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The Polar Regions chapter of the Intergovernmental Panel on Climate Change's Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) provides a comprehensive assessment of climate change impacts on polar marine ecosystems and associated consequences for humans. It also includes identification of confidence for major findings based on agreement across studies and weight of evidence. Sources of uncertainty, from the extent of available datasets, to resolution of projection models, to the complexity and understanding of underlying social-ecological linkages and dynamics, can influence confidence. Here we, marine ecosystem scientists all having experience as lead authors of IPCC reports, examine the evolution of confidence in observed and projected climate-linked changes in polar ecosystems since SROCC. Further synthesis of literature on polar marine ecosystems has been undertaken, especially within IPCC's Sixth Assessment Report (AR6) Working Group II; for the Southern Ocean also the Marine Ecosystem Assessment for the Southern Ocean (MEASO). These publications incorporate new scientific findings that address some of the knowledge gaps identified in SROCC. While knowledge gaps have been narrowed, we still find that polar region assessments reflect pronounced geographical skewness in knowledge regarding the responses of marine life to changing climate and associated literature. There is also an imbalance in scientific focus; especially research in Antarctica is dominated by physical oceanography and cryosphere science with highly fragmented approaches and only short-term funding to ecology. There are clear indications that the scientific community has made substantial progress in its ability to project ecosystem responses to future climate change through the development of coupled biophysical models of the region facilitated by increased computer power allowing for improved resolution in space and time. Lastly, we point forward—providing recommendations for future advances for IPCC assessments.
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INTRODUCTION

The Polar Regions chapter of the Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) by the Intergovernmental Panel on Climate Change (IPCC) provides a broad overview and assessment of climate change impacts on polar marine ecosystems and associated consequences for humans (Meredith et al., 2019). The report provides a comprehensive assessment of the current state of scientific findings regarding climate change related to key concepts of risk, adaptation, resilience and transformation (Garschagen et al., 2019). The report uses calibrated language modified from previous approaches (Mastrandrea et al., 2010; Mach et al., 2017) to depict the uncertainty around conclusions in a clearly defined and consistent manner. This calibrated language approach allows for qualitative and quantitative assessments of the confidence of the scientific community in a key finding. Projections of future ocean conditions are based on scenarios of future climate conditions based on a common suite of pathways (representative concentration pathways and shared socioeconomic pathways, Abram et al., 2019). Following IPCC procedure, the report underwent a large and rigorous peer review prior to publication, conducted by the global science community and national science reviews; author teams must provide responses to all reviews. As such, the report represents the global scientific community's best attempt to report the state of the science on climate change with respect to key findings and the confidence there-in at the time the report was written. These special reports form part of a regular cycle by the IPCC, updating its assessments every 7 years, thereby tracking changes in knowledge and understanding over time.

The IPCC is currently preparing its Sixth Assessment Report (AR6) and literature on polar marine ecosystems published since SROCC is being assessed in Working Group II (impacts, adaptation and vulnerabilities). This comprehensive work – in addition to published papers that contribute advances in scientific understanding (e.g., the Marine Ecosystem Assessment for the Southern Ocean, MEASO, 2020)–provides increased evidence for widespread impacts of climate change on polar regions, and new insights on approaches for adapting to imminent climate impacts. A remaining primary focus is to evaluate the feasibility and effectiveness of approaches to reduce negative consequences and retain resilience, termed “adaptations.” Conclusions by Working Group 1 for AR6 (The physical science basis; IPCC, 2021) are consistent with earlier assessment reports that climate change is altering polar environments at unprecedented rates. Further, these regions cannot be fully shielded from the effects of climate change through adaptation alone; adaption effectiveness is substantially enhanced by global carbon mitigation.

Despite advancements in understanding, knowledge gaps remain that influence assessment confidence around the magnitude, timing, and scale of impacts and adaptation effectiveness. To identify these knowledge gaps, and measures to address them, we have assembled a team of all four lead authors of the marine ecosystem part of the Polar Regions chapter in SROCC and three AR6 WGII lead authors on polar marine ecosystems. Two of our team were also lead authors in the Polar Regions Chapter of AR5 (Larsen et al., 2014; Meredith et al., 2019). Our paper considers how scientific uncertainty has evolved since AR5 and SROCC and what the implications are for decision-making. Further, we consider the implications of current expectations and orientations of the IPCC for ongoing capacity to assess future climate change impacts for social-ecological systems in the polar regions and options for responding to these impacts. Finally, we put forth recommendations for future advances for IPCC assessments.



