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Polar Regions

Executive Summary
Observed Impacts and Future Risks

Climate change impacts and cascading impacts in polar
regions, particularly the Arctic, are already occurring at a
magnitude and pace unprecedented in recent history (very
high confidence), and much faster than projected for other
world regions (high confidence’).

The polar regions, notably the Arctic and maritime Antarctic, are
experiencing impacts from climate change at magnitudes and
rates that are among the highest in the world, and will become
profoundly different in the near-term future (by 2050) under
all warming scenarios (high confidence). In the Arctic, accelerated
sea ice loss (particularly during summer), increased permafrost thaw
and extreme high temperatures have substantially impacted marine,
freshwater and terrestrial sociological-ecological systems (very high
confidence). Multiple physical, ecological and societal elements of
polar regions are approaching a level of change potentially irreversible
for hundreds of years, if not millennia (high confidence). Evidence
of borealisation of terrestrial and marine systems is emerging (high
confidence), and cascading impacts are ongoing and widespread yet
challenging to quantify fully due to complexity and lags in ecological
expression of change. Loss of multi-year sea ice and the occurrence of a
seasonally ice-free Arctic Ocean by the middle of this century will result
in substantial range contraction, if not the disappearance of several
Arctic fish, crab, bird and marine mammal species, including possible
extinction of seals and polar bears in certain regions (high confidence).
In the Arctic, permafrost thaw and snowfall decrease lead to profound
hydrological changes, an overall greening of the tundra and regional
browning of tundra and boreal forests (high confidence). {CCP6.1;
Table CCP6.1; Table CCP6.2; CCP6.2.1; CCP6.2.2; Table CCP6.5}

Contractions of the polar climate zones lead to distribution
shifts and changes in food webs, induce declines in many species
(medium confidence) with impacts on subsistence harvests
and commercial fisheries, and threaten global dependence
on polar regions for substantial marine food production
(high confidence). Climate change has induced food web changes
resulting in population declines in polar sea birds, including penguins,
and marine and terrestrial mammals (high confidence). Globally and
regionally important harvested fish and invertebrate species are also
contracting ranges and declining productivity, including Pacific cod,
salmon, snow and king crab in the Arctic and krill in the Antarctic
(medium confidence), with implications for global food systems
(high confidence). {Table CCP6.2; CCP6.2.1; CCP6.2.3; Table CCP6.3;
Table CCP6.4}

Loss of sea ice is rapidly expanding opportunities, but also
increasing risks for shipping and other economic industries in
polar regions (very high confidence). Reduced sea ice enables
greater access to high-latitudinal seas for industries, such as fisheries,
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shipping, tourism (very high confidence) and Arctic maritime trade
and resource extraction (medium confidence). Navigational risks have
grown due to increasingly mobile multi-year ice, poor hydrographic
charting in newly open areas, and limited weather, water, ice and
climate data and services (high confidence). Cascading risks from polar
shipping growth include increased air emissions, underwater noise
pollution, disruption to subsistence hunting and cultural activities
in the Arctic (high confidence) and potential for invasive marine
species and geopolitical tensions (medium confidence). {Table CCP6.3;
CCP6.2.4; Box CCP6.1; Table CCP6.5; Table CCP6.6}

Increased permafrostthawandflooding will disrupteconomically
important transportation and supply-chain infrastructure to
remote Arctic settlements (high confidence), increasing risks to
economies, Arctic tourism and tourism to cultural heritage sites
(medium confidence). Arctic permafrost thaw is projected to impact
most infrastructure by the middle of this century, impacting millions
of people and their economies, and costing billions in damages (high
confidence). {CCP6.2.3; CCP6.2.4; Box CCP6.1; CCP6.2.5; CCP6.3.1;
Table CCP6.5; Table CCP6.6}

Climate change increasingly threatens many facets of Arctic
livelihoods, culture, identity, health and security, particularly
for Indigenous Peoples (very high confidence). It has negatively
impacted mental health and increased risks of injury, food insecurity
and foodborne and waterborne disease, with risks amplified for those
reliant on the environment for subsistence, livelihoods and identity
(high confidence). Permafrost thaw, sea level rise and reduced sea
ice protection have already damaged or destroyed many cultural
heritage sites in some Arctic regions (very high confidence) and are
projected to continue across all Arctic regions (very high confidence).
{CCP6.2.3; Table CCP6.3; CCP6.2.4; CCP6.2.5; CCP6.2.6; Figure CCP6.3;
Box CCP6.2; CCP6.3.1; Table CCP6.5; Table CCP6.6}

Adaptation

Adaptations to manage climate change impacts and risks in
polar regions are urgently needed (very high confidence),
but implementation is uneven (high confidence), limits to
adaptation are high and maladaptation is probable (high
confidence).

Polar zones will continue to contract and diminish in extent
under climate change, and local adaptations will be insufficient
to achieve long-term resilience of polar systems (medium
confidence). The pace and extent of change in polar regions is
challenging the ability of social and natural systems to adapt (medium
confidence). Management of different sectors with specific measures
to reduce the potential for compounding risks and the development
of climate-sensitive strategies would support the resilience of polar
systems. Resilience of natural systems can be enhanced through
strategies that maintain ecological connectivity over large spatial
scales and reduce the particular impact of local extreme events on

1 In this Report, the following summary terms are used to describe the available evidence: limited, medium, or robust; and for the degree of agreement: low, medium, or high. A level of confidence is
expressed using five qualifiers: very low, low, medium, high, and very high, and typeset in italics, for example, medium confidence. For a given evidence and agreement statement, different confidence
levels can be assigned, but increasing levels of evidence and degrees of agreement are correlated with increasing confidence.
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biodiversity (medium confidence). {CCP6.2; Box CCP6.1; CCP6.3;
Table CCP6.5; Table CCP6.6; Figure CCP6.6; CCP6.4}

Timing, direction and scale of polar climate change impacts
differ sub-regionally and will require adaptation strategies that
are flexible, equitable, inclusive and integrated across sectors
and governance arrangements to effectively reduce risks (high
confidence). Governance around climate change planning, preparation
and response has been limited in scope, and has often not considered
interacting effects of climate change with other risks (high confidence).
Reactive management strategies will not succeed in reducing risks
in polar regions given the rapid change and increasing potential for
extreme events (high confidence). Greater inclusivity of stakeholders
and communities, along with using diverse sources of information,
including Indigenous knowledge and local knowledge, can benefit
robust planning and decision making, and uptake of adaptations (high
confidence). Effectiveness in preparing for and adapting to climate
risks can benefit from improved climate, weather and ice forecasting
services, tools for integrating climate change data and different
types of knowledge into management processes and enhanced polar
search, rescue and emergency response capabilities (high confidence).
{CCP6.2.3.1; CCP6.3; Table CCP6.6; CCP6.4; Box CCP6.2; Box CCP6.3;
Figure CCP6.8}

Climate Resilient Development

Climate resilience for Arctic Indigenous Peoples and local
communities is dependent on Indigenous self-determination
in climate-adaptation action (very high confidence), inclusive,
coordinated and transboundary governance (high confidence)
and ecosystem-based policies (high confidence) to effectively
address climate change impacts and risks across scales and
sectors, and to achieve a resilient, secure and equitable future.

Development of robust pathways for climate resilience in
the Arctic can be accelerated by adaptation strategies and
governance that reflect local conditions, cultures and adaptive
capacities of communities and sectors (high confidence).
Effectiveness of adaptation strategies will be enhanced by accounting
for the geographic, climatic, ecological and cultural uniqueness of
the polar regions (medium confidence). Colonialism can inhibit the
development of robust climate adaptation strategies, and exacerbate
climate risks (very high confidence). Inclusive decision making in
establishing climate adaptations can foster resilience, reflect the unique
environmental, cultural and economic imperatives of the region and
support both market-based and sharing economies (high confidence).
{Box CCP6.2; Table CCP6.6; CCP6.3.2; CCP6.4}

Indigenous self-determination in managing climate change
impacts, adaptations and solutions can accelerate effective
robust climate resilient development pathways in the Arctic (very
high confidence). Arctic Indigenous self-determination in decision
making can establish robust climate resilience, especially in Indigenous
communities, incorporating locally derived definitions of social and
economic success, culturally legitimate institutions of government,
strategic visioning and thinking and public-spirited, nation-building
leadership (very high confidence). {Box CCP6.2; CCP6.3; CCP6.4}
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CCP6.1  The Global Importance of Climate

Change in Polar Regions

Polar regions (Figure CCP6.1) are considered flagship areas for climate
change, since some of the most extreme climate change impacts
that are projected to occur by 2050 elsewhere in the world have
already been observed in the Arctic and Antarctic and have resulted
in transformative and unprecedented change. Polar regions are not
only home to cultural keystone species such as polar bears (Arctic) and
penguins (Antarctic) but they also play fundamental roles in regulating
the global climate system and in the provision of ecosystem services

Polar regions and subregions
(a) Arctic

Cross-Chapter Paper 6

for the global community and for Arctic Indigenous Peoples and local
communities in the region.

These changes are causing a suite of direct and cascading risks for
all polar ecosystems with larger effects to date in the Arctic than the
Antarctic (high confidence), due to larger and regionally more consistent
physical changes (Figure CCP6.2, Table CCP6.1; Chapter 3) (Meredith
et al, 2019; Ranasinghe et al., 2021). In the Arctic, these changes
affect every sector of society, impacting its 4,000,000 inhabitants,
including 400,000 Indigenous People. The Antarctic has no permanent
human settlements; however, many nations conduct field research,

(b) Antarctic

I Sub Arctic
I | o\ Arctic
I High Arctic

Arctic Region Names

Al Aleutian Islands LS  Laptev Sea

BARS Barents Sea NGS North Greenland Shelf
BB  Baffin Bay LAB  Labrador Sea

BS Beaufort Sea SO0 Sea of Okhotsk

CS  Chukchi Sea WGS West Greenland Shelf

EGS East Greenland Shelf NEI  North and East Iceland

ESS East Siberian Sea SWI South and West Iceland
EBS Eastern Bering Sea SN Southern Norway

FP Faroe Plateau NN N. Norway & Finnmark

HBC Hudson Complex BARS North East Barents Sea
KAM  Kamchatka Shelf CAA  Canadian Arctic Archipelago
KS  Kara Sea

————— ARG Boundary
— Marine Ecosystem Assessment for the Southern Ocean (MEASO) Regions

Antarctic Region Names

AO Atlantic

Cl Central Indian

El East Indian

EP East Pacific

WP West Pacific

AS Amundsen/Bellingshausen Sea
AP Antarctic Peninsula

DV Dry valleys

EAEL East Antarctic Enderby Land
EAWL East Antarctic Wilkes Land
EADML East Antarctic Dronning Maud Land
RS Ross Sea

WS Weddell Sea

Figure CCP6.1 | Polar regions include the Arctic, Antarctica, Iceland, Greenland, Faroe Islands and some sub-Arctic areas (e.g., Bering Sea and Aleutian
Islands as well as the Fennoscandian and Siberian boreal areas), and all sub-Antarctic areas. This CCP augments the geographical boundaries for the Arctic (Meredith
et al, 2019) to also include the sub-Arctic boundary (as defined by the Arctic Biodiversity Assessment), northern boreal areas, parts of the Siberian taiga and southern Labrador.
The Antarctic region is delineated along the sub-Antarctic Front (Orsi et al., 1995). Geographic boundaries of the polar regions and important sub-regional locations are displayed,
including five marine sectors as defined in the Marine Ecosystem Assessment for the Southern Ocean (MEASO), for example, Grant et al., (2021).
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Polar Regions

Table CCP6.1 | Climatic impact drivers in the Arctic and Antarctic derived from WGI-AR6 chapters (indicated as WGI-9 (Fox-Kemper et al., 2021) and WGI-12 (Ranasinghe et al.,
2021)) and Meredith et al. (2019) (indicated as SROCC-3). Supplementary Material (SMCCP6.1) contains supplemental data for these drivers of projected changes (2021-2040,
2041-2060, 2081-2100) derived from the WGI-AR6 Interactive Atlas (indicated as Atlas) (Gutiérrez et al., 2021) (https:/interactive-atlas.ipcc.ch).

Driver Region Observed changes Projected changes
Marine and sea ice
Rise in all polar regions (except areas of substantial land
uplift in northeast Canada, the west coast of Greenland) (high
No consistent trend (increase in northwest America, decrease confidence);
Sea level (relative) Arctic in northeast America, stable in Greenland and Arctic Russia) Increase of extreme sea levels in Russian Arctic and northwest
(WG1-12) America (high confidence) Greenland/Iceland and northeast
America (given glacial isostatic adjustment) (medium confidence,
WG1-12)
Antarctic Rise in all polar regions (except areas of substantial land uplift in
west Antarctica) (high confidence, WG1-12)
| f ~0.5°C per decade during 1982-2017 in ice-f
Sea surface temperature Arctic nCIjease.o pe'r eca (_e uring nice-iree Further increases (high confidence, WG1-12)
regions in summer (high confidence, SROCC-3)
Warmed in northern areas of Southern Ocean but cooled in
Antarctic its southernmost regions since the 1980s (high confidence, Circumpolar increases (high confidence, WG1-12)
SROCC-3)
. ) Loss (particularly of multi-year sea ice) accelerated since 2001 Will become sea ice free (< 1 x 10° km?) during summer before
Sea ice cover Arctic ) . . . "
(very likely, WG1-9) 2050, irrespective of global warming level (likely, WG1-9)
No significant circumpolar trend from 1979-2018 (very high
Antarctic confidence), but decrease off the Antarctic Peninsula (high Circumpolar decrease (low confidence due to limited
confidence) and increases and decreases in other regions understanding of driving processes, WG1-9)
(medium confidence, WG1-9)
Further acidification by 0.1-0.6 pH by 2100 (Atlas), characterised
Decrease since 1980 at rates of 0.003-0.026 pH units per decade " v .p v ( . ).
Ocean surface pH Both poles in open polar zones (very likely, WG1-12) by year-round conditions corrosive for aragonite minerals by
pen p ey, 2100 (very likely, SROCC-3)
Terrestrial, freshwater and ice
. . Increase of means higher than twice global mean, most .
At heric t t Arcti Furth Table SMCCP6.1
mospheric temperature retic pronounced in cold season (high confidence, WG1-12) s EEEER )
Warmed from 1957 to 2016 at 0.2-0.3°C per decade in west . . . . .
. . ) . . ) Region: future warming across continent (high confidence,
Antarctic Antarctica (very likely); no consistent change in east Antarctica
. . WG1-12)
(limited evidence, WG1-12)
Polar amplification will drive further increases (high confidence,
Extreme heat events Arctic Increase since 1979 (WG1-12) pitication will drive Tu : i !
WG1-12)
Further increase, with >50 additional days above freezing by
Antarctic Heatwave across Antarctica (2020) (WG1-12, (Robinson et al., 2100 (under RCP8.5, vs. 2014) over the Antarctic Peninsula but
2020). smaller changes over mainland Antarctica (medium confidence,
WG1-12)
Fire weather (FW) Arctic Over four decades, fire season lengthened and number of fires FW index increases and more frequent fires in tundra regions
increased in North America (WG1-12) (high confidence, WG1-12)
Precipitation Arctic Increase, highest during the cold season (likely, Atlas)
Increasing trend over the 20th century, while large interannual
Antarctic variability masks any existing trend since the end of 1970
(medium confidence, Atlas)
. Increasing river runoff, increasing heavy precipitation (high . ) . ) )
Floods Arctic R} Further increases in all variables (high confidence, WG1-12)
confidence, WG1-12)
Snowfall Arctic Re-.cent ove'raII declines in snow extent and seasonal duration High.er % of precipitation as rain (fall and spring) (high
(high confidence, WG1-12) confidence, WG1-12)
Antarctic Increases in the 20th century (medium confidence, WG1-12) Further increases (over land) (likely, WG1-12)
Losses in glacier mass since 2000 (high confidence, WG1-12); . . .
. ) . ) . (hig ) ) )_ Further mass loss until 2100 under all warming scenarios
Glaciers and IS Arctic losses in Greenland IS mass since 1980 at increasing rates (high ) X
§ (virtually certain, WG1-9 and -12)
confidence, WG1-9)
Losses in glacier mass since 2000 (high confidence, WG1-12);
Antarctic losses in Antarctic IS mass since 1992 (in west Antarctica but Further mass loss until 2100 under all warming scenarios (/ikely,

also parts of east Antarctica since 2000) (high confidence,
WG1-9)

WG1-9 and -12)

2324


https://interactive-atlas.ipcc.ch

Polar Regions

Driver Region

Observed changes
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Projected changes

Rising permafrost temperatures over past three to four decades . . .
i X . X Increases in temperature and active layer thickness (WG1-9);
. (high confidence, WG1-9); decreases in permafrost active ) .
Permafrost Arctic . ., y . near-surface terrestrial permafrost extent will reduce under all
layer thickness (very high confidence) (Biskaborn et al., 2019). scenarios by 2100 (virtualy certain, WG1-9)
Submarine permafrost warming (medium confidence, WG1-9) Y Y !
. Rising permafrost temperatures over past three to four decades
Antarctic , ,
(high confidence, WG1-9)
Declines in seasonal lake ice cover thickness and duration over Many lakes will lose >1 month lake ice cover by 2050 (medium
Lake, river ice Arctic most Arctic lakes; declines in cold-season river ice extent (high confidence), Reductions in average Northern Hemisphere
confidence, WG1-12) seasonal river ice duration of 6.10 days per 1°C GWL (WG1-12)
Coastal floods/erosion Arctic Increase (medium confidence, WG1-12) Further increase (high agreement-limited evidence, WG1-12)
Antarctic (Lack of studies, WG1-12)

operate seasonal and permanent stations and have an interest in the
management of the region (Hughes et al., 2018; Grant et al., 2021).
During summer, when Antarctic science, tourism and fishery activities
are greatest, 4400 people live there, whereas only 1100 people live
there over winter (Meredith et al., 2019). Although adaptation is
occurring in polar regions, it is uneven and sporadic and does not
meet the risks posed by future climate change. Indigenous knowledge-
based solutions, inclusive ecosystem-based policies and integrated
technologies demonstrate the potential to effectively address climate
change impacts across scales and sectors, yet implementation barriers
remain (CCP6.4.1).

