues among nations. The symposium organizers recognized that future efforts to inform the public of the risks associated with these changes would benefit from the products, outcomes and lessons that emerged from this symposium [website (https://meetings.pices.int/meetings/international/ 2018/climate-change/background)]. These factors provided the motivation to organize ECCWO-4 to review and evaluate new science relevant to the ECCWO-4. More specifically, the timing of the symposium was designed to provide scientists an opportunity to prepare peer-reviewed publications that could be considered by national and international climate change assessment teams tasked with informing policy makers of the observed and projected impacts of climate change on the world's oceans and trade-offs of different adaptation options with respect to ocean systems.

Key messages and their relevance to articles in this issue

Convening a symposium of over 600 scientists from over 50 nations to discuss the consequences of different levels of 21st century climate change for ocean ecosystems and ocean dependent communities [for details see symposium scope (https://meetings. pices.int/meetings/international/2018/climate-change/scope)] required contributions from many scientists. To minimize the chance of missing Key Messages, we used a multi-pronged approach that included input from session and workshop conveners [see list of conveners (https://meetings.pices.int/meetings/interna tional/2018/climate-change/program)], the scientific steering committee [see Organizers (https://meetings.pices.int/meetings/inter national/2018/climate-change/organizers)], the Plenary Speakers (https://meetings.pices.int/meetings/international/2018/climate-change/ speakers), and participating scientists, to identify and compile Key Messages that emerged from the symposium and that represent the current state of the discipline. Session conveners were asked to prepare a summary slide that identified the main "takeaways" from their session and any new scientific advances that have emerged since ECCWO-3. We synthesized input from these sources into the following seven Key Messages. We also, identify the articles in this symposium volume that highlight one or more of these Key Messages.

Climate change is already affecting the oceans and the socio-ecological systems that depend on them Many of the sessions at the symposium provided evidence that oceans are changing in ways that impact humans. Rapid ecosystem changes were reported in high latitude systems [START_REF] Overland | The urgency of Arctic change[END_REF][START_REF] Stevenson | Bottom trawl surveys in the northern Bering Sea indicate recent shifts in the distribution of marine species[END_REF]. Previous studies found evidence of trophic level differences in responses to climate change in marine ecosystems [START_REF] Perry | Sensitivity of marine systems to climate and fishing: concepts, issues and management responses[END_REF][START_REF] Friedland | Pathways between primary production and fisheries yields of large marine ecosystems[END_REF][START_REF] Kortsch | Climate change alters the structure of arctic marine food webs due to poleward shifts of boreal generalists[END_REF][START_REF] Ullah | Climate change could drive marine food web collapse through altered trophic flows and cyanobacterial proliferation[END_REF]. Friedland et al. (in press) also detected such differences in trophic responses in his study of the northeast shelf of the United States. These transitions have far reaching implications for weather, national security, food security, transport and commerce [START_REF] Larsen | Polar regions[END_REF][START_REF] Hoegh-Guldberg | The ocean[END_REF][START_REF] Ipcc | Summary for policymakers[END_REF][START_REF] Free | Impacts of historical warming on marine fisheries production[END_REF].

The Quo Vadimus "graphic novel" article provides a pictorial summary of key findings from the symposium based on selected cartoons by Bas Kohler (Link et al., in press). This graphic novel describes the future landscape of our world under changing climate conditions. Using clever and humorous cartoons the artist conveys the message that oceans are changing and there is much at stake if these changes continue. The cartoons depict the urgent need for scientists to advance our understanding of these changes and the risks associated with them. The graphic novel concludes with a reminder that finding solutions to deal with climate induced change and their consequences will require two-way communication with managers and stakeholders to co-design effective adaptation pathways. The full set of cartoons from the Symposium are available on the ECCWO-4 website (https://www. flickr.com/photos/pices/sets/72157669719136128).