EVALUATION OF ADVANCES IN POLAR MARINE ECOSYSTEM KNOWLEDGE SINCE SROCC


Data Gaps and Skewness in Data Coverage

SROCC and AR6 are assessments based upon recent scientific advancements derived from monitoring, process studies, retrospective studies, laboratory investigations, new technologies and modeling studies. In polar regions, improved observational coverage, particularly in regions with low coverage today, will greatly improve the foundation for future assessments. For instance, earth observation systems generally are well-coordinated in large programs (like USA's NASA EOS and EU's Copernicus CMEMS). Therefore, most of the literature on production in the Arctic as a whole region is based on satellite data (Arrigo and van Dijken, 2011, 2015; Kahru et al., 2016) or bioclimatic modeling (Cheung et al., 2009; Fernandes et al., 2020). Scenarios for lower trophic levels from the Regional Ocean Modeling System Nutrient-Phytoplankton-Zooplankton Model (Bering10K ROMSNPZ; Hermann et al., 2016, 2019; Pilcher et al., 2019; Kearney et al., 2020) now also provide alternative perspectives that were still nascent during the SROCC process.

For in situ measurements, which are essential for understanding ecosystems at levels above primary production, the situation is quite different (Figure 1). Formation of a comprehensive, calibrated, multinational ecosystem monitoring program is, for both the Antarctic and Arctic, challenging given the high cost of sampling in distant regions of the planet. In the interim, nations are striving to improve coordination of existing measurement programs and access to data, such as through the Southern Ocean Observing System (Newman et al., 2019). However, classic in situ observations, like research cruises, are to a large degree still organized at a national or smaller regional level (but see, e.g., Eriksen et al., 2018 for joint Norwegian-Russian long term monitoring of the Barents Sea).
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FIGURE 1. Summary of capacity to advise on, and prognoses for, the impacts of climate change on ecosystems of the polar regions. For different sources of uncertainty, qualitative judgement is provided on (1) the scale of uncertainty in SROCC (blue, satisfactory; gray, equivocal; red, unsatisfactory); (2) change in the level of uncertainty since SROCC (blue, decrease; gray, no change; red, increase); (3) level of recognition of the importance of each source of uncertainty by research and policy communities, i.e., recognition that each source needs to be addressed (blue, high; gray, medium; red, low); and (4) existing capacity to address each source of uncertainty in assessment and decision making (blue, high; gray, medium; red, low). Cells indicate important scientific issues causing uncertainty.


Still, considerable progress is being made in some fields, mostly related to ocean physics and biogeochemistry. This includes technological developments and an increasing deployment of autonomous observation platforms that utilize the most developed of these technologies, like Argo profiling floats, drifters, gliders, fixed moorings, vessels of opportunity, and Ice-Tethered Platforms. This is expected to gradually reduce the dependence on ship-based surveys for the collection of physical and biogeochemical variables. Marine mammal or fish species at or near the ocean surface (like tuna and mackerel) and anadromous fish species that return to spawn in rivers and lakes can to some degree be monitored by means of earth observation sensors on satellites or aerial surveillance technologies like Light Detection and Ranging (LIDAR). There are also some examples of in situ unmanned measurement of biological variables, for instance autonomous samplers that show promise for remote measurement of the abundance and spatial distribution of pelagic fish (Verfuss et al., 2019). Also, increased activity in high latitude regions, with e.g., polewards displacement of fisheries, and increased tourism, increase options for sampling from ships of opportunity (e.g., Escobar-Flores et al., 2020). However, in the forseable future most biological measurements will still depend on research vessel surveys.

In the Arctic, groups like SAON (Sustaining Arctic Observing Networks) and shorter-term projects like INTAROS (Integrated Arctic Observation System) are making progress toward long-term Arctic-wide observing activities that provide free, open, and timely access to high-quality data, also on ecological variables [see for instance Datasets–INTAROS Data Catalog (nersc.no) and https://doi.org/10.5194/essd-13-1361-2021]. For Antarctica, the Southern Ocean Observing System (SOOS) was implemented after the OceanObs'09 conference and has been instrumental for ocean and cryosphere observations in the Southern Ocean region from a climate driven perspective (Newman et al., 2019).