This Cross Chapter Paper (CCP) assesses the impacts, risks and
adaptation implications resulting from the physical and chemical
changes in the polar regions that were detailed in the Intergovernmental
Panel on Climate Change (IPCC) Working Group | (WGI) contribution
to the IPCC 6th Assessment Report (AR6) (IPCC, 2021). Several key
WGI ARG findings have important implications for natural and human
systems in polar regions. Warming and wetting have persisted as key
climatic impact drivers in polar regions (very high confidence) and
will very likely? continue to 2100 (Fox-Kemper et al., 2021; Gulev
et al,, 2021) with cascading climate effects regarding heatwaves, fire,
weather, floods and heavy precipitation, river runoff, snowfall, glaciers
and ice sheets (1S), permafrost, lake, river and sea ice, relative sea level
and coastal flooding and erosion (Gutiérrez et al., 2021; Ranasinghe
etal., 2021) (Table CCP6.1). They represent major climate hazards in all
key risks for polar regions (Table CCP6.5). Key points of departure for
this CCP also include IPCC 5th Assessment Report (AR5) (IPCC, 2014)
and the Polar Regions chapter in the Special Report on the Ocean and
Cryosphere in a Changing Climate (SROCC) (Meredith et al., 2019).
SROCC assessed physical, biological and social systems concerning the
Arctic and Antarctic Oceans and cryosphere, and how they are affected
by current and future climate change. This CCP assesses the rapidly
increasing evidence that has been published since AR5 and SROCC, and
advances previous IPCC assessments. First, results from the Coupled
Model Intercomparison Projects (CMIP6) are an important advance
since SROCC, which improve the certainty and resolution of projections
of the main climate impact drivers and the risks they have for polar
systems (Fox-Kemper et al., 2021; Ranasinghe et al., 2021). Second,

building from the framework outlined in SROCC (Crate et al., 2019),
scientific, Indigenous knowledge (IK) and local knowledge (LK) systems
are included in this assessment. Importantly, Indigenous authors led
the assessment of the impacts, adaptation and governance of climate
change for Indigenous Peoples, which is an important advance since
AR5 and represents an important step towards Indigenous self-
determination in international assessment processes (Ford et al., 2012;
Ford et al., 2016; Hill et al., 2020).

Herein, observed impacts and future risks (CCP6.2), key risks and
adaptation (CCP6.3) and climate resilient development pathways
(CCP6.4) in the polar regions are assessed. The CCP describes how
the implications of climate change impacts in the Arctic and Antarctic
extend beyond their boundaries, in terms of transregional coupled
ecological systems (CCP6.2.1, CCP6.2.2), global nutritional security
(CCP6.2.3), global trade and shipping (CCP6.2.4) and cultural value
(CCP6.2.5, CCP6.2.6). Given the synthetic and policy-facing mandate
of CCPs and with SROCC as a key point of departure, this CCP is not
intended to cover the full breadth of issues for polar regions but rather
it highlights select key policy-relevant topics by synthesising and adding
value to the relevant material from AR6 sectoral and regional chapters.

CCP6.2 Observed Impacts and Future Risks
CCP6.2.1  Marine and Coastal Ecosystems
CCP6.2.1.1  Warming and sea ice retreat cause shifts in

distribution ranges of species

In Arctic seas, warming and other climate impact drivers, primarily
sea ice retreat, have led to range contractions of Arctic marine and
ice-associated species and poleward expansions of boreal species
(very high confidence) (Table CCP6.2) (Bouchard and Fortier, 2020;
Huntington et al, 2020; Mueter et al, 2020) even though light
and energetics at seasonal extremes may limit some range shifts
(limited evidence) (Ljungstrom et al., 2021). Altered conditions allow
more microorganisms to move poleward and provide opportunities
for invasive species (Cavicchioli et al., 2019; Nielsen et al., 2020;

2 Inthis Report, the following terms have been used to indicate the assessed likelihood of an outcome or a result: virtually certain 99-100% probability, very likely 90-100%, likely 66—100%, about as
likely as not 33-66%, unlikely 0-33%, very unlikely 0-10%, and exceptionally unlikely 0—1%. Additional terms (extremely likely: 95-100%, more likely than not >50-100%, and extremely unlikely
0-5%) may also be used when appropriate. Assessed likelihood is typeset in italics, for example, very likely. This Report also uses the term ‘likely range’ to indicate that the assessed likelihood of an

outcome lies within the 17-83% probability range.
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Observed and projected climate changes across the Arctic and Antarctic

WS5E5 (ERAS5 adjusted) (a)
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Figure CCP6.2 | Observed and projected climate changes across the Arctic (A, C-H) and Antarctic (B, I-N). Boundary lines in each plot are based on the polar regions
defined in Figure CCP6.1. All data shown here are extracted from the IPCC WGI Interactive Atlas (Gutiérrez et al., 2021; Iturbide et al., 2021); data set details can be found in
the Atlas (https:/interactive-atlas.ipcc.ch/). Arctic (A) and Antarctic (B) are observed temperature trends (°C per decade) over land for the period 1980-2015, derived from ERAS
adjusted data set. Projected changes from an ensemble of CMIP6 projections: annual mean temperature over land is depicted for 2°C (C, I) and 4°C (F, L). Global warming levels
(GWL) in the Arctic and Antarctic, respectively; annual mean sea surface temperature is depicted for 2°C (D, J) and 4°C (G, M) GWL in the Arctic and Antarctic respectively; annual
sea ice (%) is depicted for 2°C (E, K) and 4°C (H, N) GWL in the Arctic and Antarctic, respectively.
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Table CCP6.2 | Summary of observed impacts (and projected risks of climate change for polar marine, terrestrial and freshwater ecosystems identified in Section 3.2.3 and Box 3.4
in Chapter 3 of the [PCC SROCC (Meredith et al., 2019).

Affected system

Hazard
*Cascading effect

Observed impacts, future risks and natural adaptations identified in SROCC (confidence level)

Arctic marine ecosystems

Primary producers (PP-1)

Sea ice loss
* Freshening
* Stratification

Impact: timing (earlier and later blooms), distribution and magnitude (>30% increase in annual net primary production
since 1998) (high confidence)

* Prey changes

Acidification Adaptation: phytoplankton may compensate for decrease in pH
Zooplankton * PP-1 Impact: changing production and community composition (medium confidence)
Benthos * PP-1 Impact: changing production and biodiversity (medium confidence)

Acidification Risk: effects on zooplankton and pteropods depends on climate scenario and species’ sensitivity/adaptive capacity
Fish Warming Impact: northward expanding ranges of sub-Arctic/boreal species (e.g., Atlantic cod) in Bering Sea (Detection—high

confidence, Attribution—medium confidence) negatively affecting Arctic polar cod (medium confidence)

* Prey declines

Risk: decreasing production of walleye pollock, Pacific cod and arrowtooth flounder, due to declines in large copepods
(medium confidence)

Birds and marine mammals

Sea ice loss

Impact: phenological, behavioural, physiological and distributional changes; endemic marine mammals have little scope
to move northwards in response to warming (high confidence)

Polar bears

Sea ice timing, distribution,
thickness

Impact: phenological shifts, and changes in distribution, denning, foraging behaviour and survival rates
(high confidence)

Antarctic marine ecosystems

Sea ice loss . _— . . . .
. . N . Impact: little overall change in biomass at circumpolar scale from 1998 to 2006, but sub-regional differences (medium
Primary productivity Freshening ) . . .
" e confidence); changes difficult to detect and attribute to climate change
Stratification
. e Impact: detrimental effect on primary production and changes to the structure and function of microbial communities
Microbes Acidification P ) ) primanyp 9
(medium confidence)
L ) Impact: declines in abundance in the South Atlantic sector (medium confidence); may not represent a long-term,
Antarctic krill Warming ) ) . . ) ,
climate-driven trend but a decline following a period of anomalous peak abundance (low confidence)
Risk: southward range shift due to changes in the location of the optimum conditions for growth and recruitment, with
decreases most apparent in the areas with the most rapid warming, such as the southwest Atlantic/Weddell Sea region
(medium confidence)
Zooplankton Acidification Risk: vulnerability of pteropods through effects on eggs (medium confidence)
. Risk: increase of biomass on the Antarctic continental shelf as productivity from longer phytoplankton blooms
Benthos Sea ice loss L . )
outweighs ice-scour mortality (low confidence)
Sea ice loss Risk: shallow-water communities may become dominated by macroalgae due to increases in the amount of light
(possible loss of endemic species by 12% due to warming temperatures) (low confidence)
Fish Warming Risk: icefish may be displaced from shallow regions around sub-Antarctic islands (low confidence)

Birds and marine mammals

Sea ice cover

Impact: predictability of foraging grounds and sea ice cover associated with climate are main drivers of population
changes: increases for gentoo penguins (decreases for Adélie, chinstrap, king and Emperor penguins) (high confidence)

Arctic terrestrial and freshwater ecosystems

Vegetation Warming Impact: greening (high confidence)
Risk: decrease in tundra areal extent >50% by 2050; wood shrubs expected to increase (medium confidence)
Vertebrates Warming Impact: expanding range into Arctic

Freshwater primary productivity

* Increased runoff
* Increased permafrost thaw

Impact: increased productivity in rivers, lakes and coastal areas

Risk: expected to mobilise stores of pollutants

Pathogens Warming Impact: expanding range into Arctic
Risk: mobilisation may increase in high latitudes, including anthrax from frozen carcasses possibly released from
permafrost
* Freshwater winter habitat
Fish N I Risk: disruption of the life history of Arctic freshwater fish
Increased discharge
* Warming freshwater Risk: may make some surface waters inhospitably warm for cold water fish species
Biodiversity Warming Impact: sub-Arctic biodiversity expanding into Arctic
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Hazard

HUEEE B *Cascading effect

Polar Regions

Observed impacts, future risks and natural adaptations identified in SROCC (confidence level)

Reindeer/caribou Climate factors

Impact: reindeer/caribou declined overall without adaptation (high confidence), with climate affecting many aspects of
their life history (medium confidence)

Risk: domesticated reindeer/caribou can be affected by fire, which reduces pasture, as well as by increased ice-on-snow,
which can cause starvation

Antarctic terrestrial and freshwater ecosystems

Terrestrial biota * Increased coastal ice melt

Impact: increasing coastal ice-free areas available for colonisation (high confidence)

Alien species Warming

Risk: barriers to alien species reduce, affecting terrestrial biodiversity (medium confidence)

Mustonen, 2021). Phytoplankton communities harbour increasing
numbers of taxa, including harmful species (Lovejoy et al., 2017)
and the coccolithophore Emiliania huxleyi, which meanwhile forms
regular blooms in the Barents Sea (Neukermans et al., 2018; Silkin
et al., 2020). Northward shifts of pelagic, benthic and demersal species
and subsequent changes in Arctic community composition have been
observed in the Bering, Greenland and Barents Seas (Grebmeier et al.,
2018; Mueter et al., 2020), as have higher numbers of economically
important boreal species such as haddock and Pacific and Atlantic
cod (CCP6.2.3). Cold-adapted Arctic fish species such as polar cod
(Boreogadus saida) are expected to decline further and lose spawning
habitats at GWL >1.5°C, mainly due to a lack of phenotypic plasticity,
as well as increasing interspecific competition with and predation
from invading boreal species (Dahlke et al., 2018; Marsh and Mueter,
2020). Numerous mammals and sea birds respond to changes in
the distribution of their preferred habitats and prey by shifting their
range, altering the timing or pathways for migration or switching
prey (very high confidence) (Hamilton et al., 2017; Loseto et al., 2018;
Meredith et al., 2019). Ice-breeding seals (e.g., harp seals — Pagophilus
groenlandicus) often have little scope to shift distribution, leading to
increases in strandings and pup mortality in years with little ice cover
(medium confidence) (Table CCP6.2) (Boveng et al., 2020). Recent
studies confirm that polar bears (Ursus maritimus) are negatively
affected by changing ice and snow conditions with decreases in
denning, foraging, reproduction, genetic diversity and survival rates
(very high confidence) (Table CCP6.2) (Boonstra et al., 2020; Johnson
and Derocher, 2020; Maduna et al., 2021).

In the Southern Ocean, southward range shifts are expected to result
from increased warming coupled with the narrow thermal tolerance of
cold-adapted Antarctic species (Convey and Peck, 2019; Morley et al.,
2019; Gutt et al., 2021). Such shifts have so far only been detected
for Antarctic krill (Euphausia superba), with a poleward contraction of
the highest densities of krill in the Atlantic sector (medium confidence)
(Table CCP6.2); (Atkinson et al., 2019). Ocean warming is expected to
put pressure on Antarctic phytoplankton (Pinkerton et al., 2021) and
fish species unable to move further south in shelf areas, including
waters off sub-Antarctic islands (low confidence) (Table CCP6.2)
(Caccavo et al., 2021). Off the Antarctic Peninsula and sub-Antarctic
islands, invasive benthic invertebrates and macroalgae have already
been detected (medium confidence) (Fraser et al., 2018; Avila et al.,
2020; Brasier et al., 2021), and projected changes will further favour
the spread of invasive species (Fraser et al., 2020; Macaya et al., 2020).
On a local to regional scale, the benthic recolonisation of the newly
exposed seabed after the disintegration of ice shelves shows typical
succession patterns, with mass occurrences of few pioneer species
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followed by gradual shifts to a more diverse typical shelf community,
driven by increasing pelagic primary production upon ice-shelf collapse
and strengthening of the pelagic—benthic coupling (high confidence)
(Brasier et al., 2021; Gutt et al., 2021). Range changes of Antarctic birds
and marine mammals have been observed, which vary among sub-
regions and are mostly attributable to changes in sea ice extent and
food availability (high confidence) (Table CCP6.2) (Gutt et al., 2018;
Convey and Peck, 2019; Bestley et al., 2020). With projected sea ice
retreat and associated change in prey distribution (Henley et al., 2020),
foraging areas of sub-Antarctic sea birds and marine mammals will
shift southwards, leading to elevated pressure on populations due to
higher foraging costs during the breeding season (medium confidence)
(Ropert-Coudert et al., 2018; Bestley et al., 2020; Hindell et al., 2020;
Hiickstadt et al., 2020; Wege et al., 2021). These changes are particularly
impacting emperor penguins (Aptenodytes forsteri) (Table CCP6.2),
with the projected population declining close to extinction by 2100
under Business-As-Usual climate scenarios (medium confidence)
(Jenouvrier et al., 2020; Trathan et al., 2020; Jenouvrier et al., 2021),
whereas population decline is halted by 2060 under the 1.5°C climate
scenario (low confidence) (Jenouvrier et al., 2020).

CCP6.2.1.2 Ocean warming and sea ice changes affect marine
primary productivity

In the central Arctic Ocean, primary productivity remains low (medium
confidence), mostly due to persisting nutrient and light limitations
(Randelhoff and Guthrie, 2016; Ardyna and Arrigo, 2020). In inflowing
(Barents and Chukchi Sea) and interior shelf regions (Laptev, Kara,
and Siberian Sea), changes in sea ice extent, thickness and seasonal
timing have altered light and mixing regimes, causing increasing
overall productivity in open-water and under-ice habitats, and in leads
(high confidence) (Table CCP6.2) (Ardyna and Arrigo, 2020; Lannuzel
et al, 2020). Productivity changes are associated with the earlier-
onset phytoplankton spring blooms and the increasing occurrence
of autumn blooms, particularly at lower latitudes of the Arctic (high
confidence) (Table CCP6.2) (Tedesco et al., 2019; Ardyna et al., 2020).
Ice algal communities are expected to change in productivity and
species composition in response to the transition from a predominantly
multi-year to a seasonal sea ice pack (high confidence) (Meredith
et al,, 2019; Tedesco et al., 2019; Lannuzel et al., 2020). Thinner sea ice
increases the likelihood of surface flooding, resulting in the occurrence
of snow-infiltration algal communities, which have been described
in the Atlantic sector of the Arctic Ocean (Fernandez-Méndez et al.,
2018) and observed by Indigenous Peoples off northern Greenland
(Box CCP6.2). The observed transition from marine-terminating to
land-terminating glaciers has a negative impact on coastal ecosystems
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in Greenland (medium confidence) (Meire et al., 2017; Hopwood et al.,
2018) and Svalbard (Halbach et al., 2019), as land-terminating glacial
meltwater input increases stratification, which hinders vertical mixing
and lowers local productivity, whereas marine-terminating glaciers
can trigger upwelling, which supplies nutrients and enables higher
productivity in the summer (Hopwood et al., 2020). Macroalgae and
seagrass are generally expanding in the Arctic (medium confidence),
though there are negative trends in some regions, partly due to
increased runoff and turbidity from melting glaciers (Hopwood et al.,
2020; Krause-Jensen et al., 2020). In the future Arctic Ocean, higher
light availability in response to further sea ice decline and reduced
deep mixing is projected to generally increase primary productivity
(medium confidence), leading to an increase in phytoplankton biomass
from 2000 to 2100 by ~20% for SSP1-2.6 and ~30-40% for SSP5-
8.5 (Chapter 3) (Kwiatkowski et al., 2020). However, productivity
may increase less than predicted and eventually even decrease once
nutrient limitation outweighs the benefits of higher light availability
(low confidence) (Randelhoff et al., 2020; Seifert et al., 2020).

