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Highlights 

• Recent work has shown that the Arctic Ocean is acidifying faster than the global ocean, but with 
high spatial variability. 

• A growing body of research indicates that acidification in the Arctic Ocean could have 
implications for the Arctic ecosystem, including influences on algae, zooplankton, and fish. 

• Cutting-edge tools like computational models are increasing our capacity to understand 
patterns, trends, and impacts of ocean acidification in the Arctic region. 

The uptake of anthropogenic carbon dioxide (CO2) causes a cascade of chemical reactions that decreases 
ocean pH and carbonate ion concentrations, a process known as ocean acidification (OA). While OA is a 
global process, some of the fastest rates of ocean acidification around the world have been observed in 
the Arctic Ocean (e.g., Qi et al. 2017, 2020). These extremely rapid rates of acidification reflect the 
Arctic's natural vulnerability to changes in pH, caused by cold temperatures, naturally higher baseline 
CO2 concentrations resulting from global circulation processes, seasonal processes that rapidly 
concentrate CO2 in some water masses, as well as unique land-sea interactions and hydrological 
mechanisms (circumpolar perspective broadly reviewed by AMAP 2018). Surface waters in some parts of 
the Arctic Ocean are already undersaturated with respect to some biologically important calcium 
carbonate minerals (e.g., aragonite and calcite) and most regions of the Arctic are likely to become 
corrosive (able to dissolve biologically important carbonate minerals) by the end of the century (AMAP 
2018). These changes could have serious implications for the regional ecosystem, including detrimental 
impacts on local wildlife, cultural assets and practices, and subsistence resources. 

Robust sampling programs that prioritize the collection of OA data (e.g., pH, partial pressure of CO2, 
dissolved inorganic carbon (DIC), and total alkalinity (TA)) are extremely difficult to implement in the 
Arctic. The coastal sub-Arctic seas exhibit a highly dynamic spatial and temporal variability as the 
underlying biogeochemistry is impacted by a range of land, ocean, and atmosphere processes. 
Accordingly, mature OA monitoring systems must be highly resolved in both space and time to provide 
adequate information for decision support. Given the expansive area, the remote geographic location, 
and harsh winters, traditional monitoring tools are also challenging to deploy consistently in the Arctic 
region, although some of these time series are starting to mature (e.g., Beaufort Gyre: Zhang et al. 2020; 
Canadian Archipelago: Beaupré-Laperrière et al. 2020; Eurasian Basin: Ulfsbo et al. 2018; Fram Strait: 
Chierici et al. 2019; Svalbard: Jones et al. 2021). 
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Despite these advances, we do not have a synoptic understanding of OA across the pan-Arctic system. 
Accordingly, computational models grounded in observable data have emerged as a useful tool to help 
explore spatial-temporal variability due to their much finer spatial and temporal resolution. Using these 
outputs, researchers are better able to explore the intensity, duration, and extent of ecosystem 
exposure to OA processes. In recent years, regional and global modeling studies have been used to 
explore both long- and short-term aspects of OA in the Arctic (e.g., Bering Sea: Pilcher et al. 2019; pan-
Arctic, Terhaar et al. 2020), as well as the processes leading to these trends that are notoriously difficult 
to observe (e.g., pan-Arctic sea-ice related impacts: Mortenson et al. 2020). However, there is 
substantial regional and seasonal variability especially where land processes can influence OA, 
highlighting potential problems with interpolating sparse measurements (e.g., Chierici et al. 2019; Jones 
et al. 2021). Better regional to local climate projections may provide key improvements. Model studies 
continue to be refined and will likely form a pivotal part of future Arctic OA research. 

As the observational record of OA in the Arctic continues to grow, research on the possible impact of OA 
on Arctic ecosystems continues to progress both in the laboratory and in the field (Fig. 1). The primary 
concern is that the short food web linkages so characteristic of the Arctic may lead to widespread 
impacts of OA across the ecosystem, creating both winners and losers. This is evident at the very base of 
the food chain: for example, OA negatively affects the calcification of some Arctic phytoplankton (pan-
Arctic: Ardyna and Arrigo 2020) and may shift the community toward smaller species (western Arctic: 
Sugie et al. 2020). Some primary producers may experience little impact; research syntheses indicate 
that OA likely has a limited effect on sea ice algae, given that the biogeochemistry of the ice matrix itself 
naturally undergoes extreme fluctuations that result in evolutionary resilience (central Arctic: 
Torstensson et al. 2021). 