The science supporting SROCC on climate impacts on marine polar ecosystems reflects regional investment in monitoring and research and is strikingly skewed within and between regions (Figure 1). SROCC shows that more scientific results are available for the Arctic than the Antarctic. In the Arctic, there is far more published material on marine life in the eastern Bering and Barents Seas than for the remaining Arctic shelf seas. For instance, marine life in the Kara Sea is mentioned once, the Laptev Sea not at all. For the Southern Ocean, the South Atlantic and west Antarctic Peninsula region are by far the most reported on (see Meredith et al., 2019). International partnerships such as Marine Ecosystem Assessment for the Southern Ocean (MEASO) and the Arctic Monitoring and Assessment Programme (AMAP) are designed to coordinate the collection and analysis of marine life in polar regions. Such coordinated research is providing much needed observations that provide insights into the structure and function of polar ecosystems, thus informing IPCC assessments and providing help to address this regional imbalance in research.

In IPCC's 5th assessment report (AR5; Hollowed and Sundby, 2014; Larsen et al., 2014) and SROCC (Meredith et al., 2019) authors pointed to spatial heterogeneity in ecosystem responses to projected climate change. These occur in response to different physical and biogeochemical changes in the shelf seas and the Arctic Ocean or sea ice habitats in the Southern Ocean, and only strengthens the need for more knowledge on the less understood seas. However, for both the Antarctic and Arctic, closer examination of literature in languages other than English (e.g., Chinese, Japanese, Korean, Polish, Russian, Spanish and Portuguese) is likely to provide important information. Although IPCC authors are also charged with examining this literature, its accessibility is lower and with limited time available such sources of knowledge may be overlooked. In addition to language barriers, results and dissemination from some long-term monitoring programs may not find their way into primary literature due to outdated methodology or the particular focus/question considered to be of regional/local scope only. Yet, in under-sampled regions, such data and corresponding (non-English) regional reports may narrow knowledge gaps.

There is no quick fix to developing time series in under-sampled regions, retrieval of data from non-archived programs, or for making literature generally available from across the diversity of languages. These issues transcend individual experts that become lead authors in the IPCC. The responsibility for resolving them rests, institutionally, with the international scientific community and would be an important topic for consideration and resolution within the partner institutions of the IPCC and by the International Science Council.



Indigenous, Traditional, and Local Knowledge

A source of knowledge increasingly recognized as important to the work of the IPCC Working Group II, is Indigenous and Traditional Knowledge (ITK). This is because of what ITK offers for understanding climate change impacts on ecology as well as on social and human systems.

Indigenous Knowledge of Arctic marine social and ecological systems is spatially and temporally broad, especially with respect to climate impacts on Arctic social-ecological systems and effectiveness of adaptation responses. For the Arctic, ITK can provide important insights needed for understanding current climate change impacts, efficacy of adaptation measures, and future conditions and risks (Petzold et al., 2020; Van Bavel et al., 2020; Eerkes-Medrano and Huntington, 2021; Hauser et al., 2021). While the IPCC's 5th assessment report identified the need to consider information from multiple knowledge sources – and SROCC made progress in this regard for polar regions–inclusion of ITK has been hindered by inconsistent methods for participation and inclusion, and where included is often general in scope and lacks a robust and nuanced treatment of the inter-complexities of climate change impacts and colonialism (Ford et al., 2016, 2020; Petzold et al., 2020). ITK includes methodologies and peer-review processes that are different in ontology and axiology from mainstream science. Therefore, a more inclusive approach to authorship (i.e., including researchers with ITK as lead authors on IPCC reports), promotion and support of participatory and collaborative input from multiple ITK holders (e.g., as contributing authors in addition to ITK expert Lead Authorships) and broader methodology for knowledge review is needed to support greater understanding and more thorough assessment of climate impacts, risks, and responses in Arctic systems.