Despite large-scale environmental changes in the Southern Ocean,
such as the deepening of the summer mixed layer (medium confidence)
(Panassa et al., 2018; Sallée et al., 2021), and the expected impacts
via altered nutrient entrainment, light availability and grazer encounter
rates (Chapter 3) (Behrenfeld and Boss, 2014; Llort et al., 2019),
assessments indicated no consistent changes in primary production
at the circumpolar scale, as sectors and regions show different
trends (medium confidence). Although a global assessment found no
overall changes in circumpolar primary production from 1998 to 2015
(Table CCP6.2) (Gregg and Rousseaux, 2019), another study showed
an overall increase in phytoplankton biomass in the mixed layer over
the period 1997-2019 (Pinkerton et al., 2021). Primary productivity has
increased in the Pacific sector and decreased in the Atlantic sector and
the Ross Sea (low confidence) (Kahru et al., 2017; Henley et al., 2020;
Pinkerton et al., 2021). Higher productivity has also been observed in
regions where rapid environmental changes occurred, such as in the
vicinity of retreating IS and declining sea ice cover off the Antarctic
Peninsula (medium confidence) (Henley et al., 2020; Rogers et al.,
2020), although diversity of phytoplankton may decrease with warming
temperatures and less sea ice (limited evidence) (Lin et al., 2021). In the
future Southern Ocean, stronger upwelling due to strengthened westerly
winds is projected to increase primary productivity at the circumpolar
scale in the Antarctic Zone and to the north of the sub-Antarctic Front,
but not in the sub-Antarctic Zone (low to medium confidence) (Chapter
3) (Henley et al., 2020; Kwiatkowski et al., 2020; Pinkerton et al., 2021).
The largest changes are projected to occur after 2100 at 2—6°C warming
of the surface ocean (Moore et al., 2018). Such an increase in Southern
Ocean productivity will lead to a decline in global ocean productivity
(medium confidence), due to nutrient trapping (Moore et al., 2018)
and altered ocean carbon uptake through ecosystem feedbacks (Hauck
etal., 2018).
CCP6.2.1.3 Impacts of ocean acidification vary spatially and
among biotas

In Arctic seas, areas with acidification levels corrosive to organisms
forming CaCO; shells or skeletons expanded between the 1990s and
2010 (high confidence), with instances of extreme aragonite under-
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saturation (Ding et al., 2017; Zhang et al., 2020). Key species of diatom
and picoeukaryote phytoplankton species yet appear relatively resilient
to decreasing pH levels over a range of temperature and light conditions
(medium confidence) (Table CCP6.2) (Thoisen et al., 2015; Wolf et al.,
2018; White et al., 2020). In contrast, there is evidence for species- and
stage-specific sensitivities of zooplankton, pteropods and fishes (high
confidence) (Table CCP6.2) (Bailey et al., 2016; Dahlke et al., 2018;
Thor et al., 2018). Warming, rising river-sediment discharge and coastal
erosion in Arctic shelf regions are expected to increase the input of
labile, often permafrost-derived organic carbon, the remineralisation
of which further increases acidification rates (medium confidence)
(Semiletov et al., 2016; AMAP, 2018b; Broder et al., 2018). Interactions
with other physical changes, such as warming or freshening, are
expected to aggravate the impacts of ocean acidification (Chapter 3)
(Falkenberg et al., 2018).

In the Southern Ocean, calcifying organisms are also most vulnerable
to ocean acidification (high confidence) (Table CCP6.2), as evidenced
by rates of calcification declining by 3.9% between 1998 and 2014
(Freeman and Lovenduski, 2015). Calcifying species with low-
magnesium calcite or mechanisms to protect their skeletons are less
vulnerable to the corrosive effects of acidification than those using
aragonite or high-magnesium calcite (high confidence) (Figuerola et al.,
2021). In diatom-dominated communities, silicification diminishes
with reduced pH levels, albeit with rates differing among taxa (fow
confidence) (Petrou et al., 2019). Species-specific responses exist
regarding growth and primary production, which are further strongly
modulated by iron and light availability (high confidence) (Hoppe et al.,
2013; Trimborn et al., 2013; Hoppe et al., 2015; Henley et al.,, 2020;
Seifert et al., 2020). A meta-analysis yielded different CO, thresholds for
Antarctic organismal groups; for example, negative impacts emerged
at >1000 patm CO, in phytoplankton and at >1500 patm CO, in
invertebrates, whereas bacterial abundance was positively affected by
ocean acidification (Hancock et al., 2020). Species sensitivity can also
differ strongly between life-cycle stages (Chapter 3.3.2). For instance,
eggs and embryos of Antarctic krill are negatively impacted at >1250
patm CO, whereas adults can thrive even at 1000-2000 patm CO, over
one year (Kawaguchi et al., 2013; Ericson et al., 2018).

CCP6.2.1.4 Climate change alters food web dynamics

Climate change has transformed Arctic marine ecosystems from sea ice-
associated to open-water production regimes, with profound impacts
on trophic energy transfer efficiencies and pathways (high confidence)
(Behrenfeld et al., 2017; Meredith et al., 2019; Huntington et al., 2020)
as well as benthic—pelagic coupling (medium confidence) (Birchenough
et al, 2015; Degen et al., 2016; Solan et al.,, 2020). Shifts in bloom
phenology favour small phytoplankton and smaller zooplankton over
large lipid-rich macro-zooplankton, leading to longer, less efficient food
chains (medium confidence) (Aarflot et al., 2018; Feng et al., 2018;
Kimmel et al., 2018; Weydmann et al., 2018; Mgller and Nielsen, 2020).
In the Beaufort Sea and Svalbard waters, earlier spring phytoplankton
blooms have resulted in a mismatch in dynamics between microalgae and
herbivorous copepods (Renaud et al., 2018; Dezutter et al., 2019). In the
Bering Sea, zooplankton declines following the particularly pronounced
sea ice retreats in 2017 and 2018 were associated with reduced forage
fish production (Duffy-Anderson et al., 2019) as well as multi-trophic
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mortality of ctenophore, fish, bird and mammal species, coupled with
severe emaciation, reproductive failure, disease and high mortality rates
of sea bird predators (Section 14.4.4.2) (Jones et al., 2019; Maekakuchi
et al, 2020; Piatt et al, 2020; Romano et al, 2020). Species range
shifts have restructured higher trophic levels in Arctic food webs (high
confidence) (Table CCP6.2; CCP6.2.3.3 Chapter 3) (Huntington et al.,
2020). In the northern Barents Sea, increased predation mortality for
key species and incursions of boreal fish have induced entire ecosystem
reorganisation (Degen et al., 2016; Pecuchet et al., 2020a; Pecuchet et al.,
2020b). Regional taxonomic and functional diversity increased with
immigration of boreal species, although the ongoing decline in Arctic
species suggests high species turnover (Table CCP6.2) (Frainer et al.,
2017). Recent marine heatwaves induced rapid and profound food web
changes unprecedented over the last four decades (Siddon et al., 2020).

Climate impacts on Arctic marine food webs will be profound and
intensify with GWL (high confidence), regardless of mitigation
scenarios due to multi-decadal lags in sea ice extent and atmospheric
carbon (WGI) (Jones et al., 2020). However, the exact nature of these
impacts remains unclear due to attenuating and amplifying dynamics
of both top-down and bottom-up processes in polar food webs and
the management of fisheries (high confidence) (Chapter 3) (Cavicchioli
et al,, 2019; Meredith et al., 2019). Projected sea ice loss is associated
with a >50% decline in the density of large zooplankton species by
2100 (relative to early 21st century levels) in the southern Bering Sea
and a net increase in large zooplankton in the Northern Bering Sea
in scenarios without carbon mitigation (Representative Concentration
Pathway (RCP) 8.5), whereas these declines are roughly half the
magnitude under moderate mitigation scenarios (RCP4.5) (Hermann
et al., 2019; Kearney et al., 2020). Warming is expected to reduce the
quantity and quality of lipid-rich copepod prey (high confidence) (Aarflot
et al., 2018; Kimmel et al., 2018; Bouchard and Fortier, 2020; Maller
and Nielsen, 2020; Mueter et al., 2020), leading to declines in survival
and growth of multiple upper-trophic level fish species; these impacts
are amplified over time under low mitigation scenarios (RCP8.5) (high
confidence) (CCP6.2.1.1) (Dahlke et al., 2018; Holsman et al., 2020;
Mueter et al., 2020; Oke et al., 2020; Reum et al., 2020; Thorson et al.,
2020; Whitehouse et al., 2021). Marine mammals and sea birds will
continue to attenuate climate change impacts by shifting their diets
and behaviour (medium confidence) (Table CCP6.2) (Hamilton et al.,
2017; Lowther et al, 2017; Lydersen et al., 2017; Vihtakari et al.,
2018; Boveng et al., 2020). However, sea birds generally have low
temperature-mediated plasticity of reproductive timing, making them
vulnerable to mismatches with their prey and limiting long-term
adaptation (medium confidence) (Keogan et al., 2018; Kharouba and
Wolkovich, 2020; Piatt et al., 2020; Samplonius et al., 2021).

Many factors have contributed to changes in Antarctic food webs,
including historical exploitation of fish and marine mammals as well
as changes driven by the ozone hole and climate factors (Meredith
et al., 2019; Morley et al., 2020; Grant et al., 2021). Most documented
changes resulting from warming and sea ice losses relate to shifts in
ranges and dynamics of species, with most impacts occurring around
the Antarctic Peninsula (CCP6.2.1.1; Table CCP6.2).

The projected general rise in primary production in Antarctic seas by
2100 (CCP6.2.1.2) suggests a concomitant increase in the abundance
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of higher trophic species, but changes in the structure and function of
food webs will vary (McCormack et al., 2021; McCormack, accepted)
depending on regional differences in changing drivers (Morley et al.,
2020; Cavanagh et al., 2021; Grant et al., 2021). Primary production
in open water habitats is expected to be supported by smaller
phytoplankton species in the future (Henley et al., 2020), which could
increase the relative importance of the copepod-mesopelagic fish
pathway (McCormack, accepted), because krill prefer larger diatoms as
food (Siegel, 2016). The optimum habitat for Antarctic krill is expected
to decline with a shortening of suitable season for krill growth and
reproduction, particularly in the northern Scotia and Bellingshausen
Seas (medium confidence) (Veytia et al., 2020), although changes
may be difficult to distinguish from natural variability until later in the
century (Sylvester et al., 2021). More subtle and unpredictable changes
may occur in the structure and relative importance of energy pathways
in the food webs (Trebilco et al., 2020). Small mesopelagic fish are
increasingly recognised for theirimportance as mid-trophic level species
in the Southern Ocean, particularly in the sub-Antarctic zone (Caccavo
et al, 2021) and Central Indian Sector (Subramaniam et al., 2020;
McCormack et al., 2021). Although salps have long been considered
to be competitors of Antarctic krill (Suprenand and Ainsworth, 2017;
Rogers et al., 2020), they provide a third energy pathway in pelagic food
webs and, given the changing ocean conditions and their preference
for smaller phytoplankton, may increase in importance for copepods
(low confidence) (Plum et al., 2020; Trebilco et al., 2020; McCormack
et al.,, 2021; Pauli et al,, 2021; McCormack, accepted). Declining ice
shelves, such as those off the Antarctic Peninsula, will open up new
pelagic and benthic habitats (CCP6.2.1.1) with expected increases in
productivity of benthic assemblages in the new areas (Barnes, 2017;
Morley et al., 2020; Brasier et al., 2021; Gutt et al., 2021).

CCP6.2.2  Terrestrial and Freshwater Ecosystems

Since the publication of AR5 (IPCC, 2014) and SROCC (IPCC, 2019) and
their findings (Table CCP6.2), more studies confirm rapid changes in
Arctic terrestrial and freshwater systems including increased permafrost
thaw, changes to tundra hydrology and vegetation (overall greening of
the tundra, regional browning of tundra and boreal forests), coastal and
riverbank erosion (high confidence) (Canadell et al., 2021; Mustonen
and Shadrin, 2021), reduced duration of snow cover and river and lake
ice, increased rain-on-snow events, and reduced land-ice extent and
thickness (Bieniek et al., 2018; Brown et al., 2018). Climate change
continues to alter vegetation and attendant biodiversity, with divergent
regional trends across the Arctic due to disparities in local conditions
and changes in growing seasons (Zhu et al., 2016; Taylor et al., 2020).
Warming facilitates woody vegetation growth in northeastern Siberia,
western Alaska, and northern Quebec (Song et al., 2018; Garcia Criado
etal.,, 2020), as well as a northward expansion of shrub vegetation and
sub-Arctic and boreal species (Davidson et al., 2020).

Further evidence shows that warming and changes to the Arctic
hydrologic cycle increase the risk of wildfire (medium confidence)
(Mustonen and Shadrin, 2021). Both the frequency of and the area
burned by wildfires during recent years are unprecedented compared
with the last 10,000 years (high confidence) (Meredith et al., 2019;
Irannezhad et al., 2020). Fire risk levels are projected to increase across
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most tundra and boreal regions, and interactions between climate and
shifting vegetation (Song et al., 2018) will influence future fire intensity
and frequency (medium confidence) (Curtis et al., 2018).

For all warming scenarios, declines in snow cover in the Arctic by 2050
(Table CCP6.1) may accelerate vascular plant, moss and lichen extinction
rates (32% forArctic—alpine and 12% for boreal species), especially after
the tipping point of 20-30% decrease in snow cover duration is passed
(Niittynen et al., 2018). Even though the overall regional water cycle
will intensify, including increased precipitation, evapotranspiration
and river discharge to the Arctic Ocean (Table CCP6.1), snow and
permafrost decline may lead to further soil drying (medium confidence)
(Meredith et al., 2019). Glacial ice melt poses a risk to ecosystems and
people through remobilisation of sequestered hazardous waste and
transported pollutants (Table CCP6.3) (Wang et al., 2019).

In the Antarctic, there is further high agreement since the publication of
SROCC that melt and ice-free areas are causing increases in the rates of
colonisation and utilisation of coastal environments by terrestrial biota
and land-based colonies of seals and birds (Gutt et al., 2021), although
colonisation rates remain variable (Ruiz-Fernandez et al., 2017; Bokhorst
et al., 2021). Soil temperatures along the Antarctic Peninsula are now
sufficient for germination of non-native plants; invasions by non-
endemic species are expected to increase with rising temperatures (high
confidence) (Bokhorst et al., 2021), posing a risk to endemic polar species
(medium confidence) (Chown and Brooks, 2019; Gutt et al., 2021).

Vegetation responses to warming are contingent on water availability
and local temperature (medium confidence) (Guglielmin et al., 2014;
Royles and Griffiths, 2015; Amesbury et al., 2017; Cannone et al., 2017;
Charman et al., 2018; Robinson et al., 2018; Stelling et al., 2018),
which vary greatly around Antarctica (Figure CCP6.1) (Turner et al.,
2020a). Antarctic terrestrial ecosystem responses to changes in water
availability are not homogeneous (Ball and Levy, 2015; Sadowsky
et al., 2016; Fuentes-Lillo et al., 2017; Gooseff et al., 2017; Schroeter
et al,, 2017; Lee et al., 2018). West Antarctica is showing evidence of
greening in the dominant cryptogrammic vegetation, with greater
growth in mosses (high confidence) (Casanova-Katny et al., 2016;
Amesbury et al., 2017; Shortlidge et al., 2017; Charman et al., 2018;
Prather et al., 2019). Peatland ecosystems may increase on the west
Antarctic Peninsula with future warming (fow confidence) (Yu et al.,
2016; Loisel et al., 2017). In contrast, some parts of East Antarctica
and the subantarctic islands to the north have been experiencing a
drying climate, with declining health of mosses and other vegetation
(high confidence) (Bergstrom et al., 2015; Bramley-Alves et al., 2015;
Robinson et al., 2018; Bergstrom et al., 2021).

Antarctica encountered its first reported heatwave in 2020 (Table CCP6.1).
Such abrupt heating can cause wide-ranging effects on biota, from flash-
flooding damage and dislodgement of plants to excess melt waters
supplying moisture to arid Antarctic ecosystems. This suggests that
increased melt may reverse the drying trend if plant communities remain
connected to melt streams and there is sufficient precipitation (high
agreement, limited evidence) (Bergstrom et al., 2021).

Warming of the Antarctic Peninsula has resulted in increased soil
microbial abundance and biomass. However, this trend is not as great
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in southern colder locations (medium confidence) (e.g., Kim et al.,
2018; Newsham et al., 2019), as the microbial community structure is
affected by vegetation cover and water availability (high confidence)
(Dennis et al., 2019; Newsham et al., 2019).

Antarctic terrestrial invertebrate communities on the West Antarctic
Peninsula may be controlled more by vegetation and water
availability than by air temperature (medium confidence) (Bokhorst
and Convey, 2016; Knox et al., 2016; Andriuzzi et al., 2018; Prather
et al., 2019; Newsham et al., 2020). Evidence from laboratory studies,
field programmes and sedimentary records indicate that Antarctic
freshwater ecosystems may become more productive under climate
warming scenarios (medium confidence) (e.g., Schiaffino et al., 2011;
Borghini et al., 2016; Piskova et al., 2019; Cejka etal., 2020).

CCP6.2.3  Food, Fibre and Other Ecosystem Products

Food and fibre production underpins regional identities, cultures and
communities of practice and place in polar regions, are vital to local
and distant economies (Table CCP6.4) and represent for fisheries a
critical source of global nutrition and food security (Hicks et al., 2019).
Since SROCC, there is further evidence that climate change alterations
of polar ecosystems increasingly challenge production of, and access to,
sufficient, healthy and nutritious food, posing risks to future food and
nutritional security within and beyond polar regions (high confidence).
CCP6.2.3.1  Arctic subsistence resources

Subsistence harvest of fish, sea birds and marine mammals is the basis
for economic, cultural and spiritual connections with Arctic marine
systems (Box CCP6.2)(Fall et al., 2013; Haynie and Huntington, 2016;
Raymond-Yakoubian et al., 2017; Slats et al., 2019), and nature-based
livelihoods (e.g., caribou and reindeer (Rangifer tarandus) herding,
fishing, hunting, trapping, small-scale forestry) are fundamental to
Indigenous Peoples across the Arctic as they have been for millennia
(Koivurova et al., 2015; Betts, 2016; Gavin et al., 2018; Raheem,
2018; Mustonen and Shadrin, 2021). Climate change has impacted
Indigenous subsistence resources across the Arctic (very high
confidence) (SMCCP6.2), and future food systems and ecological
connections are at risk from future climate change hazards interacting
with non-climate pressures, some of which are mediated or amplified by
novel conditions and opportunities in Arctic regions (high confidence)
(Moerlein and Carothers, 2012; Fall et al., 2013; Raymond-Yakoubian
et al, 2017; Meredith et al, 2019; Slats et al., 2019; Huntington
et al,, 2020; Huntington et al., 2021). Increasing heatwaves, wildfires,
extreme precipitation, permafrost loss and rapid seasonal snow and ice
thaw events will further threaten terrestrial subsistence food resources
across the Arctic (high confidence) (Table CCP6.3). Although climate
impacts and non-climate factors systematically undermine access to
and productivity of subsistence resources, resilience is inherently high
for Indigenous Peoples, illustrating critical elements underpinning
successful adaptation to climate change (Box CCP6.2) (Huntington
et al, 2021).
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Table CCP6.3 | lllustrative examples of climate change impacts on subsistence resources in the Arctic.