Fig. 1. Onboard laboratory setup for collection and filtering of Arctic seawater samples. Discrete sampling remains 
critical to understanding ocean chemistry. Photo by J. N. Cross. 
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At the zooplankton trophic level, the quintessential species for detrimental OA impacts is the pteropod 
(sea snail). These organisms are extremely sensitive to ocean pH and are often used around the world as 
indicators that can inform OA conditions. Both laboratory and field observations have shown that 
pteropod responses to OA include reduced juvenile survival, reduced shell growth and condition, as well 
as costly metabolic regulation. Arctic population connectivity and morphological characteristics of 
pteropods is a growing area of research. For example, recent studies of natural populations indicate a 
high occurrence of severe shell dissolution in the Bering Sea, Amundsen Gulf, and Svalbard margin 
(Niemi et al. 2021; Bednaršek et al. 2021; Anglada-Ortiz et al. 2021, respectively). While pteropods are 
an important biological indicator, research on other organisms specific to Arctic ecosystems will also 
support regional relevance. For example, fish show sensitivities to OA, including important species such 
as Arctic cod (e.g., western Arctic cod populations: Steiner et al. 2019; eastern Arctic cod: Hänsel et al. 
2020). However, key questions remain to fully understand the mechanisms that produce individual and 
population-level responses to OA. Across species (fish, benthic and pelagic invertebrates) repair, 
adaptability, and associated tolerance have been linked to resource availability (e.g., Niemi et al. 2021; 
Hänsel et al. 2020; Duarte et al. 2020; Goethel et al. 2017), indicating the importance of a holistic 
ecosystem approach to understand OA biological responses (Fig. 2). 

Fig. 2. A researcher processes Arctic sediment samples. Some benthic organisms that build shells out of calcium 
carbonate, like mussels and clams, may be susceptible to ocean acidification. Because these species commonly 
serve as prey for other parts of the Arctic food web, impacts could be felt through the entire Arctic ecosystem. 
Photo by J.N. Cross. 

Seals, walrus, and marine birds may be impacted by the inherent vulnerability of their preferred foods to 
acidification. Calcifying bivalves are particularly sensitive to acidified conditions; weakly acidified waters 
can reduce growth, while severely corrosive waters can eventually begin to dissolve shells. Although 
laboratory experiments have identified resilience to acidification in Arctic invertebrates (Goethel et al. 
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2017), some model research suggests that they are likely to be among the most negatively impacted 
invertebrate populations in the world (Tai et al. 2021). Though the specifics remain uncertain, it is likely 
that the consequences of continuing OA will be detrimental for parts of the marine food web over the 
next decade. Warming and acidification are likely to become compounding stressors for the Arctic 
ecosystem by the end of the century. More research will be necessary to determine how acidification-
stressed marine invertebrate populations may influence the Arctic ecosystem. This work will be 
especially important given that invertebrates as well as their predators are important commercial, 
cultural, and subsistence resources across the region. 

Building ecosystem and human resilience to OA in the Arctic in part will require global solutions, given 
that OA is primarily caused by global carbon dioxide emissions. However, regional decision makers are 
likely to benefit from continually improving resolution of both data collection and regional modeling, 
which will provide additional support for Arctic decision makers and ecosystem management. 
Measurements from novel sensors, especially those collecting surface data are likely to improve the 
resolution of regional CO2 flux products and provide a better understanding of the surface CO2 sink for 
carbon across the Arctic. Additionally, short-term forecasting applications are likely to be developed for 
regional and pan-Arctic models in support of ecosystem management systems. Through this process, 
development of connections between biogeochemical and ecosystem models, based on empirical 
laboratory and in-situ data, are likely to allow researchers to continue to explore the impact of OA on 
regional ecosystems. The ultimate goal is to develop an interdisciplinary, hybridized approach that will 
allow the scientific community to develop annual OA products of the type now produced for 
temperature or sea ice extent for the Arctic Report Card. Given the high connectivity of processes 
leading to OA and its downstream effects, trans-national data access and collaboration will be essential 
for success. 

In addition to improvements in data collection, it also seems likely that coastal marine CO2 removal may 
scale inside coastal waters in the Arctic. The IPCC has acknowledged that achieving climate goals 
requires substantial changes to atmospheric greenhouse gas concentrations. While emissions-reduction 
approaches are an essential component of addressing this challenge, negative emissions strategies will 
be necessary for keeping global temperatures at recommended levels (IPCC 2021). Negative emissions 
strategies refer to a portfolio of techniques that are used to manually remove greenhouse gases from 
the atmosphere and store them away from the atmosphere. Carbon dioxide removal (CDR) specifically 
references techniques that remove legacy emissions of CO2 from the atmosphere. Where these 
techniques involve the coastal oceans, there may be opportunities to remediate acidified ocean 
conditions in some instances. However, these marine CDR techniques are in their infancy and will 
require additional study to limit the risks associated with deployment, despite the potential benefits of 
atmospheric carbon sequestration and OA mitigation. It will also be essential to consider the ethical and 
climate justice ramifications of these techniques, especially regarding Arctic communities and peoples 
(Cassotta 2021). 
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