Language Barriers

Further, knowledge relevant to local systems and management are often published outside of (mainstream) journals and in languages other than English. Such knowledge thus receives less attention by peers and becomes hard to access in global assessments like SROCC (Muelbert et al., 2021). Smaller locally or regionally run assessments, feeding in to global reporting processes like those by IPCC, would help make suck knowledge more available.



Projections of Ecosystem Responses

Climate change will cause polar marine environments to warm further with cascading effects on sea ice extent and thickness, changing the productivity of species and the relative importance of different energy pathways through food webs (Meredith et al., 2019; Trebilco et al., 2020; IPCC, 2021; Thorson et al., 2021). Knowledge of the direction and magnitude of these changes in marine life has incrementally evolved since AR5. Conclusions from AR5 (Larsen et al., 2014) and SROCC (Meredith et al., 2019) highlight compelling evidence that the cascading effects of shifts in the timing and magnitude of seasonal biomass production could disrupt matched phenologies. The authors of the 2014 AR5 Polar chapter identified that a key knowledge gap was that ecosystem models of ecological and social systems at that time were either lacking or insufficiently validated to project the cascading effects of climate change into the future (Larsen et al., 2014). By the time SROCC was completed, projections from global models of marine life based on dynamic bioclimate envelope models were published, and this was cited in SROCC (Bindoff et al., 2019).

Since SROCC a number of studies have projected the future state of polar ecosystems, using both species distribution, multispecies, and Ecosystem-based models (EBMs, Hansen et al., 2019a; Huckstadt et al., 2020; Reum et al., 2020; Veytia et al., 2020; Rooper et al., 2021; Whitehouse et al., 2021). As ecology has no agreed-upon set of mathematics to dictate system dynamics, there is substantial heterogeneity in the theoretical underpinning of these models, processes considered, parameterizations, spatial extent and taxonomic, spatial and temporal resolution, which have implications for model dynamics and outcomes (Payne et al., 2016; Tittensor et al., 2018). Also, as for the Earth System models of the climate systems, these models are subject to uncertainties that may be structural (relating to model parameterization) or parametric (i.e., imperfect measurements, natural variability and abstractions within the model) (Payne et al., 2016; Tittensor et al., 2018). These uncertainties, and additional scenario-based uncertainties (e.g., uncertainties related to future changes in emission rates, land and sea use practices), point to the benefits of ecosystem model intercomparisons, such as the Fisheries and Marine Ecosystem Model Intercomparison Project (Fish-MIP, Tittensor et al., 2018) or the Alaska Climate Integrated Modeling project (ACLIM; Hollowed et al., 2020). Intercomparisons of different models help identify outcomes that are similar despite variability in model construction, giving confidence in those conclusions (Peck et al., 2018; Tittensor et al., 2018; Bauer et al., 2019; Hollowed et al., 2020). Where models differ in results will highlight where uncertainties in future scenarios may lie. If the results deviate greatly then those uncertainties may be considered to have a high priority to be resolved.

A method is available for overcoming model uncertainty to assist policy makers in determining suitable adaptation strategies for responding to future climate challenges while achieving ecosystem resilience. This method, often termed “management strategy evaluation” (MSE), is to evaluate the performance of those strategies under various climate scenarios within the social-ecological-climate models of the model ensemble that are considered to suitable reflect possible futures (A'Mar et al., 2009; Hollowed et al., 2020). Strategies that perform well across all plausible models, uncertainty and climate scenarios will be more likely to be successful in future real-world applications. Choosing suitable strategies will be dependent on trade-offs amongst social and ecological performance measures (objectives) and the degree to which risk of failure to meet those objectives can be countenanced, given the uncertainties. The success of this approach has been demonstrated in many fisheries applications. As yet, it has had only limited application across polar regions (but see Hollowed et al., 2020; Kaplan et al., 2021). Nevertheless, results from validated high-resolution ecological and social system models for the Bering Sea and Barents Sea provided much greater insight into the expected trajectories of climate change in the region (Hansen et al., 2019b; Holsman et al., 2020).

Despite these advancements in understanding, the future outcome of some key policy-relevant processes remain uncertain. These knowledge gaps tempered SROCC's confidence levels on impacts of climate change on polar marine social and ecological systems, and on the effectiveness of responses to climate driven change. Since the completion of SROCC, the availability of improved regionally downscaled physical biogeochemical models (e.g., Kearney et al., 2020) and observed responses of marine life to hazards attributed to climate change (e.g., North Pacific marine heatwaves) has further impacted key conclusions in AR6.