Changing
drivers

Observed impacts and projected risks

Polar Regions

References

Snow, ice, river environments

Climate change is disrupting subsistence harvests for Indigenous Peoples in Arctic communities that depend on
snow, ice and river environments for travel and access to subsistence resources.

(Wildcat, 2013; Meredith et al., 2019;
Slats et al., 2019)

Across the Canadian Arctic, multiple populations of reindeer and caribou are in decline, with 95% of assessed

Multiple herds listed as rare, decreasing or ‘threatened’; reindeer and caribou abundances in the Alaska—Canada region (Russell et al., 2018)
have declined 56% over the past 20 years.
Reindeer herding is an important economic and Indigenous cultural activity in the Eurasian Arctic and is being
affected by non-climate and climate events, including changes to thaw cycles, drought and unpredictable .
. y . . .g . J v . 9 . P (Furberg et al., 2011; Uboni et al.,
Multiple summer weather, which threaten pasture areas in Siberia. Although changes in vegetation and the freeze—thaw

cycle are impacting Sami reindeer herding, adaptive measures by herders have been effective at offsetting
multiple climate and non-climate impacts.

2020; Mustonen and Shadrin, 2021)

Sea ice; winds; visibility

Loss of multi-year ‘mother ice’, declines in seasonal sea ice thickness and stability, and changes in winds and
visibility have impacted the availability of, and access to, subsistence resources (high confidence) and have
increased interactions between coastal communities and shipping, tourism and commercial fisheries, which
directly impact human safety and well-being in Arctic communities (high confidence).

(Stephenson and Smith, 2015;
Brinkman et al., 2016; Melia et al.,
2016; Raymond-Yakoubian et al., 2017;
Ford et al., 2019; Slats et al., 2019;
Huntington et al., 2020; Huntington
etal., 2021)

Multiple

Marine heatwave (MHW)-induced ecosystem changes contributed to widespread mortality events and declines
in Northern Bering Sea sea birds and disrupted subsistence harvests in western Alaska.

(Jones et al., 2019; Piatt et al., 2020;
Siddon et al., 2020)

Storminess; sea ice; whale
migration timing; shipping

Although some communities have seen reduced whale harvests due to climate impacts on survival and
productivity, changes in storminess and whale migration timing have lengthened the July harvest season

for Inuvialuit from Inuvik, Aklavik and Tuktoyaktuk. Changes in Beluga migration routes have increased
accessibility to communities of Ulukhaktok and Paulatuk. In Western Greenland, loss of sea ice has both
reduced access to sealing and increased subsistence and commercial harvest of Atlantic cod, halibut and
other fish species. Increased impacts of noise and ship strikes associated with shipping are expected to impact
subsistence species, especially seals and whales in Lancaster sound as well as the Pacific Arctic.

(George et al., 2017; Hauser et al.,
2018; Loseto et al., 2018; Mustonen
etal, 2018a)

Sea ice

Changes in sea ice will continue to undermine subsistence resources and disrupt access by smaller scale
commercial and subsistence-based ice-edge fishing.

(Jacobsen et al., 2018; Ford et al.,
2019)

Shifting species distributions and climate change mediated food web reorganisation pose a risk to near-shore
subsistence harvests that are essential to sustaining Indigenous Peoples in Western Greenland and the

(Moerlein and Carothers, 2012; Fall
etal., 2013; Brinkman et al., 2016;

Shifting distributions; food
web changes

subsistence availability in Alaska.

Northern Bering, Beaufort and Chukchi Seas; for example, cod biomass in the Inuvialuit region is projected
to decrease 17% by 2100 (RCP8.5). Climate-related declines in harvester access drive projected declines in

Loseto et al., 2018; Steiner et al., 2019;
Marsh and Mueter, 2020; Ribeiro et al.,
2021)

CCP6.2.3.2 Agriculture, forestry, livestock and aquaculture

In addition to reindeer herding, Arctic agriculture primarily consists
of local production of cool season crops, forage, small grains and
livestock (sheep and goats) (Westergaard-Nielsen et al., 2015; Natcher
et al, 2019). Short growing seasons, cold conditions, permafrost
and moisture stress, especially along coasts, have historically limited
production, but agriculture is generally increasing across the region
(Westergaard-Nielsen et al., 2015). Although only ~0.2% of Alaska is
farmland, area farmed and income from agriculture have increased
2% and 80%, respectively, since 2012 (United States Department of
Agriculture, 2017). It is likely that growing seasons have extended by
1-3 days per decade in interior Alaska, although some coastal areas
exhibit declines in growing season (Lader et al., 2018).

Arctic temperatures rarely exceed thermal tolerances for crops (e.g.,
35-38°C across corn, rice and grain), and warming will provide
new opportunities for food and forage production in areas such as
southwest Greenland and interior Alaska (Westergaard-Nielsen et al.,
2015; Tripathi et al., 2016; Lader et al., 2018). Higher atmospheric CO,
favours plant growth if soil quality and condition are sufficient, but
benefits can be offset by increased heat and water stress associated
with climate change (Tripathi et al., 2016; Unc et al., 2021). Growing
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seasons in Alaska will lengthen by 48-87 d yr' relative to historical
growing season length (1981-2010), and the start of growing season
is expected to shift 1-4 weeks earlier (Lader et al., 2018). Feasible
growing areas across the Arctic are expected to shift northward and
increase within the 55°-69°N region (King et al., 2018). Permafrost
thaw (Table CCP6.1) increases drainage, which is a potential benefit,
but can also increase erosion, subsidence and irregular surfaces,
inhibiting agriculture (Lader et al., 2018). Conversion of Arctic soils to
croplands may also release carbon stored in vegetation and soils (Unc
et al,, 2021).

Arctic aquaculture contributes approximately 2% to global farm
production (primarily Norwegian salmon (Sa/mo salar) as well as finfish
in Iceland and Sweden and shellfish in Alaska), and will face increasing
challenges from climate change (Troell et al., 2017) including increased
frequency of storms (impacting sea farms), extreme temperatures
and warmer conditions that favour pathogens, parasites and harmful
algal blooms. Aquaculture feeds often depend on small pelagic fish
or krill and supply may be affected by climate impacts on fisheries
(Table CCP6.6) (Troell et al., 2017; Chen and Tung, 2018; Markere
et al., 2020). Integrated policies and coordination across multiple food
production sectors in Arctic regions are needed to address climate
opportunities and challenges (Altdorff et al., 2021; Unc et al., 2021).
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CCP6.2.3.3 Commonalities in impacts and risks across polar
fisheries

Fisheries play an increasingly important role in addressing global food
and nutritional deficits (Section 3.6.3)(Béné et al., 2016; Ding et al.,
2017; Hicks et al., 2019; Costello et al., 2020), especially as climate
change has already reduced global yields from key crops (Myers
et al, 2017; Ray et al., 2019; Thiault et al., 2019). Antarctic and Arctic
systems support some of the world's largest fisheries, including those
for Antarctic krill and Arctic walleye pollock (Gadus chalcogrammus),
which constitute a critical source of protein and macronutrients
to a growing population of seafood consumers, as well as various
aquaculture and livestock feeds (Cross-Chapter Box MOVING PLATE
in Chapter 5) (Table CCP6.4) (Huntington et al., 2013; Raheem, 2018;
Hicks et al., 2019; Steiner et al., 2019; FAQ, 2020; Cavanagh et al., 2021;
Grant et al., 2021; Murphy et al., 2021). Marine sources of protein and
nutrition are important in transformational future scenarios where
dietary shifts and provisioning policies provide multiple co-benefits
to equity, food security and carbon mitigation (Springmann et al.,
2016; Poore and Nemecek, 2018; Thiault et al., 2019; Kim et al., 2020).
Shifting spatial distributions of fish stocks have led to transboundary
management challenges in the Atlantic, Bering Sea and Arctic areas
previously inaccessible due to sea ice (Table CCP6.6) (Gullestad et al.,
2020).

Frequently Asked Questions
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Cascading and interacting effects of climate change impacts in polar
regions (Table CCP6.1) will reduce access to, and productivity of,
future fisheries, and pose significant risks to regional and global food
and nutritional security that increase with atmospheric carbon levels
and declines in sea ice (high confidence) (Table CCP6.6). Although it
is expected that fisheries will continue to contract poleward under
future warming (Cross-Chapter Box MOVING PLATE in Chapter 5)
(Table CCP6.4) (Alabia et al., 2018; Morley et al., 2018; Stevenson
and Lauth, 2019; Caccavo et al., 2021; Grant et al., 2021), global and
regional models differ in their projections of fisheries catch potential
for the polar regions under climate change. For example, some global-
scale models project increases in potential fishery yields in Arctic
Canada (Cheung, 2018; Bindoff et al., 2019; Tai et al., 2019), whereas
many observational studies and high-resolution regional projections
suggest overall declines in biomass, productivity and yield associated
with warming and loss of sea ice in multiple regions such as the Bering
Sea (medium confidence) (Free et al., 2019; Hollowed et al., 2020;
Holsman et al., 2020; Mueter et al., 2020; Reum et al., 2020). Reduced
production of macronutrients and protein by polar marine sources
will disproportionately impact people already experiencing food and
nutritional scarcity (Myers et al., 2017), marine-dependent communities
within and beyond polar regions, and women and children who require
higher quantities of macronutrients (high confidence).

FAQ CCP6.1 | How do changes in ecosystems and human systems in the polar regions impact everyone around the
globe? How will changes in polar fisheries impact food security and nutrition around the world?

Polar regions are commonly known to be experiencing particularly fast and profound climate change, which strongly affects areas and people
all around the world in several ways. Physical processes taking place in these regions are critically important for the global climate and sea
level. Less known is that regional climate-driven changes of ecosystems and human communities will also have far-reaching impacts on a
number of sectors of human societies at lower latitudes.

Climate change has triggered rapid, unprecedented and cascading changes in polar regions that have profound
implications for ecosystems and people globally. Although physically remote from the largest population centres,
polar systems are inextricably linked to the rest of the world through interconnected ocean currents, atmospheric
interactions and weather, ecological and social systems, commerce and trade. The nutrient-rich waters of the polar
regions fuel some of the most productive marine ecosystems on earth, which in turn support fisheries for species
packed with vital macronutrients that are essential for human health and well-being. The largest most sustainable
fisheries in the world are located in polar waters, where a mix of ice, seasonal light and cold nutrient-rich waters
fuel schools of millions of fish that swell and retract in numbers across the years, reflecting interlaced cycles of
icy cold waters, lipid-rich prey and abundant predators. Polar systems thus exist in a productive balance that has
supported vibrant ecocultural connections between Indigenous Peoples and the Arctic for millennia and has
supported global food production and trade for centuries. Climate change increasingly destabilises this balance
with uncertain outcomes for Indigenous Peoples and local residents in the Arctic as well as for the rest of the
world. Triggered by warming oceans and air temperatures, accelerated melting of sea ice, glaciers and IS in polar
regions in turn impacts ocean salinity, sea levels and circulation throughout the global ocean. Warming waters
have also pushed cold-adapted species poleward, eroded the cold barrier between boreal and Arctic species, and
induced rapid reorganisation of polar ecosystems. Studies increasingly indicate that the complex web of physical
and biological connections that have fuelled these productive regions will falter without the strong regulating
influence of cryospheric change. At the same time, the global demand for food is increasing, particularly the
demand for highly nutritious marine protein, placing increasing importance on stabilising polar ecological systems
and minimising climate change impacts and risks.
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Table CCP6.4 | Climate change impacts on Arctic and Antarctic fisheries and fishing communities. Additional detail in Table SMCCP6.3.

Driver

Observed impacts and projected risks

Polar Regions

References

Current and past climate change impacts

Warming

Fisheries productivity declined in multiple stocks across the Arctic including the Eastern Bering Sea (EBS), while
Atlantic cod and other fisheries have increased.

(Free et al., 2019; Cheung and Frélicher,
2020)

Extreme heat

Commercially important fish species declined rapidly during recent MHWs (2016-2019), in the EBS due to
reduced recruitment, increased metabolic demand and increased predation mortality, and it is probable that
climate impacts have contributed to the closure of Pribilof islands blue king crab (Paralithodes platypus)
fisheries.

(Zheng and lanelli, 2018;
Duffy-Anderson et al., 2019; Stabeno
et al., 2019; Basyuk and Zuenko, 2020;
Reum et al., 2020; Thorson et al., 2020)

Temperature; shifting
species distributions

In the Barents Sea, northward redistribution of stocks led fisheries into previously unfished habitats, exposing
benthic ecosystems to novel trawling impacts. Large-scale redistributions of Pacific cod (>1000 km per decade)
and other groundfish species have challenged fisheries management in the EBS; ~50% of the biomass is now
located in the Northern Bering Sea (NBS), outside of historical survey areas and in a region where bottom
trawling is prohibited (although pelagic gear is permitted).

(Christiansen et al., 2014; Jargensen
et al,, 2019; Spies et al., 2019;
Stevenson and Lauth, 2019)

OA, warming, winds

Shellfish species such as snow crab are undergoing range contractions poleward in the Barents Sea and NBS,
with increased catches in the north and declines in the south.

(Jorgensen et al., 2019; Fedewa et al.,
2020) (Cross-Chapter Box MOVING
PLATE in Chapter 5)

Warming; poleward
expansion

Poleward expansion of Pacific salmon into Arctic watersheds and Greenland fjords presents both new
opportunities and novel threats to key subsistence and commercial species such as Arctic char and Atlantic
salmon.

(Bilous and Dunmall, 2020; Nielsen
et al., 2020)

Warming; harmful algal
blooms (HABs)

Altered seasonal freshwater habitats are impacting salmon productivity and phenology of important salmon
resources in Alaska and in the Fennoscandian North, with subsequent community-specific impacts on
commercial and subsistence resources.

(Brattland and Mustonen, 2018; Cline
et al., 2019; Mustonen and Feodoroff,
2020; Mustonen and Shadrin, 2021)

Multiple; sea ice

Losses of winter sea ice to the north and west of the Antarctic Peninsula have enabled krill fishing vessels to fish
all year round in that area.

(Meredith et al., 2019)

Future climate change impacts

and risks

Multiple

Climate change impacts on the ecology and physiology of polar cod species contribute to expected increases
in biomass and catch potential under high to moderate mitigation (RCP2.6 and RCP4.5) and reductions

in groundfish recruitment and yield under low mitigation (RCP8.5) scenarios (CCP6.2.2) across a range of
multispecies models.

(Laurel et al., 2016; Spencer et al., 2016;
Lotze et al., 2018; Spencer et al., 2019;
Dahlke et al., 2020; Griiss et al., 2020;
Hollowed et al., 2020; Reum et al.,
2020; Thorson et al., 2020)

Climate x management
interaction

Assuming no climate adaptation in current EBM, 50% declines (relative to projections under persistent current
climate conditions) in EBS pollock and cod yield is /ikely under moderate carbon mitigation scenarios (RCP4.5),
and very likely under low mitigation scenarios (RCP8.5).

(Holsman et al., 2020; Reum et al.,
2020; Whitehouse et al., 2021)

Warming; ocean
acidification (OA)

Warming, OA, fish predators and thermal tolerance differentiate impacts across crab species in the Arctic;
increased productivity and redistribution offshore is expected for tanner crab; red king crab and snow crab

are projected to continue to shift north and decrease in productivity. OA is expected to impact demographics,
altering harvest recommendations and biological reference points for some species of some shellfish and flatfish
(e.g., red king crab, Northern rock sole) in projection simulations.

(Punt et al., 2014; Sawatzky et al., 2020;
Punt et al., 2021)

Climate x management
interaction

Multiple rights-based fisheries operate in the Arctic, increasing investment in long-term sustainability but
reducing harvest portfolio diversity and increasing vulnerability to climate shocks.

(Kasperski and Holland, 2013; Ojea
etal., 2017)

Multiple; sea ice

Physical and biological changes in Antarctic waters are expected to result in net declines in krill habitat and
growth potential, although one study indicates a potential increase. Reduction in the Antarctic ice pack is as
likely as not to increase total season length in areas near to land-based predators.

(Melbourne-Thomas et al., 2016;
Pifiones and Fedorov, 2016; Klein et al.,
2018; Rogers et al., 2020; Veytia et al.,
2020)

Phytoplankton and
temperature

Projected changes in primary production and temperature are expected to cause declines in krill growth and
availability to predators; impacts may be countered by reducing fisheries, signifying a potential conflict between

fisheries and top predators.