Technical advances in existing and new observation networks are improving our understanding of key ocean processes, but our ability to project future ocean conditions at seasonal to multi-decadal time scales is still incomplete

To monitor changes in ocean environments, scientists are developing new technologies to collect more and targeted measurements to better understand the oceanic carbon cycle and to minimize uncertainties for both short-term prediction and longterm projection of carbon uptake, ocean acidification, and deoxygenation. The continuation and enhancement of ocean observing using diverse technologies (satellite, moorings, ships, profiling floats, gliders, etc.) is the foundation for detecting and understanding the implications of climate change on ocean systems. Several international groups are developing initiatives to enhance global ocean observing systems. For example, in response to this need, the Chinese Academy of Sciences created a new Center for Mega Science [Fang Wang Symposium Video (https://meetings. pices.int/publications/video#2018-ECCWO)]. The UN launched the United Nations Decade of Ocean Science for Sustainable Development (https://en.unesco.org/ocean-decade) (2021-2030), which is designed to collect the information necessary to understand and project ocean responses to multiple stressors.

Several scientists reported on extreme ocean events and their ecosystem and societal impacts. Marine heat waves have been observed in several regions and they are expected to be more common and persistent in the future [Alistair Hobday Symposium Video (https://meetings.pices.int/publications/video#2018-ECCWO)]. The development of a coherent standardized framework for reporting ocean heat waves is advancing this field of research (Hobday et al., 2018a). It was noted that these extreme events may allow researchers to rehearse their responses to persistent anomalous warming events [a "stress test," see Francisco Werner Symposium Video (https://meet ings.pices.int/publications/video#2018-ECCWO)].

For decades scientists have been striving to identify leading indicators of anomalous climate events. Advances in the collection and availability of ocean observations and new analytical methods for rapid synthesis of large data sets using models have improved our ability to predict anomalous ocean conditions on seasonal scales. However, predictions of future ocean states at decadal time scales may not yet be possible in all regions. The symposium provided an opportunity for scientists to assess shortand medium-term ocean forecasting skill [START_REF] Tommasi | Managing living marine resources in a dynamic environment: the role of seasonal to decadal climate forecasts[END_REF][START_REF] Payne | Lessons from the first generation of marine ecological forecast products[END_REF][START_REF] Fro ¨licher | Emerging risks from marine heat waves[END_REF]Fro ¨licher et al., 2018). In several ocean regions there is strong evidence that short-term (3-9 months) forecasting of oceanographic processes is now feasible. This finding opens new opportunities for the advancement of ecosystem-linked stock assessments. New methods and frameworks are being developed to detect regime shifts and utilize early detection systems of changing climate conditions to inform management [START_REF] Hobday | A hierarchical approach to defining marine heatwaves[END_REF][START_REF] Payne | Lessons from the first generation of marine ecological forecast products[END_REF]Hobday et al., 2018b;[START_REF] Oliver | Longer and more frequent marine heatwaves over the past century[END_REF]. Hobday et al. (in press) tackle the ethical responsibilities of scientists who are developing forecasting systems for use in management and industry planning. Their article includes reviews of seven examples of forecast systems serving a range of stakeholders. They identify a variety of issues that should be considered during the scoping, development, delivery and evaluation phases of climate forecasting systems. The authors provide ten principles, which serve as a useful guide for forecasting teams.

The paper by Bisagni et al. (in press) explores inter-annual variability in Gulf Stream warm-core rings (WCRs) in a Western Boundary Current ecosystem. This paper is another example of the importance of collecting and maintaining time series of ocean observations. This study utilizes a rich set of observations to evaluate time trends in the interannual variability in the frequency and location of strong WCRs over a 44-year time frame. The authors then used this long time series to identify a statistically significant relationship between time trends in the abundance of longfin squid (Doryteuthis pealeii) over the U.S. Northeast Shelf Large Marine Ecosystem and the spatially averaged annual mean WCR encounter area.