Ecosystem Process Error and Structural Uncertainty

Climate change affects multiple physical and biogeochemical processes that impact species throughout different life stages and at different spatial scales with sometimes attenuating (or amplifying) effects. These complexities are discussed in AR5 and SROCC. There are well-known tradeoffs associated with adding ecological realism into ecosystem models associated with adding parameter uncertainty and opportunities for model misspecification. For this reason, exploring outcomes using also regional multi-model ensembles that address different levels of mechanistic complexity is needed to reveal how these play out with respect to future conditions for fish and shellfish (e.g., Hollowed et al., 2020).

EBMs provide approaches for exploring ecological responses; however, such models should build upon well-developed theory and understanding of the ecosystem in question, which again is linked to availability of data for developing and evaluating the model. An analysis of different sources of uncertainty in long-term projections of fishing and climate change by EBMs (for the eastern Bering Sea) revealed that for some species structural model uncertainty dominated (Reum et al., 2020). Moreover, synergies across multiple EBMs with different underlying structural assumptions helped reveal potential short-term benefits of increased flexibility in catch allocation scenarios (Reum et al., 2020; Whitehouse et al., 2021). This also enhanced the ability of EBMs to provide guidance toward how to stabilize catches and forestall climate-driven declines (Holsman et al., 2020; Reum et al., 2020; Whitehouse et al., 2021).



Structural Error in Climate Models and Scenario Uncertainty

Structural uncertainties emerge in polar regions from global scale ensemble model projections as a consequence of results from different models in an ensemble being spread over a wide spatial range. Recent global scale ensemble model projections indicate substantial increases in total animal biomass toward 2100 under RCP2.6 (48%, intermodel SD 93.75%) and RCP8.5 (82.0%, intermodel SD 201.07%) in the Arctic (Bryndum-Buchholz et al., 2019; Lotze et al., 2019; Nakamura and Oka, 2019). This increase is partly due to increase in primary production fuelling the food chains, and partly due to increased biological rates with increasing temperatures. However, this does not take into account significant regional declines projected for the largest Arctic fisheries in the Bering sea, nor recent agreements to delay fisheries in the high Arctic until foundational information for sustainable management can be collated (i.e., 16+ yr moratorium on commercial fishing; Vylegzhanin et al., 2020; U.S. Department of State, 2021). Further, increased variability in biomass is also projected for polar regions, and of the models evaluated the polar regions had some of the lowest agreement across models in projected changes in biomass (Lotze et al., 2019). For the Southern Ocean there are no trends, but greater variability in both primary production and total animal biomass are projected under RCP2.6, while a 15% increase (intermodel SD 36.61%) in animal biomass is projected under RCP8.5 (Bryndum-Buchholz et al., 2019; Lotze et al., 2019; Nakamura and Oka, 2019). Thus, high inter-model variability in projections, combined with regional models projecting significant distribution shifts and declining productivity in key ecological and commercial species, demonstrate that the future development of polar marine systems and associated commercial fisheries are associated with high uncertainties (Griffiths et al., 2017; Klein et al., 2018; Hansen et al., 2019a; Tai et al., 2019). Despite these uncertainties, more evidence has emerged since SROCC's finalization demonstrating that sustainable fisheries practices within an ecosystem approach to fisheries management can stabilize fisheries and forestall negative impacts of climate change on some fish populations in the near term (Gaines et al., 2018; Free et al., 2020; Holsman et al., 2020; Reum et al., 2020).

Comparison of outputs from coarse spatial (and often coarse temporal) resolution global models with regionally downscaled simulations revealed systematic differences in the projections of future climate change impacts on high latitude systems in some high latitude regions. For example, scenarios from global models (often with annual time-steps) projected increased primary production and increasing biomass across functional groups in the Barents and Bering Seas, whereas downscaled models revealed seasonal differences in the timing of primary production and declining biomass trajectories for some functional groups (Hansen et al., 2019a; Holsman et al., 2020; Reum et al., 2020; Whitehouse et al., 2021). Emerging efforts to embed high resolution ocean model capabilities along the coastal shelf within global models with two-way coupling holds great promise for future IPCC assessments (Buil et al., 2021). Sustained support for high resolution modeling platforms and model intercomparisons of integrated oceanographic-ecological-social-economic models is needed to resolve the dynamic responses of coupled-social ecological systems to climate change (Holsman et al., 2019; Hollowed et al., 2020).