(Pifiones and Fedorov, 2016; Klein et al.,
2018)

Large-scale commercial fisheries are expected to continue to operate in
polar regions (high confidence) (Barange et al., 2018; Cavanagh et al,,
2021; Grant et al., 2021), and will shift poleward (high confidence)
toward geopolitical and management boundaries (high confidence)
(CCP6.3.2.3; Table CCP6.6). Warming and climate impacts will
continue to impact transboundary stocks and increase the potential
for conflict in fisheries management (Pinsky et al., 2018; Mendenhall
et al., 2020; Palacios-Abrantes et al., 2020; Sumaila et al., 2020).
Increased distances from ports to redistributed fishing grounds as
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well as increased frequency of storms and other extreme events are
expected to increase risks and costs for fishery operations (medium
confidence) and impact shore-based infrastructure and emergency
response services (CCP6.2.4). Observed and expected increases in
mobile ice combined with abrupt wind can create major hazards
for fish operators in Antarctica and the Arctic, with consequences to
human safety and total revenue (Dawson and et al., 2017; Barber et al.,
2018; Grant et al., 2021). There will be increased demand for new port
infrastructure across the Arctic (high confidence); new ports have
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already been proposed for the Northern Bering Sea, and small craft
harbour investments are being considered across Arctic Canada and
Greenland. Ecosystem-based management (EBM), increasing diversity
and flexibility in harvest portfolios as well as access to high-resolution
ecological forecasts and projections, and climate-informed advice will
promote adaptation and climate resilience in fisheries (Dawson and
et al, 2017; Brooks et al., 2018; Karp et al., 2019; Hollowed et al.,
2020). Coupling adaptation measures with global carbon mitigation
strategies substantially decreases climate change risks to polar
fisheries (very high confidence) (CCP6.3).

CCP6.2.4  Economic Activities

Climate change presents significant risks to economic activities in
the polar regions (very high confidence) and simultaneously enables
development possibilities for fisheries (CCP6.2.3.3), agriculture
(CCP6.2.3.2), the sharing and subsistence economy (CCP6.2.3.1)
(SMCCP6.2) (high confidence), maritime trade (Box CCP6.1), natural
resource development (CCP6.2.4.1) (medium confidence), tourism
(CCP6.2.4.2) and transportation (including shipping) (CCP6.2.4.3; FAQ
CCP6.2). Hundreds of billions of dollars are expected to be invested
in the polar regions in the next several decades (Lloyd's, 2012;
Barnhart et al., 2016; Pendakur, 2017; Tsukerman et al., 2019), and,
as this unfolds, there are opportunities to simultaneously implement
adaptation strategies that support climate resilient development
pathways in line with self-determination for Indigenous Peoples and
local communities and locally derived visions of successful adaptation
and development (CCP6.3.2, CCP6.4.3) (Jorgenson, 2007; Ritsema
et al,, 2015; Ready and Power, 2017; Larsen and Petrov, 2020).
CCP6.2.4.1 Changing access to natural resources with
consequences for safety, economic development and
climate mitigation

Climate change is improving access to natural resources in the Arctic
with consequences for human safety (high confidence), economic
development (very high confidence) and global mitigation efforts
(medium confidence). Reductions in sea ice combined with improved
extraction and transportation technologies have increased accessibility
to natural resources across the Arctic (Eliasson et al., 2017; Dawson
et al., 2018b; Stephen, 2018), a situation that could support continued
global dependence on relatively cheap and abundant fossil fuels
resources and contribute to further warming. By 2040 (RCP4.5) it is
expected that sea ice will have receded enough to make gas production
technologically feasible in the European off-shore Arctic (Petrick et al.,
2017). However, increased sea ice mobility, iceberg abundance, storm
surge and surface wave action (Ng et al., 2018; Howell and Brady, 2019;
Casas-Prat and Wang, 2020) will also increase risks to ships servicing
mines in a region that already exhibits disproportionately high accident
rates (Council of Canadian Academies, 2016) (CCP6.3.1, Table CCP6.1).
Season lengths for ship-based support to mines and extraction sites will
increase with sea ice change, while access via ice roads will decrease
with warming (Perrin et al., 2015; Council of Canadian Academies, 2016;
Trofimenko et al., 2017; Southcott and Natcher, 2018). By 2050, climate
change impacts to the Tibbitt to Contwoyto Winter Road servicing
mines in the northeastern region of the Northwest Territories, Canada
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could cost between $55 million to $213 million CAD to maintain for
a shorter period of time than at present (Perrin et al., 2015). Changes
in submarine permafrost, critical to mining infrastructure, such as
pipelines and offshore infrastructure (Bashaw et al., 2016; Paulin and
Caines, 2016), are expected to increase production costs and impact
safety for workers (Riedel et al., 2017). By mid-century, regardless of
emissions scenario, it is expected that risks from permafrost thaw will
be disproportionately high for industrial infrastructure along major
pipeline systems in Alaska and natural gas extraction areas in the
Yamal-Nenets region in northwestern Siberia, Russia (Hjort et al., 2018).

CCP6.2.4.2 Changing demand, opportunities and risks for polar
tourism

Climate change has increased risks to, and demand for, polar
tourism experiences related to increased maritime accessibility (high
confidence), lengthening of warm weather season lengths (very
high confidence) and development of a ‘last chance tourism market’
(medium confidence). Reductions in sea ice extent have facilitated
increased access for polar cruising (Dawson et al., 2018b; Stewart et al.,
2020). Demand for Arctic cruises has increased by 20.5% over the past
5 years and resulted in 27.2 million passengers in 2018 (Shijin et al.,
2020). In the Antarctic, tourist numbers increased by 27% from 1992 to
2018 and attracted 75,000 visitors in 2019-2020 (IAATO, 2020; Shijin
et al.,, 2020), making it the largest economic sector in the entire region
(Stewart et al.,, 2020). The recent increase in polar tourism is due in part
to the development of a niche market called ‘last chance tourism’, which
involves explicitly marketing vulnerable or vanishing destinations or
features (i.e., glaciers, polar bears, landscapes) and encouraging tourists
to see them ‘before they are gone’ (Dawson et al., 2018a; Groulx et al.,
2019). However, tourism development opportunities will also contend
with ongoing risks related to the coronavirus disease 2019 (COVID-19)
pandemic, which halted tourism globally in 2020-2021 (Frame and
Hemmings, 2020; Lorenzo et al., 2020), as well as those related to
increased climatic risks limiting participation and reducing safety and
security. By 2100, under RCP8.5, snow cover season length suitable for
winter recreational activities is projected to decrease by 21-49% in
West Greenland (Schrot et al., 2019). Reduced sea ice and snow cover
creates hazards for and could limit dog sledding, cross country skiing,
snowmobiling and floe edge tours, with limited adaptation strategies
available for low-elevation areas (Stephen, 2018; Palma et al., 2019).

CCP6.2.4.3 Risks and opportunities in transportation systems

Climate hazards create risks to transportation sectors with
consequences for human safety (very high confidence), security (Jow
confidence) and economic development (high confidence). Remote
polar regions are highly reliant on transportation systems (air, road,
sea) to support and service communities (Arctic) and scientific
stations (Antarctic and Arctic). Changes in permafrost, snow, ice and
precipitation patterns have increased the risk of rail infrastructure
and of using permanent roads and semi-permanent trails that service
Antarctic research stations, connect Arctic communities and support
Indigenous food harvesting activities (Calmels et al., 2015; Council
of Canadian Academies, 2016; Ford et al., 2019; Stewart et al., 2020).
Warming temperatures have particularly decreased the reliability,
safety level and season length of winter ice roads (Perrin et al., 2015;
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Council of Canadian Academies, 2016; Gadeke et al., 2021) in the
northern Baltic (Finland) (Kiani et al., 2018), James Bay (Canada) (Hori
et al., 2018a; Hori et al., 2018b) and Yakutia (Russia) (Mustonen and
Shadrin, 2021). Dog sled travel in northwest Greenland has experienced
shorter season lengths (Nuttall, 2020), Alaskan whale hunters have
had difficulty finding suitable ice for safe harvest activities (Huntington
et al,, 2016; Nyland et al., 2017), and unpredictability in break-up and
freeze-up of sea ice has compromised safe travel to and from culturally
significant hunting and camping areas in Canada (Dawson et al., 2020;
Simonee et al., 2021) and northeast Siberia (Ksenofontov et al., 2017;
Mustonen and Shadrin, 2021). Fog (low confidence) and an increase in
precipitation falling as ice pellets or hail (high confidence) (Kochtubajda
et al., 2017) is expected to continue to cause operational delays and
create safety issues for aviation in the polar regions (Debortoli et al.,
2019).

CCP6.2.5 Arctic Settlements and Communities

Polar settlements range from large well-serviced cities such as Tromsg,
Murmansk and Reykjavik, to remote fly-in Indigenous communities,
to scientific outposts and research stations. Polar settlements are at
significant risk from climate change through shoreline erosion, permafrost

Frequently Asked Questions

Polar Regions

thaw and flooding (high confidence) (CCP6.2.2). Opportunities for
community development in small communities are underestimated as
they are emergent and unknown (highly likely) (CCP6.2.5).

Degradation of ice-rich permafrost can threaten the structural stability
and functional capacities of community-based infrastructure (i.e.,
airports and roads; CCP6.2.5) and can have implications for local
economies with coupled impacts for local livelihoods, health and well-
being (CCP6.2.5, CCP6.2.6) (high confidence). For instance, in Canada,
infrastructure damage from permafrost instability caused temporary
closures of schools in Yukon, permafrost degradation contributed
to runway damage at Igaluit International Airport in Nunavut, and
flooding from heavy rains resulted in thermal erosion of river banks that
interrupted water and sewage service in Nunavut (Oldenborger and
LeBlanc, 2015; Council of Canadian Academies, 2016; Lemmen et al.,
2016). In northeast Siberia, the floods of Alazaeya River attributed to
thawing permafrost have severely affected Andreyushkino in Yakutia
(Mustonen and Shadrin, 2021).

By 2050, 69% of fundamental human infrastructure in the Arctic is
projected to be at risk under an RCP4.5 scenario, including more than
1200 settlements and 36,000 buildings, leaving 4,000,000 people living
in areas with high potential for thaw (Hjort et al., 2018). Widespread

FAQ CCP6.2 | Is sea ice reduction in the polar regions driving an increase in shipping traffic?

The polar seas have captured the imagination of global nations for centuries for its natural resource, tourism, scientific, and maritime trade
potential. As the polar regions are warming at two to three times the rate of the global average leading to rapid reductions in sea ice extent
and thickness, international attention has been reinvigorated and investments are being made by Arctic and non-Arctic nations alike with a
view to utilise newly accessible seaways. Between 2013 and 2019, ship traffic entering the Arctic grew by 25% and the total distance travelled
increased by 75%. Similar shipping growth trends are evident in the Antarctic, albeit to a lesser extent. Expected growth in Arctic shipping will
influence a suite of cascading environmental and cultural risks with implications for Indigenous Peoples.

There has been debate among shipping stakeholders, rightsholders and experts about the extent to which climate
change and sea ice change is directly influencing increases in shipping activity in the polar regions relative to other
social, technological, political and economic factors such as commodity prices, tourism demand, global economic
trends, infrastructure support and service availability. Understanding the connection between climate change and
polar shipping activity will allow for more reliable projections of possible future traffic trends and will aid in identify-
ing appropriate adaptation and infrastructure needs required to support future management of the industry. Recent
studies have observed increasing statistical correlations between sea ice change and shipping trends in the polar
regions, and many have concluded that although economic factors remain the main driver of shipping activities,
followed by infrastructure availability, climate change does indeed play a varying but important role in influencing
operator intentions. The ‘opening of polar seaways’ due to sea ice reduction is indeed ‘enabling’ opportunities for
polar shipping among all types of vessels due to increasingly accessible areas that were previously covered by multi-
year ice, but the extent to which climate change will specifically ‘drive’ an increase in shipping demand remains
highly dependent on the vessel type and the reasons for operation. There are certain vessel types, such as those sup-
porting international trade, mining operations or community re-supply, where analysis shows no correlation or weak
correlations with sea ice change, suggesting that climate change is enabling these types of ships via increased open
water areas and season lengths but that it is not necessarily driving demand. Conversely, there are certain vessel
types, such as yachts and cruise ships, where correlations between sea ice change and traffic increases are stronger,
and where there is evidence to suggest that these vessels are indeed driven to visit the polar regions because they
perceive waterways as exotic and exciting due to being newly accessible or they want to have a Polar experience

2336



Polar Regions Cross-Chapter Paper 6

Box FAQ CCP6.2 (continued)

before it disappears or is irreversibly changed as is the case with last chance tourists. As sea ice recedes and polar
shipping opportunities grow, there will be an increased need to better identify and implement Indigenous self-deter-
mined and equitable shipping governance frameworks that facilitate benefits and minimise risks.

Ship traffic from 2012 to 2019 and minimum sea-ice extent from 1990 to 2019 in the Polar Regions
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Figure FAQ CCP6.2.1 | Projected operational accessibility along Arctic maritime trade routes (Northwest Passage, Transpolar Route and
Northern Sea Route) under future warming (left) and observed increases in commercial ship traffic along the routes from 2012 to 2019.
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Box CCP6.1 | Climate Change and the Emergence of Future Arctic Maritime Trade Routes

Discovering a viable maritime trade route linking the Atlantic and Pacific oceans through the Arctic has captured the collective global
imagination for centuries (Bockstoce, 2018). Geographically shorter than southern trade routes via the Panama and Suez Canals, the Arctic
presents the possibility for more economical and timely commercial trade, but has historically been limited by thick multi-year ice and other
navigational challenges. Amplified warming in the Arctic has caused September sea ice extent to decline at a rate of —13% per decade
(Serreze and Meier, 2019) and reduced sea ice thickness by 66% (2 m) between 1958-1976 and 2011-2018 (Kwok, 2018). Regardless of
mitigation efforts, it is expected that before mid-century the Arctic will be seasonally ice free for the first time in 2,600,000 years (defined
as <1,000,000 km?) (Knies et al., 2014; SIMIP Community, 2020; Fox-Kemper et al., 2021; Lee et al., 2021) and will make Arctic maritime
trade a reality (Equiluz et al., 2016; Melia et al., 2016; Pizzolato et al., 2016; Bennett et al., 2020; Wei et al., 2020).

There are three identified trade routes in the Arctic: Northern Sea Route (NSR), Northwest Passages (NWP) and the Transpolar Sea Route
(TSR). Over the last decade, economic trends and reductions in sea ice have facilitated significant increases in ship traffic in the NSR
(Aksenov et al., 2017; Li et al., 2020), including a 79% increase in total transit tonnage from 2010 to 2017 (Babin et al., 2020) related
mostly to domestic resource development. Relative to an early 21st century baseline, it is expected that the NSR will become 18% more
accessible by mid-century (Stephenson et al., 2013) and could be navigable even for non-ice strengthened vessels for 101-118 days
annually by 2050 and 125-192 days by 2100 (Khon et al., 2017). The NWP has experienced a tripling of km travelled by ships since 1990,
attributed mostly to resource extraction and increases in tourism opportunities (Johnston et al., 2017; Dawson et al., 2018a). The NWP
could become 30% more accessible by 2050 compared with current conditions (Stephenson et al., 2013). Before 4°C global warming
above pre-industrial, re-supply vessels (Polar Class 7) in the western NWP could gain an additional month of operating time, whereas
the eastern NWP could gain just 2 weeks (Mudryk et al., 2021) due to the dynamic import of mobile and hazardous ice from the Arctic
Ocean (Haas and Howell, 2015; Howell and Brady, 2019). Comparatively, the TSR has historically only been viable for nuclear icebreakers,
submarines, and occasional military and scientific activity due to thick multi-year ice regimes (Bennett et al., 2020). However, this most
sought-after route offers the greatest reduction in sailing times compared with southern routes (19-24 days) of all Arctic Sea routes and
could be 56% more accessible by mid-century compared with current conditions (Stephenson et al., 2013; Melia et al., 2016).

Arctic trade routes and projected operations related to sea-ice loss
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Figure Box CCP6.1.1 | Arctic trade routes and projected operations related to sea ice loss.
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Box CCP6.1 (continued)

Growth in Arctic maritime trade will result in increased emission of black carbon (Stephenson et al., 2018; Zhang et al., 2019; Wang et al.,
2021), increases in ship-source underwater noise impacts on marine mammals (Halliday et al., 2017), higher rates of accidents and
incidents among vessels from increasing mobile sea ice and newly accessible ice-free waters that lack charting (Haas and Howell, 2015;
Howell and Brady, 2019), impacts to cultural sustainability for Indigenous Peoples (Olsen et al., 2019; Dawson et al., 2020) (high
confidence), the potential for the introduction and propagation of invasive species (Chan et al., 2019; Rosenhaim et al., 2019), and
sovereignty tensions with implications for global geopolitics (Drewniak et al., 2018) (medium confidence). Globalisation and the almost
universal adherence to economic growth models among nations will continue to fuel maritime trade (Box 14.5). As sea ice decreases
facilitates growth in Arctic maritime trade and transportation specifically, adaptation strategies designed to facilitate mitigation co-
benefits and that target the cascading implications and double exposure of climate change and Arctic shipping impacts will be essential
in reducing risks (Ng et al., 2018; Pirotta et al., 2019; Bennett et al., 2020; Zeng et al., 2020). Electric and solar powered vessels, new
engine and emission reduction technologies, investment in wind, water, ice and climate forecasting technologies and services (Haavisto
et al., 2020; Stewart et al.,, 2020; Simonee et al., 2021), and efforts by the International Maritime Organization to reduce sulphur and the
use of heavy fuel oils (PAME, 2020; van Luijk et al., 2020) could play a key role in limiting emissions and reducing risks related to the
environmental and cultural impacts of fuel spills in ice-infested Arctic waters. The development of low-impact shipping corridors (Chénier
etal., 2017; Dawson et al., 2020) and multi-lateral agreements such as those implemented by the Arctic Council and Indigenous Peoples’
organisations on joint search and rescue (Arctic Council, 2011) and shared spill responsibilities (Arctic Council, 2013) represent important
co-governance efforts that will be increasingly important in the future owing to projected climate-related risks.

permafrost thaw could increase the cost of infrastructure lifecycle
replacement by 27% by mid-century under RCP8.5 (Suter et al., 2019).
Northern Canada and Western Siberia are at particularly high risk,
which are projected to cost additional annual spending of over 1%
of annual gross regional product to maintain existing infrastructure
(Suter et al., 2019). For instance, under an RCP8.5 scenario, climate
change could affect over 19% of structures and infrastructure assets in
Russia, which would cost an estimated $84.4 billion USD to mitigate
damages (Streletskiy et al., 2019). Fifty-four percent of residential
buildings are projected to be affected by significant permafrost
degradation by the mid-century, costing an additional estimated
$52.6 billion USD (Streletskiy et al., 2019). Sea level rise (SLR) and
reduced sea ice protection is projected to compound permafrost thaw
damages, including low lying coasts (e.g., along southern Beaufort
Sea), low-lying barrier islands (e.g., along Chukchi Sea), and deltas
(e.g., Mackenzie, Lena) (Fritz et al., 2017; Lantz et al., 2020). In Alaska,

Frequently Asked Questions

proactive adaptation was substantially cost-saving (reducing costs
by $2.9 billion USD for RCP8.5 and $2.3 billion USD for RCP4.5),
highlighting the financial benefit of investing in adaptation now (Melvin
et al., 2017). Permafrost damage and SLR may result in tipping points,
leaving some communities no longer habitable. In Alaska, USA, many
communities at risk of flooding and storm surges are already engaged
in community-led relocation planning processes (e.g., Shishmaref)
(Melvin et al., 2017; Farbotko et al., 2020; Rosales et al., 2021).