Mochizuki and Watanabe (in press) found a distinct subdecadal variation in the 2000s over the tropical Pacific that was rarely observed in other decades. The authors compared observed patterns of ocean-heat-content to decadal hindcasts and found that subdecadal variations were difficult to predict. This demonstrates one of the comparative studies needed to fully interpret and understand patterns in the predictive skill of models that was called for in Hobday et al. (in press). Hermann et al. (in press) provide a good demonstration of the technical advancements in our ability to project multi-decadal ocean trajectories. Multiple publications [START_REF] Sundby | The North Atlantic spring-bloom system -where the changing climate meets the winter dark[END_REF][START_REF] Cheung | The future of fishes and fisheries in the changing oceans[END_REF][START_REF] Overland | The urgency of Arctic change[END_REF][START_REF] Stevenson | Bottom trawl surveys in the northern Bering Sea indicate recent shifts in the distribution of marine species[END_REF] provide evidence that high latitude ecosystems are changing rapidly and that widespread change is projected in the future under different emission scenarios (e.g. RCP 4.5 and RCP 8.5). Hermann et al. (in press) present results from the Alaska Climate Integrated Modeling project. In their study, outputs from the Fifth Coupled Model Inter-comparison Project are downscaled for use in projecting future ocean conditions in the eastern Bering Sea to 2100. The paper considers both scenario (representative concentration pathways) and structural (between model differences) uncertainty in projections. The authors use multivariate statistical methods to explore the modes of variability and covariability across variables to characterize the dominant relationships among bio-physical features. They demonstrate that these dominant modes can be used to rapidly estimate the regional ecosystem responses to large ensembles of forcing scenarios. These approaches reveal the spatial extent and magnitude of ecosystem change expected to occur in the region by the end of the century, and locations where high levels of variability are expected.

Despite significant gaps, our understanding of socio-ecological systems has improved sufficiently to enable us to contrast the ecological and societal impacts of different future scenarios An exciting advance since ECCWO-3 has been the development of fully coupled socio-ecological models capable of projecting future scenarios based on global responses to the challenges of climate change and regional responses to natural resource management. New modelling tools and insights into climate-impacts allow us to contrast futures under alternative societal responses to climate change [START_REF] Lotze | Global ensemble projections reveal trophic amplification of ocean biomass declines with climate change[END_REF][START_REF] Skogen | Future ecosystem changes in the Northeast Atlantic: a comparison between a global and a regional model system[END_REF]Hermann et al., in press). The uncertainty associated with ecological projections of climate change impacts on marine ecosystems is being incorporated by contrasting outcomes from a range of ecosystem models with varying levels of complexity. [START_REF] Kaplan | A multi-model approach to understanding the role of Pacific sardine in the California Current food web[END_REF] explored the relative importance of incorporation of mechanistic linkages in stock projection models. Understanding and predicting how ecological changes will impact human societies, institutions and economies will be critical for effective adaptation (Karp et al., in press).

Some marine organisms exhibit a capacity to adapt to climate change, but there are energetic and physiological costs, as well as limits

Research continues to reveal complex energetic and physiological trade-offs associated with individual or species adaptation to changing environmental conditions [see Widdicombe Symposium Video (https://meetings.pices.int/publications/video#2018-ECCWO)]. There are several publications in this issue focused on the ecological effects of climate change. The research findings from the current efforts build on previous ECCWO symposia and they reveal complex and sometimes unexpected biological and ecological responses at different life stages, with lagged effects. Important lessons can be learned by examining the variations in adaptive responses and consideration of the full suite of environmental stressors within the socio-ecological system (Hobday et al., in press). Friedland et al. (in press) conducted a retrospective examination of the role of ocean temperature on phytoplankton, zooplankton, fish and macroinvertebrate distributions along the northeast US continental shelf large marine ecosystem. They found that species and marine communities responded differently to thermal change. The authors conclude that the different responses may be linked to the organism's capacity to adapt to novel thermal regimes. They hypothesized that spatial distributions of lower trophic level organisms were less responsive to thermal change because of their ability to integrate seasonal thermal changes, whereas, the responses of higher trophic level species depended on both the availability of lower trophic level organisms and environmental conditions.