Ecosystem Resilience

A fundamental question on future polar marine ecosystems relates to their resilience; the capacity of the social ecological system to maintain the current state or return to some historical state following climate-driven change, whether the benchmark be pre-industrial or some time since. Could polar ecosystems cross a tipping point or threshold making it difficult to return and after which point productivity and stability are highly uncertain? A key source of uncertainty regarding the capacity of an ecosystem to recover is how and when future physical and biogeochemical changes in the ocean will trigger tipping points in ecosystem structure and organization that will limit recovery of the system to its former state (Frölicher et al., 2016; Frölicher and Laufkötter, 2018). Having capacity to project how the system will change, and whether tipping points may arise, is central to discussing prospects for polar ecosystems. SROCC moved significantly forward on this; a chapter was dedicated to “Extremes, Abrupt Changes, and Managing Risks” (Collins et al., 2019). However, that chapter to little degree dealt with polar regions and the knowledge summarized was not integrated into the polar chapter. Since SROCC the emphasis on abrupt changes and tipping points in the ocean has been pronounced, including work by Malhi et al. (2020), Turner et al. (2020), Degroot et al. (2021), and Heinze et al. (2021).



Spatial Heterogeneity

In SROCC, the authors intended to further examine the potential for spatial heterogeneity in Arctic and Antarctic ecosystem responses to projected climate change (first raised in AR5; Larsen et al., 2014). Unfortunately, such an inter-regional comparison was restricted by the lack of sufficiently resolved large-scale model output fields. CMIP5 output was found to be too coarse to differentiate between regions by capturing oceanographic conditions that have profound impacts on species distributions and interactions and food-web dynamics (e.g., sea ice distribution and edge blooms, seasonal stratification, Bering sea cold pool formation and extent; Kearney et al., 2020; Drenkard et al., 2021). Regional climate scenarios derived from down-scaled global climate scenarios and used to drive environmentally linked fish population models were included by Meredith et al. (2019), but were then only available for the Eastern Bering Sea (Hermann et al., 2019). Efforts since SROCC to downscale CMIP6 model outputs for coupled high resolution downscaled projects further underscored the importance, for polar regions in particular, to characterize impact variability and detail as well as adaptation efficacy at a regional scale (Hansen et al., 2019a; Drenkard et al., 2021).



Social-Ecological Responses

Dynamic couplings between regional social and ecological responses to climate change also deserve increased attention, as they can both amplify and attenuate climate impacts in complex ways. Global scale evaluations and models often are unable to capture important feedbacks and connections, leading to misspecification of impacts and adaptation response. For instance, realized harvest rates reflect complexities of management, economics, and regulatory structures that by design aim for ecosystem-based-management targets rather than maximizing the yield of individual stocks (MSY); total yield from a system is often lower than the additive sums of individual MSYs (or MSY proxies; Holsman et al., 2016, 2020; Link, 2018; Reum et al., 2020). Other ecosystem-based management targets include maintaining ecosystem structure, function and productivity (e.g., Norwegian Ministry of Climate and Environment, 2020), which may be less realistic under the ongoing directional climate change driven alterations of marine ecosystems. There is thus a need to adapt current management targets to the ongoing changes, and identify and evaluate relevant management strategies to reach these targets.