Climate change has important intangible loss and damage implications
in the Arctic, with negative impacts ranging from livelihoods to
spirituality to solastalgia (i.e., distress caused by environmental change)
(Cunsolo and Ellis, 2018; Middleton et al., 2020b; Sawatzky et al., 2020;
Mustonen and Shadrin, 2021). Permafrost thaw, SLR and reduced sea
ice protection also presents risk to sociocultural assets, including
heritage sites in all Arctic regions (very high confidence) (Friesen,

FAQ CCP6.3 | How have arctic communities adapted to environmental change in the past and will these

experiences help them respond now and in the future?

For thousands of years, Arctic Indigenous Peoples and local communities have survived several major changes to the ecosystems on which they
rely; however, the present changes in climate are more challenging than pre- and early historic changes in the Arctic, and polar communities

will now face new unprecedented risks.

The challenges for responding to present change are due to the multiple imposed and simultaneous drivers
combined with elimination and/or removal of endemic capacity to respond in culturally and locally appropriate
ways. Adapting in the past may therefore inform and produce novel solutions for the present and convey baselines
of important contextual information on significance of change. Arctic communities, especially Indigenous Peoples,
have been marginalised in terms of their autonomous responses spaces and self-assessment that could be made
without external pressures. Therefore, to increase the possibility of community-led adaptation, colonialism and
the resultant lack of upheld rights, resources and equity need to be solved simultaneously with the present climate
change impacts. New research, governance, policy and collaborations are needed to effectively adapt to risks that
are projected to emerge in the polar regions as a result of rapid climate change.
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2015; Hollesen et al., 2016; Radosavljevic et al., 2016; O'Rourke, 2017;
Hillerdal et al., 2019; Fenger-Nielsen et al., 2020; Jensen, 2020). A
large number of archaeological sites are at risk from climate change in
southwest Greenland; Yukon's Beaufort coast, Canada; and Auyuittuq
National Park Reserve, Nunavut, Canada (Westley et al., 2011; Hollesen
et al,, 2018; Irrgang et al., 2019; Fenger-Nielsen et al., 2020). Siberian
nomadic reindeer herding and fishing livelihoods are vulnerable to
permafrost thaw, which alters northern landscapes and lakes, as well
as rain-on-snow events, and rapidly changes landscapes and terrestrial
and aquatic habitats (Mustonen and Mustonen, 2016; Brattland
and Mustonen, 2018; Mustonen and Huusari, 2020) (CCP6.2.2). The
intangible loss and damage to nomadic cultures could cascade to
losses of identity and social challenges (CCP6.2.6; Chapter 13).

CCP6.2.6  Human Health and Wellness in the Arctic

Climate change continues to have wide-ranging physical human health
risks in the Arctic, particularly for Indigenous Peoples (high confidence);
however, future projections of physical risks are nascent. Climate
change has already challenged food and nutritional security (CCP6.2.5).
Climate change also creates safety concerns for those who access the
land, ice and water for food, cultural and recreational purposes, with
changing environmental conditions linked to injury and death (Durkalec
etal,, 2014; Clark et al,, 2016a; Clark et al., 2016b; Driscoll et al., 2016;
Brattland and Mustonen, 2018). Foodborne disease risks are expected
to increase in the Arctic, with warming temperatures linked to increased
risk of microbial contamination of locally harvested foods (Grjibovski
et al., 2013; Harper et al,, 2015), chemical contamination of locally
harvest foods (Hansen et al., 2015; Long et al., 2015; Alava et al., 2017),
compromised structural integrity and utility of ice cellars used to store
locally harvested meat (Nyland et al., 2017; Markon et al., 2018), and
new challenges to traditional food preparation techniques (Shadrin,
2021). Waterborne disease risks have increased, with decreased
drinking water quality and quantity, water treatment infrastructure
failures and new waterborne pathogens emerging in the Arctic (Berner
et al., 2016; Thivierge et al., 2016; Markon et al., 2018; Yoder, 2018;
Masina et al., 2019; Sachal et al., 2019; Harper et al., 2020; Mustonen
and Shadrin, 2021). Emerging environmental exposures to pathogens
is also a concern. In 2016, a Nenets boy and over 200,000 reindeer died
from anthrax linked to warming environments (Ezhova et al.,, 2021)—a
risk which is projected to increase with climate change (Liskova et al.,
2021). Thawing permafrost increases smallpox risk in former nomadic
campsites and graveyards (Mustonen and Shadrin, 2021; Shadrin,
2021). Arctic health systems—which are often already stressed—wiill
be further challenged by climate change (Harper et al., 2015; Clark
and Ford, 2017), especially in conjunction with other system shocks
(e.g., COVID-19) (Cross-Chapter Box COVID in Chapter 7) (Zavaleta-
Cortijo et al., 2020). While physical health impacts have been observed,
research examining future health projections or evaluating the efficacy
of health adaptations is rare (Dobson et al., 2015; Harper et al., 2020;
Harper et al., 2021).

Climate change has negative, widespread and cumulative impacts
on mental health in the Arctic, particularly for Indigenous Peoples
(very high confidence) (Figure CCP6.3). Climate-sensitive mental
health outcomes are complex, overlapping and interrelated, and have
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multiple direct and indirect pathways stemming from acute (e.g., major
storms, flooding, wildfires) and chronic (e.g., temperature increases,
sea ice loss, permafrost thaw) environmental conditions, and resulting
disruptions to livelihoods, culture, food systems, social connections,
health systems and economies (Cunsolo Willox et al., 2013a; Cunsolo
Willox et al., 2013b; Cunsolo Willox et al., 2014; Beaumier et al., 2015;
Durkalec et al., 2015; Hamilton et al., 2016; Clayton et al., 2017; Dodd
et al., 2018; Jaakkola et al., 2018; Markon et al., 2018; ITK, 2019; Minor
etal,, 2019; Middleton et al., 2020a; Middleton et al., 2020b; Feodoroff,
2021).

Negative mental health outcomes from climate change include:
emotional reactions (e.g., sadness, fear, anger, distress and anxiety);
psychosocial outcomes (e.g., depression, post-traumatic stress disorder
and generalised anxiety); experiences with grief and loss (i.e., ecological
grief); increased drug and alcohol usage, family stress and domestic
violence; increased suicide ideation and suicides; loss of cultural
knowledge and continuity, disruptions to intergenerational knowledge
transfer; and deterioration and loss of place-based identities and
connections (i.e., solastalgia) (Cunsolo Willox et al., 2013a; Cunsolo
Willox et al., 2013b; Cunsolo Willox et al., 2014; Durkalec et al., 2015;
Harper et al., 2015; Cunsolo and Ellis, 2018; Hayes et al., 2018; Jaakkola
et al., 2018; Markon et al., 2018; Minor et al., 2019; Middleton et al.,
2020a; Feodoroff, 2021).

The negative mental health impacts from climate change are amplified
among those most reliant on the environment for subsistence and
livelihoods, those who already face chronic physical or mental health
issues, and those facing socioeconomic inequities and marginalisation,
particularly for Indigenous Peoples (high confidence). These climate
change related mental health impacts are unequally distributed
(Cunsolo Willox et al., 2014; Minor et al., 2019), and may vary by
gender (Beaumier et al.,, 2015; Harper et al., 2015; Feodoroff, 2021) and
age (Petrasek MacDonald et al., 2013; Ostapchuk et al., 2015; Petrasek
MacDonald et al., 2015; Kowalczewski and Klein, 2018).

Climate change will increase mental health risks in the Arctic in the
future (medium confidence). Future risks include exposures to severe
weather events and changing precipitation patterns, sea ice loss,
wildfires and changing place attachment, as well as disruptions to
underlying determinants of mental health and social support networks
(Cunsolo Willox et al., 2014; Cunsolo and Ellis, 2018; Markon et al.,
2018; Council of Canadian Academies, 2019; ITK, 2019; Middleton
et al., 2020a; Middleton et al., 2020b).

There is limited evidence assessing adaptation options that
effectively reduce climate-related mental health risks, but developing
or enhancing access to mental health resources and infrastructure is
critical, such as land-based healing programmes, enhanced access
to culturally appropriate mental health resources, and climate-
specific counselling services to support individual and community
psychosocial resilience, particularly among Arctic Indigenous Peoples
(Cunsolo and Ellis, 2018; Middleton et al., 2020a). Incorporating a
climate-sensitive mental health lens into mitigation and adaptation
planning holds potential for increasing mental health and resilience
in the Arctic, as well as supporting other social, economic and cultural
co-benefits.
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Climate change impacts on mental health
and adaptation responses
in the Circumpolar North
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Figure CCP6.3 | The pathways through which climate change impacts mental and emotional health in the Arctic.
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Box CCP6.2 | Arctic Indigenous Self-determination in Climate Change Assessment and Decision
Making

Similar to Indigenous Peoples globally (Cross-Chapter Box INDIG in Chapter 18), climate change vulnerability for Arctic Indigenous
Peoples is often rooted in colonialism, which has led to land dispossession and displacement, carbon-intensive economies, discrimination,
racism, marginalisation and social, cultural and health inequities (Whyte, 2016; Whyte, 2017; Whyte et al., 2019; Chakraborty and Sherpa,
2021). Therefore, effective responses to climate change risks for Indigenous Peoples are self-determined and underpinned by Indigenous
knowledge (IK) (very high confidence).

IK systems are diverse among and within Arctic Indigenous Peoples, and reflect deep and rich knowledge that situates and contextualises
values, traditions, governance and practical ways of adapting to the ecosystem over millennia (Raymond-Yakoubian et al., 2017; Brattland
and Mustonen, 2018). IK is a valuable source of knowledge; a method to detect change, evaluate risk and inform adaptation approaches;
and a cultural ecological service (Brattland and Mustonen, 2018; Crate et al., 2019; Meredith et al., 2019) that is critical for decision
making (Mustonen and Mustonen, 2016; Huntington et al., 2017). For instance, Kalaallit knowledge in Greenland has been used to detect
and attribute long-term (over 50 years) marine change that reaches beyond scientific instrumental data (Mustonen et al., 2018b).

This Box was written by Indigenous authors, recognising that IK and LK are intellectual property (Cross-Chapter Box INDIG in Chapter
18), alleviating the risk of this knowledge being misinterpreted (David-Chavez and Gavin, 2018; Hughes, 2018; Raymond-Yakoubian
and Daniel, 2018) and acknowledging that meaningful inclusion of Indigenous Peoples strengthens and supports Indigenous self-
determination (ITK, 2019). Self-determination signifies and values the capacity and decisions made by these peoples in their own right
and from their own autonomous cultural positioning. Following the format used in SROCC, this Box prioritises Indigenous voices by
presenting climate change assessments premised on IK and written by Indigenous Peoples.

Climate Change, Nomadic Lifestyles and Preservation of Traditions
Perspectives from the Yukaghir Council of Elders and Russian Association of Indigenous Peoples, Russia

Climate change threatens reindeer herding, hunting, fishing and gathering, which form the basis of Siberian Indigenous societies.
Nomadic herding lifestyle is premised on IK which has accumulated over millennia. IK, including the ability to predict weather, has
played a substantial role in the adaptation to the extreme conditions. According to Shadrin (2021), present, rapid changes are changing
Indigenous concepts of reality; they are increasingly finding themselves in situations where their experience and knowledge cannot help
them. An Elder in Northeast Siberia explained that ‘'nature does not trust us anymore’ (Mustonen and Shadrin, 2021).

A major problem for nomadic reindeer herding is the degradation of reindeer pastures (Mustonen and Shadrin, 2021). The expansion
of willows and shrubs into the tundra has resulted in losses of pastures. In other nomadic communities, these changes have led to the
expansion of moose into tundra area and effects of reindeer populations, as well as changes in wild reindeer migration routes leading to
the destruction of domestic reindeer pastures (Mustonen and Shadrin, 2021).

Due to the steady changes in precipitation in recent years, a deeper than usual snow cover has formed in Northeast Siberia (Mustonen
and Shadrin, 2021). This alters the capacity of reindeer to access lichen, their primary food source. Late onset of cold weather has led to
difficulties in the herds moving to their winter pastures. In the summer, increased rainfall has led to waterlogging of low-lying pastures.
The most important challenge is the instability of the weather (Mustonen and Shadrin, 2021). This includes frequent, never-before-seen
warming, combined with rains in the late winter and early spring. Sharp temperature drops of over 30°C occurring within a few hours
lead to formation of an ice crust on the ground which becomes a challenge for reindeer, especially in autumn, and are becoming more
frequent. Furthermore, the number of summer storms and rapid cooling accompanied with snowfall during July has increased. Using IK
to predict weather is the basis of effective survival. It has become extremely difficult due to the unprecedented fast changing conditions
(Mustonen and Shadrin, 2021) (Shadrin, 2021). All of these events lead to increased risks in the lives of Indigenous Peoples (Mustonen
and Shadrin, 2021).

Climate change impacts Indigenous Peoples’ health. Degradation of the quality of surface waters has increased, resulting from new
floods and the thawing of permafrost, which increases risk of gastrointestinal diseases (CCP6.2.8). The 2007 flood on Alazaya River was
of special importance and was locally identified to have produced the first regional ‘climate refugees’ (Mustonen and Shadrin, 2021).
Warming has expanded the distribution of new disease-carrying insects and ticks into new territories (Mustonen and Shadrin, 2021).
Ancient cemeteries and campsites, as well as the burial sites of reindeer, become dangerous as permafrost thaws and coastal erosion
proceeds.
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Box CCP6.2 (continued)

Traditional food security is under threat. Permafrost-based storage facilities have deteriorated (CCP6.2.6) (Mustonen and Shadrin, 2021).
There is an increase in the number of people who are forced to abandon the consumption of raw fish. As a result, the likelihood of losing
cultural traditions is growing. These combined climate change impacts result in loss of IK and nomadic lifestyles, thus losing important
aspects of their identity as distinct Indigenous Peoples (Mustonen and Shadrin, 2021).

Climate Change Impacts on Sémi Women
Perspectives from Sami in Finland

Feodoroff (2021) stresses that many Sami women are central to Indigenous-led adaptation. Indigenous women use their bodies as
gauges of change. For example, the restoration work in Naatamojoki River in Finland (Ogar et al., 2020; Feodoroff, 2021) is based on the
knowledge of traditional fishers and reindeer herders. IK and Western science offer possibilities to reflect on changes that the waters
in Indigenous bodies have known of events of the past (Feodoroff, 2021). Changes in temperature, pain and the gradual passing of
pain, waves and intrusions within Indigenous bodies are knowledges that are difficult to communicate according to Feodoroff (2021).
Women are sensitive to receiving messages from their home environments. Feodoroff (2021) stresses that Indigenous conservation work
is a bodily commitment. This realisation is linked with difficult questions of what or who controls Indigenous bodies. Feodoroff (2021)
links present change with lingering impacts of global environmental damage that has not been dealt with or addressed. It may lead
to real pain in Indigenous bodies and minds, causing feelings of being nauseated and ultimately causing fade-out, wilt, withering and
extinguishment of Indigenous Peoples.

Adaptation Successes Underpinned by Inuit Knowledge
Perspectives from Inuit Circumpolar Council

Inuit have survived and thrived in Inuit Nunaat, their homelands, for millennia. In an environment that presents unique challenges, they
have cultivated resourceful and innovative approaches tailored to their surroundings. Their values and knowledge guide their relationships
with all that is within the Arctic, and this has informed their decisions and management practices that continue to be in place today (Inuit
Circumpolar Council Alaska, 2020). They are experts in adaptation. Now more than ever, in the time of anthropogenic climate change,
living in the fastest warming region on the planet requires this expertise and capacity.

The extraordinary developments in the field of IK have crystallised the main tenant of interaction with the natural world that is ‘integral
to a cultural complex that also encompasses language, systems of classification, resource use practices, social interactions, ritual and
spirituality” (UNESCO, 2017). Inuit have used their knowledge of the land and coastal seas to design technology, monitoring systems
(Atlas of Community-Based Monitoring in a Changing Arctic, 2021) and new hunting routes that respond to the changes they face (Inuit
Circumpolar Council, 2017; Nunavut Climate Change Center, 2018; SIKU, 2020). Such examples of ‘adaptation success’ across Inuit
Nunaat have been showcased and celebrated nationally and internationally (Youth Climate Report, 2019), and all are underpinned by
Inuit knowledge and pivot on their right to self-determination. This is also embodied, for example, in Canada; the National Inuit Climate
Change Strategy outlines the collective Canadian Inuit plan for climate action, centring on Inuit-determined priorities to protect their
culture, language and way of life, and guiding partners in how to work with Inuit on implementing this strategy (ITK, 2019). Their action
on adaptation also spans scales from local to international. As far back as 1977, Inuit have been organised and involved at the international
level. Inuit were present at the Rio Earth Summit and have participated in diverse but interrelated United Nations conventions to protect
their homelands (e.g., UNFCCC, CBD, Stockholm Convention). This history gives us unique insight and positions us as both leaders and
partners with the ability to engage directly with governments, business and others.