Two papers in this volume reveal the costs and tradeoffs of species adaptation to environmental stress. Long et al. (in press) explore the implications of ocean acidification on the respiration and feeding of juvenile red and blue crabs in the Bering Sea. The results show that crabs can adapt to ocean acidification exposure if feeding ration is increased, but there are energetic and physiological costs to this adaptation. Crawford et al. (in press) utilize a 38-year time series of the abundance and diets of three South African sea bird species to assess the effects of climate on forage availability. The results of these papers illustrate the need for multi-dimensional considerations when evaluating the adaptive capacity of sea birds to changing environmental conditions.

Options available for societal adaptation are more limited if current trends of greenhouse gas emissions continue

Coupled socio-ecological models and vulnerability assessments have been used to evaluate the trade-offs associated with different societal responses. Results from these models and assessments show that adaptation options are more limited when the higher greenhouse gas emission scenarios are considered. Recent studies show that as CO 2 increases, there are fewer and less effective adaptation and repair options for ocean systems [START_REF] Gattuso | Contrasting futures for ocean and society from different anthropogenic CO 2 emissions scenarios[END_REF][START_REF] Ipcc | Summary for policymakers[END_REF]. Understanding these trade-offs within an integrated socio-ecological framework helps to inform options for human responses to climate driven changes to marine ecosystems (Holsman et al., in press).

Tactical and strategic opportunities for societal adaptation to climate change have also been revealed through engagement with institutions and dependent communities eager to plan their own future Several case studies where researchers engaged coastal communities in efforts to develop effective climate adaptation strategies were presented at the symposium. Some of these case studies have been extensively documented in a recent FAO report [START_REF] Barange | Impacts of climate change on fisheries and aquaculture -synthesis of current knowledge, adaptation and mitigation options[END_REF]. The symposium highlighted that there is an urgent and on-going need for scientists to interact with dependent communities to assist in the development and evaluation of realistic adaptation pathways that are based on the best available scientific information. Commitments to an on-going process of science product delivery to resource managers and users will enable more intelligent decision-making by stakeholders, which is necessary to keep up with the changing ocean ecosystems [START_REF] Wise | Reconceptualising adaptation to climate change as part of pathways of change and response[END_REF][START_REF] Hobday | Ethical considerations and unanticipated consequences associated with ecological forecasting for marine resources[END_REF].

Coastal communities are seeking adaptation options and a guide to good governance to plan for the future. Many coastal communities are turning to aquaculture, marine ranching, and fish attraction technologies to fill critical needs for food security and dietary demands. While technological advancements in fish capture and fish production are emerging, holistic studies that assess the long-term implications of these adaptation responses will be needed to guide future developments to sustain food resources and preserve human and planetary health [START_REF] Willett | Food in the anthropocene: the EAT-Lancet Commission on healthy diets from sustainable food systems[END_REF]. Whether operating at the global or local level, it is important to engage respectfully in adaptation by involving all stakeholders, supporting their progress and recognizing the importance of local knowledge [see Merle Sowman Symposium Video (https://meet ings.pices.int/publications/video#2018-ECCWO) and [START_REF] Colenbrander | Merging socioeconomic imperatives with geospatial data: a non-negotiable for coastal risk management in South Africa[END_REF]. It is important that stakeholder involvement in adaptation planning be ongoing and iterative to address obstacles that arise along the way. Communicating and documenting these challenges could provide valuable lessons for similar initiatives.

In this volume, Karp et al. (in press) reviewed the conservation and management challenges encountered when U.S. fisheries target species that are shifting their distributions and/or productivity. The authors identify six tactical steps that scientists and managers can take to address shifting spatial distributions and abundance of managed species. Among these, the authors encourage continued close collaboration and communication among scientists, managers, and stakeholders as a key step in the development of adaptation options to support sustainable fisheries management in a changing world.