Disciplinary Imbalance in Scientific Priorities

Research regarding climate impacts in polar regions – particularly that for the Southern Ocean – is dominated by physical oceanography and cryospheric science with highly fragmented approaches to ecology. In terms of projections of climate impacts, the physical system out to 2100 is uncertain but well-circumscribed. By comparison, science on the effects of climate change on ecosystems and ecosystem services lags far behind (Figure 1). There is an urgent need for sustained support for long-term ecosystem data collections for Antarctic systems, linked ecological and socio-economic modeling at the circumpolar scale, and synthetic evaluations of cascading impacts of climate change, risks, and adaptation feasibility and effectiveness across Antarctic ecosystems and dependent industries. There have been few positive developments in Antarctic ecosystem research funding since AR5: in the Antarctic most long-term studies recently either lost funding or were greatly reduced. To address this major source of uncertainty in climate change assessments, research funding needs to be at the scale and scope to support understanding that can fully address policy and decision-making needs, i.e., cross-disciplinary and coupling ecosystem monitoring and high-resolution oceanographic and ecosystem models with social-ecological modeling. Such integrated research approaches take multiple years to establish but once developed can easily incorporate new projections and information. Sustained support (i.e., often through coordinated government investment in climate programs) to ecosystem based adaptation and mitigation is necessary to both develop and continuously update integrated approaches but the collective and holistic information that results is invaluable for identifying key climate risks, rates and magnitude of change and the effectiveness (and limits) of responses.

The challenges with establishment and proper coordination of large-scale ecological programs can, as noted above, partly be attributed to the costs associated with the spatial and temporal coverage required for ecological investigations beyond the local scale. There has been a scarcity of collaborative research initiatives at all levels to tackle the need for ecologically based studies of the Southern Ocean. During the last International Polar Year several scientific collaborations were initiated, including Census of Antarctic Marine Life (CAML) and Integrating Climate and Ecosystem Dynamics in the Southern Ocean (ICED). These have demonstrated the importance of networking and coordination in ecological research initiatives; such as Integrated Ecosystem Assessments (Levin et al., 2014) that are in development for Arctic ecosystems (Bering, Chukchi, Greenland and Barents Seas) as well as the Southern Ocean (MEASO, 2020). These IEAs are increasingly addressing the state and development of the polar seas as socio-ecological systems, assessing impacts and risks of climate change for species (Holsman et al., 2017), habitats and natural communities (MEASO, 2020), as well as on ecosystem services and coastal livelihoods (Holsman et al., 2020; Cavanagh et al., 2021). Such expansions are required to support the development of ecosystem-based adaptation and mitigation options to support management of polar systems under climate change impacts.



Policy Relevant Climate Assessments

Polar regions are a special case in IPCC assessments. They play a central role in the physical Earth System and have the potential for cascading positive feedbacks to Earth's climate system. Managing greenhouse gas emissions is the primary way that these changes in the Earth System can be moderated (IPCC, 2018). Changes in polar regions impact people the world over, not just from the perspective of physics and tangible services from within the region (Meredith et al., 2019; Cavanagh et al., 2021) but also from more distant biological and human connections with the regions (Murphy et al., 2021; Roberts et al., 2021). Adaptation may attenuate impacts of climate change to socio-ecological systems in the near term (see Simpson et al., 2021) but cannot protect the fundamental nature of cold- and ice-dependent marine ecosystems, which are projected to experience rapid and irreversible loss over the next century under high (and possibly moderate) emission scenarios. There is increasing and widespread agreement and evidence for this emergent finding across multiple lines of evidence, despite the uncertainty around the timing and rate of change. Yet, persistent uncertainties due to lack of temporal and spatial coverage, and gaps in cited resources, result in low or medium assessment confidence, potentially dampening the resonance of this critical finding. This causes a major challenge for delivering actionable science-based advice and for policy makers that must act now to address long-term climate risks.

Attribution of climate change impacts requires comparisons of impact event likelihood, through comparison of modeled or measured baselines, and/or projected to historical frequency of occurrence. For physical systems these baselines exist, enabling climate attribution, but for ecological and social systems such datasets are limited in space or time. Social-ecological systems integrate climate impacts across trophic levels and species and effects are lagged and often modulated through trophic interactions. This can make attribution of climate impacts difficult to detect when impacts are gradual or incremental, but has become more apparent with large-scale climate shocks (e.g., Huntington et al., 2020). Mismatched scales of ecological time series and seasonal and spatial gaps in information for biomass or rates of production for key ecosystem guilds (e.g., benthic detritivores) further challenge attribution. Coupling sampling and monitoring with multiple ecosystem models helps evaluate attribution and sensitivity of systems to climate impacts and is a near-term approach to improving ecological and social climate attribution.