However, while Inuit are often recognised as leaders in adaptation, too often the academic literature ends there, citing ‘successful Inuit-
led adaptation to climate change’ but not going further to explore towards what end this adaptation is designed. We have demonstrated
leadership and set an example for the world in how to respond to change, but successful adaptation is not enough; it is not the end goal.

Central to their significant capacity to adapt is that it is done in recognition of the need to move beyond adaptation. Indeed, Inuit-led
adaptation action is founded on the intention of contributing to and moving towards reformation and eventual transformation of systems
to create a ‘climate resilient’ Arctic. This concept has surfaced in academic climate change literature and discussion and has begun to
filter into the climate policy arena, especially within the context of the current COVID-19 pandemic that challenges us all to think about
our world differently. With acknowledgement that reform and transformation is needed, the question remains, ‘What does this look like?’
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Box CCP6.2 (continued)

Inuit have an answer. System reform and transformation is grounded in self-determination. It is based in a human rights framework and
rooted in IK and culture. It recognises and respects interconnectedness and builds this into solutions. It demands collaboration and true
partnership towards action. And it comes from thinking big and across scales. Shaping this change calls for willingness and support to
rethink the current economic and governance models that have failed us. For example, decentralising governance and management,
while it remains largely unconventional, has been shown to create some of the strongest systems we have. This is, in large part, due to
the way in which decentralisation places more value and responsibility on the ‘self' in self-determination. Decentralised processes in the
Arctic have IK holders playing a key and lead role in determining, defining and deciding how to work towards positive change.

Across Inuit Nunaat, examples of direct management and control over lands, territories and resources have demonstrated that working
from what is happening on the ground throughout their homelands, from their priorities and interests, has served to strengthen the
health of their environment and their communities. For example, a comparative analysis on factors supporting and impeding Inuit food
sovereignty between Alaska and the Inuvialuit Settlement Region found that the difference in outcomes within these regions is dependent
on explicit respect for and recognition of the Inuit right of self-determination (Inuit Circumpolar Council Alaska, 2020). Furthermore, a
new agreement achieved in Nunavut by the Qikigtani Inuit Association related to the marine environment touted as an exemplary model
for marine management is rooted in Inuit-determined structures and policies, and manifested by Inuit themselves (QIA, 2019).

Emphasis on decentralised management and substantial funding to do so at the grassroots level has been recognised by the IPCC
previously in the SROCC. Ultimately, going beyond reform to system transformation requires, as Oren Lyons has stated, ‘value change for
survival' (Lyons, 2020). Valuing decentralisation, self-determination, Inuit knowledge, interconnectedness—core values held by Inuit—

can move us in a climate-resilient direction.

CCP6.3  Key Risks and Adaptation

CCP6.3.1  Key Risks

Key risks arising from changing climate hazards are presented in
Table CCP6.6 (details in SMCCP6.4). Changing levels and magnitude of
climate hazards translate into different levels of risks for ecosystems,
industry, society and infrastructure (Figure CCP6.4) (see Meredith et al.,
2019 Figures 3.5, 3.10 (Arctic), Figure 3.6 (Antarctic). In the Arctic,
these risks are often also shaped by non-climatic factors (Huntington
etal., 2019; Ford et al., 2021), including ongoing colonial legacies, land
dispossession, landscape fragmentation and resulting challenges in
the valuing and meaningful use of IK and LK (Box CCP6.2) (Huntington
et al, 2019; Kelman and Neess, 2019; Ford et al., 2020). Available
literature enabled assessment of particular polar assets based on
projected future risk and including consideration of non-climatic
compounding factors under 1°C, 2°C, 3°C and 4°C global warming
above pre-industrial level, including sea ice ecosystems, marine
mammals, sea birds, fisheries, infrastructure (Arctic only), local mobility
(Arctic only) and coastal erosion (Arctic only) (Figure CCP6.5) (details
in SMCCP6.4).

CCP6.3.2  Adaptation

CCP6.3.2.1 Current adaptation

Across polar regions, adaptation responses to climate change impacts
have ranged from rapid and incremental (e.g., shifting phenologies,
alternative harvest or herding strategies) to large and transformative
(e.g., switching livelihoods, social-ecological system transformation)
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(Figure CCP6.6). Some adaptation measures and opportunities
induce novel risks to other sectors or systems resulting in cascading
and compounding consequences that are sometimes hard to predict
or prepare for (Huntington et al.,, 2015) (Table CCP6.6). Adaptation
planning and implementation is greater in the Arctic than Antarctic
regions, in part due to disparate magnitudes of realised climate impacts
and change between regions (Figure CCP6.2; Table CCP6.1) but also
because of the differing governance systems in place (Meredith et al.,
2019). In the Antarctic region, a climate action plan has been developed
for terrestrial systems but not for the Southern Ocean (Meredith et al.,
2019), although strategies for adapting to climate change have been
proposed, including incorporation of precaution in decision making
(Constable et al., 2017). In the Arctic, climate change information is
increasingly integrated into research, policy and decision making
including incorporation of climate change projections, forecasts and
early warnings (AMAP, 2017; AMAP, 2018a; Marshall et al., 2019; Dorn
and Zador, 2020; Hollowed et al., 2020; Stram et al., 2021).

The majority of adaptations in the Arctic are occurring at sub-regional
levels in response to both observed and projected climate change, with
evidence of increasing regional level action driven by climate planning
processes of subnational governments (AMAP, 2017; Labbé et al., 2017;
AMAP, 2018a; Canosa et al., 2020). Implemented adaptation includes
alterations to building codes and infrastructure design (Shiklomanov
et al., 2017; Flynn et al., 2019; Standards Council of Canada, 2020),
surveillance (Ruscio et al., 2015; Ford and Clark, 2019; Meredith et al.,
2019), information sharing (Berner et al., 2016), changes to survey and
monitoring design (Stevenson and Lauth, 2019), hazard mapping (Flynn
et al, 2019), use of new technologies (Tejsner and Veldhuis, 2018;
Galappaththi et al., 2019), the development of regional and municipal
adaptation plans (Labbé et al., 2017), shifting stocks and changes in
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Table CCP6.5 | Key risks (KR) and illustrative examples in polar regions identified through the processes described in Chapter 16 and SMCCP6.4.

Key risk

Direct and indirect factors contributing to risk

KR1. Risk to marine ecosystems and species
(CCP6.2.2; CCP6.2.3)

— Warming, MHW, sea ice loss, glacial and IS melt, OA, invasive species, harmful algae blooms

— Narrow thermal niches, altered marine habitat, hampered calcification, higher corrosivity for CaCOs shell/skeleton, phenological
mismatch, physiological/life history effects, sensitive food web relationships, reduced trophic (energy) transfer efficiencies,
increased light availability, nutrient limitation, and changes to salinity, stratification, oxygen levels

KR2. Risk to terrestrial and freshwater ecosystems
and species (CCP6.2.4)

— Warming, hydrological changes, terrestrial heat waves, change in rain and snow events, increased wild- and mega-fire events in
Arctic, permafrost thaw, and erosion

- Vegetation browning/greening, narrow thermal niches, physiological/ life history effects, sensitive food web relationships, parasites
and disease

KR3. Risk to commercial and private infrastructure

— Permafrost freeze—thaw, extreme heat and precipitation, rapid warm-thaw events, storms, increased wave activity, storm surges,
flooding, landslides and erosion
— Roads, airstrips, railways, ports, commercial buildings, private homes, ice cellars, traditional snow/ice/water travel routes, other

(CCP6.2.6) .
infrastructure

- Permafrost freeze—thaw and SLR impacting cultural assets, including cultural heritage sites

KR4. Risk to food and nutritional security (CCP6.2.5)

— Warming, OA, sea ice loss, permafrost loss, changes to precipitation, wildfires, hydrological changes
— Access to marine areas increased, to coastal and terrestrial areas decreased; effects on subsistence and commercial species

KR5. Increased polar shipping traffic with cascading
risks for navigation, safety, ecosystems and culture
(CCP6.2.4; CCP6.2.5; Box CCP6.2; FAQ CCP6.1)

— Substantial reduction in sea ice extent and thickness
— Marine subsistence species; coastal communities; Inuit hunters; ship operators; tourism operators; mining companies

KR6. Increased mental health challenges and
impacts on Indigenous Peoples and culture
(CCP6.2.6.4; CCP6.2.7; CCP6.2.8. Box CCP6.2; FAQ
CCP6.3)

— Warming temperature; heatwaves; ice changes; changes in snow cover; permafrost thaw; coastal erosion; changing landscapes

KR7. Risk from polar change for global processes
and SLR (FAQ CCP6.1)

— Reduction in Arctic sea ice, sheets and glaciers have implications for planetary albedo and ocean stratification and salinity,
acceleration of global warming, potential effects on global overturning circulation and Northern Hemisphere weather patterns
— Cultural and resource connections to global sustainable development

fishery operations and location (Jargensen et al., 2019; Fedewa et al.,
2020; Thompson et al., 2020), alterations to subsistence harvesting
activities (Anderson et al., 2018; Ford et al., 2018; Galappaththi et al.,
2019), co-production of knowledge (Raymond-Yakoubian and Daniel,
2018) and application of IK for resource management (Robards et al.,
2018) and to monitor storms (Rosales et al., 2021; Simonee et al.,
2021). Pan-Arctic and national-level adaptation remains limited (Ford
et al., 2014; Canosa et al., 2020), although there have been few efforts
to examine the nature of adaptation responses in Arctic regions and
large gaps in understanding.

lllustrative examples of direct and cascading risks, enabling principles
of climate resilience pathways, anticipated future conditions (with
certainty levels and compounding risks for key sectors within polar
regions) are outlined in Table CCP6.6. A list of adaptation options
responding directly to the challenges outlined for each sector, including
an analysis of adaptation effectiveness and feasibility and cross
referenced with KR assessed in this chapter (Table CCP6.5), is provided
in Figure CCP6.6.

The need for self-determination for Indigenous Peoples and local
communities in decision making and cooperation across Arctic nations
to manage a rapidly changing Arctic is increasingly recognised,
particularly in a shipping and wildlife management context where
climate impacts will be transboundary and multi-sectoral (Spence,
2017; Forbis and Hayhoe, 2018; Ford and Clark, 2019; Dawson et al.,
2020) (CCP6.2.6; Box CCP6.2). Effective Indigenous and community-
led adaptation efforts have been implemented across the Arctic to
alleviate climate and non-climate stressors and build resilience
through restoration and conservation (Huntington et al, 2017;

Brattland and Mustonen, 2018; Hudson and Vodden, 2020; Mustonen
and Feodoroff, 2020; Uboni et al., 2020; Huntington et al., 2021). For
example, IK and science has been used by the Skolt Sami in Finland to
attenuate warming, drought and water quality impacts on salmonids
through restoration of spawning and nursery habitats in the Vainosjoki
River catchment (Brattland and Mustonen, 2018; Mustonen and
Feodoroff, 2020; Ogar et al., 2020). This ecological restoration of
damaged habitats for fish represents community-led actions. In
Aasiaat, Greenlandic hunters have implemented community-based
oceanographic and ecological monitoring to convey IK observations
of rapid change to the government and scientists. A special aspect of
land use in the Russian North is the preservation of nomadic lifestyles
of the Nenets and Chukchi (Mustonen and Mustonen, 2016), and
while these traditional economies have undergone rapid change due
to non-climate drivers, their land uses, observational frameworks and
cultural matrixes remain of high importance in the context of climate
change. Endemic responses (self-agency from within the culture)
and Indigenous governance enable adaptation to the rapid and
accelerating changes under way (Mustonen et al., 2018a). Therefore,
community-based monitoring and inclusion of IK in dialogue with
science has been an effective mechanism to detect and respond to
climate change.
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Rapid assessment of relative risk by sector and climate hazard for polar regions
based on an assessment of asset-specific vulnerability and exposure across climate hazards
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Figure CCP6.4 | Rapid assessment for relative risk by sector (y-axis) and climate hazard (x-axis) for polar regions based on an assessment of asset-specific
vulnerability and exposure across climate hazards (see SMCCP6.4 for methodological details). For each unique combination, the hazard by sector risk was ranked as
very high (very high risk and high confidence), high (significant impacts and risk, high to medium confidence), medium (impacts are detectable and attributable to climate change,
medium confidence) or low/not detected/positive (risk is low or not detectable). Blank cells are those where the assessment was not applicable or not conducted. Risks identified
through the rapid assessment were further evaluated in the chapter assessments (see corresponding sector text for full assessment of risk and impacts).
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Relative risks to select assets in the Polar regions
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Figure CCP6.5 | Burning ember of the relative risks to select assets in the polar regions as a function of global mean surface temperature increase since
pre-industrial times including: (1) sea ice ecosystems, (2) marine mammals, (3) sea birds, (4) fisheries, (5) infrastructure (Arctic only), (6) local mobility (Arctic
only) and (7) coastal erosion (Arctic only). The supporting literature and methods are provided in SMCCP6.5

Table CCP6.6 | Assessment of risks needing adaptation by sector in the polar regions.

Sector

Direct and cascading risks

Enabling principles of cli-

Anticipated future condi-

Compounding risks (non-cli-

()

Coastal settlements
(CCP6.2.5)

Change in extent of sea ice with
more storm surges, thawing

of permafrost, SLR and coastal
erosion

mate resilience pathways

Local leadership and
community-led initiatives to
initiate and drive processes,
responsive agencies, established
processes for assessments and
planning, geographic options

tions/level of certainty

Increasing number of
communities needing relocation
(medium confidence), rising
costs for mitigating erosion (high
confidence)

matic factors)

Limitations of government
budgets, other disasters that may
take priority, policies deficiencies
for addressing mitigation and
relocation

Human health
(CCP6.2.6)

Increased food insecurity,
waterborne disease, emerging
pathogens, injury and death, and
negative mental health outcomes

Resources to support public
programmes; Indigenous
self-determination; access

to technology; supporting IK
systems; interdisciplinary and
integrated decision making

The intersection of social
determinants of health will
modify or mediate climate change
impacts on health (very high
confidence)

Underlying health conditions,
advances in diagnosis and
treatment, and other health
system shocks (e.g., COVID)

Transportation (aviation, rail, road,
ice roads)

Permafrost thaw, sea ice

change, storm surge, coastal
erosion, changing precipitation
patterns (ice pellets, hail) and
extreme events create risks to
transportation infrastructure with

Financial and human resources
for: climate-resilient infrastructure
research, development and
implementation; improved
weather, water, ice and climate
forecasting at appropriate scales;
improved communications

Limits to adaptation exist

(high confidence), but strategic
investments in technologically
innovative infrastructure that
offers mitigation co-benefits
will greatly enhance adaptation

Level of local, regional and
national infrastructure
development, commitment

of national and state level
government to sustainable
development pathways, global
economic and political trends,

(Box CCP6.1; FAQ CCP2)

black carbon and air emissions,
impacts to cultural resources,
implications for subsistence
hunting and food security,
increased accidents and incidents

multi-national and longitudinal
research on shipping impacts;
and enhancing modern digital
maritime charting

near-term compared with late
century when ice is expected to
diminish completely during the
shipping season (high confidence)

(CCP6.2.4.3) consequences to navigation, . effectiveness (very high o
. ) infrastructure; local search and ) commodity prices, unforeseen
economics, safety and security confidence)
rescue system shocks
Sea ice reduction leading to
. o d Financial support for ship-building . . .
increased shipping related to R L Ship traffic will continue to grow
T technologies (e.g., low-emission . ) ) )
trade, tourism, fisheries, resource . ) in polar regions (high confidence), - .
) fuels, propulsion technologies, hull ) ) ) Geopolitical and sovereignty

development and re-supply with with Arctic trade routes becoming L

o . strength); development of robust . . X X debates; shipping insurance
cascading risks from ships such . ) increasing accessible (very high . )

X X multi-national agreements (in ) o premiums; global economic

as: increased under-water noise, " - confidence) albeit with more L

e . L addition to existing agreements); . L trends; commodity prices;
potential introduction of invasive . ) . challenging navigation due to . . o

. o inclusion of Indigenous Peoples . . S national policies and politics;
Shiopi species, fuel spill risks, release of . . o ) increases in mobile ice in the X .
Ipping in decision making; investment in level of infrastructure investment;

availability of search-and-rescue
assets, and modern charting

Infrastructure
(CCP6.2.5)

Loss and damage to infrastructure
from permafrost thaw affecting
stability of ground; coastal
erosion; SLR

Resources for assessments,
mitigation, and where needed,
relocation

Increasing cost to maintain
infrastructure and greater demand
for technological solutions

to prevent damages (high
confidence)

Strength of regional and national
economies, other disasters that
divert resources
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Sector

Direct and cascading risks

Enabling principles of cli-

Anticipated future condi-

Polar Regions

Compounding risks (non-cli-

Non-renewable resource
extraction (Arctic only)
(CCP6.2.4.1)

Reduced sea ice improves access
to non-renewable resources

in remote Arctic regions, while
warming temperature and
thawing permafrost affect
production levels, quality, and
reliability and season length of
ice roads, leading to increased
operational costs

mate resilience pathways

Investment in climate-resilient
infrastructure and low-emission
transportation (shipping) and
investment in solar powered ships
and low-impact modular mining
camp infrastructure

tions/level of certainty

Increase in mining in newly
accessible marine regions
(medium confidence), frequent
false starts (i.e., due to climatic
and non-climatic factors) (high
confidence) and high levels of
operational uncertainty (i.e.,
commodity prices, economic
trends, climate risks) (very high
confidence)

matic factors)

Commodity prices; global
economic trends and shocks;
Indigenous rights and

decisions; changing regulatory
environments, geopolitics, global
demand for resources

Tourism
(CCP6.2.4.2)

Increased demand for polar
tourism activities including
development of ‘last chance
tourism’ market; increased
tourism improves economic
conditions but leads to increased
environmental and cultural
impacts