Adaptive management frameworks are urgently needed to address climate-driven policy issues

Recent studies suggest that coordinated adaptation frameworks that are capable of incorporating flexibility and insights from past experiences, will lead to wiser decision making and more effective long-term management of impacts [START_REF] Poulain | Methods and tools for climate change adaptation in fisheries and aquaculture[END_REF]. Cooperative fishery management frameworks will be needed for effective management of fisheries targeting species with shifting spatial distributions [START_REF] Pinsky | Preparing ocean governance for species on the move[END_REF]. Two contributed papers in this volume considered adaptive frameworks at different levels of community, manager, stakeholder, and government engagement. Pinnegar et al. (in press) applies a vulnerability and an adaptive capacity analysis of the fisheries sector of Dominica. They consider the implications of long-term climate change and the occurrence of extreme weather events. The paper identifies which parishes in Dominica are most vulnerable to climate change impacts on fish and fisheries. The authors conclude that the vulnerability framework provides useful information for government and development agencies that can be used to enhance resilience and build adaptive capacity. Holsman et al. (in press) also consider pathways to build climate-informed management portfolios. They define climateresilient management as a mix of dynamic, adaptive and fixed management approaches. The authors address the trade-offs of these different approaches and their relative utility for managers considering current, near future and distant future management of fisheries resources. Holsman et al. (in press) propose a nested adaptation framework that applies different tools for short, medium, and long-term climate impact planning horizons may be needed to address the climate change issues on marine ecosystems. They identify suites of key research activities that could be adopted to improve the adaptation of management frameworks to develop climate-informed policies that foster sciencemanagement-stakeholder dialogs.

Summary and next steps

This brief introduction provides a brief glimpse of the exciting new developments happening in the ocean and climate science arena. ECCWO-4 made it clear that integrated multidisciplinary research programs are appearing across the globe in response to the societal need for information on the impacts of climate change on the world's oceans. ECCWO-4 included numerous opportunities for the discussion of socio-ecological systems with two way feedbacks between human responses and the ecosystem change [see additional ECCWO-4 session summaries in PICES newsletter (https://meetings.pices.int/publications/pices-press/vol ume26/PPJul2018.pdf)]. As we look forward to the ECCWO-5 symposium, we anticipate that the scientific community will strive ever harder to provide sound scientific information to inform climate actions that preserve life under water while providing food, jobs, and other services contributing to human wellbeing into the future. This symposium series informs the public of recent advances in climate science and engages the community in thoughtful consideration of the societal choices we all face with respect to climate change implications on, and consequences for, the world's oceans. We trust that the papers presented in this symposium issue, not only represent a useful snapshot of the state of climate science research with respect to the ocean, but will also help direct the community toward future advances in assessing the impacts and effects of changing climate on the world's oceans.

  Introduction to the Symposium: 'The Effects of Climate Change on the World's Oceans' Introduction Recent advances in understanding the effects of climate change on the world's oceans Introduction The Fourth International Symposium on the Effects of Climate Change on the World's Oceans (ECCWO-4) was jointly convened in Washington, USA in 2018 by the International Council for the Exploration of the Sea (ICES), the North Pacific Marine Science Organization (PICES), the Intergovernmental Oceanographic Commission (IOC) of the United Nations Educational, Scientific and Cultural Organization (UNESCO); the Food and Agriculture Organization of the United Nations (FAO), and the U.S. National Oceanic and Atmospheric Administration (NOAA). Previous symposia were held in Gijo ´n, Spain, in 2008 (Valde ´s et al., 2009), Yeosu, South Korea, in 2012 (2nd ICES/PICES/IOC Effects of Published by International Council for the Exploration of the Sea 2019. This work is written by US Government employees and is in the public domain in the US.
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