ACTIONABLE RECOMMENDATIONS

We here present our most important recommendations with short explanations.


Development of a Scientific Framework That Moves From Assessing Future States With Attendant Uncertainties to Assessing Risks to Social and Ecological Needs Identified by Policy Makers

Assessment of climate change related risks requires development of frameworks and models that link across social and ecological dimensions, to allow evaluation of prognoses and management strategies under different scenarios. Management targets and solution options for socio-ecological systems in directional change needs to be developed, and they must capture key outcomes covering diverse societal needs and perspectives across stakeholder groups. Hence, a more inclusive approach to develop management targets and solution options is needed, both regionally, nationally and internationally. We therefore recommend both regional councils, polar nations, and international polar organizations (e.g., the Arctic Council, and CCAMLR) to establish such inclusive processes, building on diverse knowledge bases and perspectives from natural to social sciences, ITK, management bodies and other stakeholder groups. Also, in IPCC assessments, inclusiveness of e.g., ITK could be reflected in authorship and equity in contribution.



Greater Investment to Directly Assess Risks and Impacts of Climate Change on Polar Marine Ecosystems

While this is a well-worn statement in scientific literature, there is no doubt that much of the research to date used by the IPCC on the effects of climate change on polar marine ecosystems above biogeochemistry is opportunistic from outputs of other science programs. The direct, compound and cascading effects on society and ecology needs to be a directed effort.



Orientation of the Scientific Community to Progressing Repositories of Studies, From All Languages, on Climate Change Impacts in Polar Regions

Due to the strong information bias toward some regions (e.g., the Bering and Barents Seas, and the Western Antarctic Peninsula), any additional information on climate change impacts, particularly from other polar regions, will support the reduction of uncertainties and help support robust decision making for ecosystem management in a changing climate. Although charged with examining also such literature, IPCC authors may more easily overlook this. To support increased access and use of non-English literature, we recommend that IPCC WG chapter teams assessing polar regions should cover the central languages of the regions. If not possible to achieve for every assessment, the goal could be to balance representation over time. IPCC could also motivate the WG chapter teams to identify contributing authors that master relevant languages not covered by the chapter team. Finally, IPCC could identify and inform on search engines and best practices to find relevant literature from different regions and in different languages, and provide technical support to literature searches when needed.



Build Upon and Strengthen Ongoing Synergies Between Physical, Chemical, Biological, and Social Sciences in Assessing Social-Ecological Impacts of Climate Change, Their Root Causes, and Prognoses for the Future

For the full Assessment Reports, the IPCC could shift toward better integration between the three working groups as was done in SROCC (there WG1 and WG2). In recognition of the emerging integration of physical biogeochemical, ecological, social and economic research, the IPCC is encouraged to build formal conduits for information flow between working groups.

The authors have experience as lead authors in main AR reports and SROCC, one in both. For ecologists the latter approach was much preferred. Having physical and social scientists working alongside biologists on the same chapter, as in SROCC, was far more efficient and much more challenging with respect to moving our ecological knowledge to seriously take on the societal implications of climate change. One possibility is to have lead authors from one working group take part in the lead author meetings of the author two, serving as “ambassadors of knowledge.” This will of course involve extensive traveling for these authors. Alternatively, one could have “regional ambassadors” who would be points of contact for key questions and discussions relevant to their working group.




CONCLUDING REMARKS

Our experience has shown that assessments on the future of polar ecosystems under climate change have been improving in recent cycles but there needs to be a phase shift in orienting the assessments to whole of system dynamics and impacts, including impacts on and risks to both social and ecological outcomes. We observe that there are a number of international initiatives that already provide the means for developing suitable polar ecosystem observing activities, providing there is support and impetus from national programs. A major gap, though with some valuable experience already on the table, is the development of a risk assessment framework for polar marine ecosystems that can utilize social and ecological whole of system models coupled to Earth System models. The development of such a framework can be common to both polar systems as they have similar requirements for their development and implementation. Lastly, we have identified a specific need for engagement across the broader scientific community and with national and international policy makers to develop repositories for the diversity of scientific information that will facilitate equitable assessments of the prognoses for polar marine ecosystems. Without an ongoing broad-based repository, polar system science will remain based only on those results that are readily disseminated and easily interpreted.
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