Financial resources for service

and infrastructure development;
Indigenous self-determination and
development of co-management
approaches for natural and
cultural attractions; development
of multi-stakeholder/rightsholder
tourism task teams

Polar tourism demand will
continue to increase, especially
for cruise and yacht experiences
(high confidence) and enhance
risks related to ship groundings,
accidents and incidents (medium
confidence)

Limited search and rescue
capacity, poor infrastructure,
aging expedition cruise ship fleet,
uncharted waters, geological

and sovereignty debates, global
economic trends, unforeseen
events (i.e., severe acute
respiratory syndrome (SARS),
COVID-19) altering tourism
demand patterns

Reindeer herding
(CCP6.2.3.1;6.2.3.2;6.2.5;
Box CCP6.2)

Rain-on-snow events causing high
mortality of herds, especially in

the autumn season; shrubification
of tundra pasture lowering forage

quality

Flexibility in movement to
respond to changes in pastures,
secure land use rights; adaptive
management; continued economic
viability and cultural tradition;
self-determination in decision
making; adequate support for
communication and technological
services; Indigenous rights upheld
and protected

Increased frequency of extreme
events and changing forage
quality adding to vulnerabilities
of reindeer and herders (high
confidence); adaptation limits are
being approached

Change in market value of meat;
overgrazing; land use policies
affecting access to pasture and
migration routes, property rights;
cost of feed

sl <

Commercial fisheries
(CCP6.2.3)

Loss of sea ice, warming waters
and MHWs transform ecosystems
in the Arctic with impacts on
fisheries including declines in
multiple regions; changes to
Antarctic ecosystems affect
southern fisheries productivity
and distribution

Implementation of adaptive
management that is closely
linked to monitoring, research
and low cost and inclusive

public participation in decisions,
high-resolution forecast and
projection tools, climate-informed
survey and monitoring design

Changes in availability and
location of fishery resources

will impact fish operations in

the EBS and Barents Sea as

well as the Convention for the
Conservation of Antarctic Marine
Living Resources area. Declines in
catch impact livelihoods, coastal
communities, and pose a risk to
regional and global food and
nutritional security (very high
confidence)

Changes in global demand for
seafood, demand and markets,
changes in gear, changes in
policies affecting property
rights. Changes due to offshore
development and transportation

-
Marine subsistence
(CCP6.2.3; CCP6.2.3.1)

Changes in species distribution
and abundance (not all negative);
impediments to access of
harvesting areas especially sea
ice; increased interactions with
shipping; safety; changes in
seasonality; reduced harvesting
success and process of food
production (processing, food
storage; quality); threats to culture
and food security

Systems of adaptive
co-management that allow

for species switching, changes
in harvesting methods and
timing, secure harvesting rights,
communication and relationship
building, co-production of
knowledge

Changes in distribution and
abundance of resources combined
with more regulations related to
species at risk. Adaptation at the
local, individual, and household
level under low mitigation
scenarios will be costly and
possibly undermined by the scale
and pace of change, including
climate shocks and extreme
events (medium confidence)

Changes in cost of fuel, land use
affecting access, food preferences,
harvesting rights; colonialism,
international agreements to
protect vulnerable species

¥

ol e
=i S R
-iwd

Marine ecosystems
(CCP6.2.1)

Warming, sea ice loss, OA
resulting in poleward contraction
of polar zones, invasive species
introduction, displacement of
polar species, and restructuring of
food webs

Reduce effects of external and
compounding risks and increase
application of EBM to meet
biodiversity and management
goals. Conservation of genetic
diversity and biodiversity

to preserve resilience, and
supplementation and assisted
migration may be needed

Without institutional investment
in sustaining climate resilience

in ecosystems across sectors,
there is a high risk of failure (high
confidence)

Novel and expanding activities in
ice-free areas (shipping; fishing),
energy development and mineral
extraction, increased tourism,
global markets and demand

for polar resources, population
growth and community relocation
to coastal areas
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Anticipated future condi-
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Compounding risks (non-cli-
matic factors)

Terrestrial and freshwater
ecosystems
(CCP6.2.2)

Warming, hydrology changes
(reduced ice on lakes and rivers,
flooding, snow) and permafrost
thaw lead to impacts on polar
terrestrial and freshwater systems,
food webs, the distribution

of polar fish, implications for
peat systems with consequent
changes on dependent animal
assemblages and increasingly
favourable conditions for
parasites and pathogens.
Increased risk of wildfires in the

mate resilience pathways

Improving biodiversity and

redundancy to enhance resilience.

Efforts to minimise and prevent
extinctions; preservation of
ecosystem processes and
habitats during critical life
stages; coordinated governance;
measures and planning that
consider dynamic interactions
within and among social and
ecological systems are more
effective

tions/level of certainty

Without institutional investment
in sustaining climate resilience
in ecosystems across sectors
there is a high risk of failure
(high confidence). Arctic regions
have greater understanding of
resilience needs, but coordination
is not widespread. Antarctic

has established action plans to
identify key management needs
for conserving terrestrial and
freshwater biota.

Novel and expanding activities in
ice-free areas (shipping; fishing),
energy development and mineral
extraction, increased tourism,
global markets and demand

for polar resources, population
growth and community relocation
to coastal areas

Arctic

Assessment of feasibility and effectiveness of adaptation options 2020-2040  2080-2100  Feasibility

by key risks in the polar regions

Low Medium High Low Medium High Low Medium High

Adaptation KeyRisks:1234567 1234567 1234567
Maintenance of erosion mitigation; relocation planning, secure funding, access to financing o o LR A A
Health surveillance programs, search and rescue capacity, community-based food programs (e.g.

community-freezers), on-the-land programming, community-based monitoring of trail conditions, and o0 ole il &
cultural programming

Investment in climate resilient technologies and infrastructure, development of new weather, water, ice, and

climate forecasting techniques, improving communications infrastructure, adherence to adaptive and ) ° "

dynamic planning policies, investment in search and rescue, improved charting

Investment in maritime infrastructure, multi-national agreements on ship safety, operations, and building;
investment in ship-building technologies including solar powered ships; robust national and international risk ® | @ ¢ ® 0 A 4
mitigation policy, support for Arctic Council shipping initiative, search-rescue-spill response

. Updated infrastructure codes; upgrades to infrastructure (e.g. increased diameter culverts and drainage o0 o0
7 T systems; base-layer modification, thermosyphon installation; modified binder/sealant application,
base-layer strengthening; increased diameter roof drainage systems)

Maritime infrastructure investments, climate-resilient rail systems to port-based extraction, cross-sectoral
coordination in offshore extraction areas

AAA A

Implementation of voluntary guidelines for activities, attractions, and special sites; carrying capacity
restrictions; development of strong industry associations; strong local community leadership; investment oo o L AR AR
in services and infrastructure with co-benefits for industry, scientists and communities.

Changes in movement patterns of herders; policies to ensure free-range movements; supplemental
feeding, protection and enhancement of grazing areas

Change in gear, timing of fishing or hunting, species switching; mobilization to be involved in political
action; co-production of knowledge; co-management; Indigenous self determination in decision makingand ee eee®
resource management
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Implementation of climate-informed ecosystem-based management; diversification of harvest and livelihood
portfolios to buffer climate shocks; climate-informed decision support tools; low cost inclusive L4
participatory decision-making to support effective adaptation

LR ) . M A

Spatial and land co-management; conservation and ecosystem-based solutions; protection of climate refugia; 000@ o+ 1444 |ti dAdA| |4
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in environmental conditions
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integrated planning and ecosystem-based management minimizing compounding pressures; measures to
increase or conserve biodiversity and ecosystem connectivity; enhancing biotic resistance; and minimizing
vectors of for invasive species

Figure CCP6.6 | Assessment of feasibility and effectiveness of adaptation options by KR in the polar regions (Table CCP6.6).
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CCP6.3.2.2 Adaptation gaps

In a study of adaptation progress across the Arctic from 2004 to 2019,
233 cases of adaptation were documented, with the majority of actions
primarily behavioural and reactionary in nature and undertaken in
the subsistence harvesting sector, with resource management, and
infrastructure and transportation other prominent sectors where
adaptation responses were documented to be occurring (Canosa et al.,
2020). The study found few changes in the profile of adaptation over
time, except for an increase in responses being motivated solely by
climate impacts, and few cases of transformational change, although
it should be noted that a lack of data on adaptation actions makes
documenting trends challenging. Human health is generally under-
represented in adaptation initiatives, along with adaptations being
developed within larger Arctic settlements (Ford et al., 2014; Canosa
etal., 2020), and in many sectors decisions continue to be made without

Polar Regions

explicit inclusion of climate change impacts and risk in planning
and design (high confidence) (Cherry et al., 2017; Lauta et al., 2018;
Meredith et al., 2019). There is limited evidence of transformational
adaptation taking place in the policy arena (e.g., U.S. Executive Order
13990, 2021), but many examples of how impacts and responses
to climate change have transformed social-ecological connections,
traditions, markets, trade and livelihoods of Arctic residents and
Indigenous Peoples (Ford et al., 2015).

CCP6.3.2.3 Maladaptation and limits to adaptation

In polar regions, multiple entities operate simultaneously to manage
lands and resources, resulting in layered approaches and policies for
the same sector or region, only some of which are synergistic and a
few of which may counter each other (e.g., Southern Ocean: Solomonsz
et al, 2021). Climate change and attendant uncertainty can undermine

Climate change impacts, risks, and potential for adaptation in Arctic (upper panel)

and Antarctic (lower panel) social ecological systems.
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informed advice with EBM, nowcasts, & seasonal to
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Adaptation: Indigenous
co-management, protect & enhance
grazing habitats, enhance forage

Impact: Sea ice mobility &
near-term shipping
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charting, enhanced local
search & rescue,
technological developments
in ship-design

Impact: Loss of multiyear ice, early break
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dependent species, shipping interactions
Adaptation: Nowcasting & real time
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Adaptation: Climate-informed
Ecosystem Based
Management (EBM),
measures to reduce pressure
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Adaptation: Protection of
important prey fields &
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interference and increase
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Adaptation: Increased detection, reporting, &
control, preventative measures to reduce vectors,
habitat protection to increase biotic resistance,
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development on climate resilient
infrastructure, climate informed
planning and relocation

Figure CCP6.7 | Climate change impacts, risks and potential for adaptation in Arctic (upper panel) and Antarctic (lower panel) social-ecological systems.
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stakeholder confidence in management, leading to less effective
management even when scientific understanding is stable (Mumby
et al, 2017). In the Arctic, large landscapes, dispersed population
centres, limited resources and settler colonialism are structural barriers
to effective planning, emergency response, and relief and recovery
from climate impacts (medium confidence), which limit adaptation and
sometimes exacerbate climate and non-climate pressures on social and
ecological systems (Ford et al., 2015; Ford et al., 2020; Snook et al.,
2020).

Adaptation strategies that are beneficial in the short term can
result in long-term maladaptive outcomes. For Indigenous Peoples,
strategies that fail to address colonialism, inequities and injustices
undermine effective adaptation (Canosa et al., 2020; Schipper, 2020;
Ford et al., 2021). Large ‘responsiveness gaps’ between impacts and
implementation, approaches that fail to consider dynamic responses
within social and ecological systems (which amplify or attenuate
climate impacts), and a paucity of a priori planning can contribute
to maladaptation (high confidence) (Pentz and Klenk, 2017; Turner
et al., 2020b). For example, rationalisation (privatisation) can stabilise
fisheries and incentivise long-term sustainability under stationary
conditions, yet also promote low diversity in harvest (or livelihood)
portfolios, and when combined with behaviours to offset climate
driven declines in yield (e.g., effort or price), rationalisation can create
lock-in to declining stocks, increasing the risk of income variability
and collapse (Kasperski and Holland, 2013; Pinkerton and Davis, 2015;
Holland et al., 2017; Ojea et al., 2017; Anderies et al., 2019; Fisher et al.,

Frequently Asked Questions
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2021). Policies that foster stewardship yet also allow for diversification
in fisheries may further attenuate climate shocks to individual fisheries
(Kasperski and Holland, 2013; Fisher et al., 2021) and stabilise catches
(e.g., US Bering Sea pollock fleet (Watson and Haynie, 2018)). Inclusive
and participatory decision making underpins long-term resilience
to climate change (medium confidence)(Flynn et al., 2018; Ford
et al,, 2020), but a high cost of participation can disproportionately
favour entities with strong investment, ample resources and extreme
viewpoints such that decision outcomes are not in the broad interest
of polar societies (Lynham et al., 2017).

There are significant limits to adaptation in the polar regions related
to the rate of warming and cascading changes that are occurring,
which is equivalent to double and sometimes triple the global average
depending on the region (Bush and Lemmen, 2019; IPCC, 2021). The
rapid pace of change, such as sea ice loss, can outpace ecological
processes and induce substantial ecological shifts (CCP6.2) (medium
confidence). The speed of climate change in the Arctic limits options
for adaptation in communities who rely on a narrow resource base,
when adaptation involves loss of culture and livelihoods, and when
the costs of adaptation make it infeasible (medium confidence) (Ford
et al.,, 2015), such as for reindeer herding (Table CCP6.6; Figure CCP6.6;
Figure CCP6.7) (Meredith et al, 2019). Adapting infrastructure in
response to a rapidly changing cryosphere will be limited by available
technologies and the relatively higher costs associated with updating
infrastructure over vast polar regions (Schneider von Deimling et al.,
2021).

FAQ CCP6.4 | When will climate change impacts in polar regions surpass our ability to adapt?

When environmental variability is within the range of the current adaptive management approaches, the social-ecological system can thrive.
However, the rapidly changing polar systems are causing disruptions to societies, economies and ecosystems. The current management systems
are yet to develop procedures for managing rapid change being experienced in warming waters, sea ice declines, permafrost thaw and erosion,
and poleward shifts in species. These challenges are expected to become more pronounced within a few decades rather than later this century.

Polar regions are naturally dynamic environments. Ecosystems in polar regions, and the people who rely on them,
have adapted to natural variability and dynamic nature of polar environments. Fish populations in polar regions
are known to exhibit cycles of productivity, and shift their distribution across hundreds of kilometres in response to
changes in winter sea ice cover and concomitant summer ocean conditions. Management of the productive fisheries
in polar regions is also designed to allow for these changes, using adaptive and ecosystem-based approaches that
buffer populations from overexploitation and also stabilise fisheries, livelihoods and food resources. Indigenous
Peoples diversify their subsistence harvest across species and resources and, therefore, similarly stabilise food and
nutritional security.

When environmental variability is within the range of these adaptive measures, the social-ecological system can
thrive. Thus, there are fundamental components in place in polar regions already to help ecosystems and people
adapt to some degree of climate change. However, as climate change impacts like warming waters, sea ice loss,
permafrost thaw and erosion systematically alter components of the system, shift species increasingly poleward, and
disrupt linkages between species and people, the ability to adapt is reduced. There are critical tipping points (e.g.,
sea ice melt, permafrost thaw) where changes may cascade, self-reinforce and accelerate, outpacing adaptation
actions and force natural and human systems irreversibly (on the scale of human existence) into novel regimes.
The risk of crossing tipping points is greater and the probability much increased after mid-century under scenarios
without global carbon mitigation (SSP5 8.5), where changes are largest and most rapid.
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CCP6.4 Climate Resilient Development
Pathways

The polar regions are expected to experience many economic
development opportunities as a result of climate change, including
increased accessibility for shipping and attractiveness for fisheries and
tourism (CCP6.2.3.1, CCP6.2.4). For polar regions, equitable climate
resilient development requires diverse perspectives in planning and
implementation. In the Arctic, cultural, social and economic dimensions
of Indigenous Peoples and local communities are critical (Ritsema
et al., 2015; Huntington et al., 2021). For both poles, there are global
cultural connections to polar systems (Roberts et al., 2021), along with
important global and local needs for sustained ecosystems and their
services, in the face of diminishing polar zonal conditions (Cavanagh
et al.,, 2021; Murphy et al., 2021; Solomonsz et al., 2021).

Sustainable pathways integrating across sectors, and taking account of
local and global connections, can be readily achieved in polar regions
to balance trade-offs between economic, ecological and sociocultural
imperatives, yet challenges remain (Murphy et al., 2021). Notably,
terrestrial areas of greatest interest for infrastructure development,
agriculture and visitation potential are often also the same areas that
have been identified as culturally and ecologically significant (PEW,
2016; Eliasson et al., 2017; Grant et al., 2021) (high confidence).
Development of low-impact shipping corridors in Arctic Canada
is an example of an effective mechanism where climate-resilient
infrastructure can be prioritised and where regulation (voluntary and
enforced) focused on cascading climatic risks can be implemented
(Chénier et al., 2017; Dawson et al., 2020).

CCP6.4.1  Challenges to Climate Resilient Development

Pathways

Decision making in polar regions is complicated by globalisation
processes and the complexity of governance arrangements from local
to global instruments and differing stakeholder perspectives and
needs (Hughes et al., 2018; Stephen, 2018; Huntington et al., 2021;
Murphy et al., 2021; Solomonsz et al., 2021). Substantial interest in
and management of polar resources from non-polar states can lead
to decision making that lacks explicit consideration of local impacts
and responses, thus reducing the effectiveness of adaptation and, in
some cases, causing maladaptation. Participatory decision making
is increasingly used in some sectors, but high costs of participation,
a focus on consensus, and systematic erosion of resources can
undermine outcomes (Mumby et al., 2017; Parlee and Wiber, 2018;
Mendenhall et al., 2020). In the Arctic, the societal burden of climate
change impacts and risks will manifest at the local level, and thus
the importance of local scale leadership and involvement in decision
making is essential for effective adaptation (AMAP, 2017).

Many losses and damages within Indigenous contexts are not able
to be monetised but can be profound, such as loss of Indigenous
languages (CAFF, 2013), loss of IK associated with nomadic lifestyles
and cultures (Box CCP6.2), and loss of geographical knowledge
associated with an intimate knowledge of landscapes across seasons
(Brattland and Mustonen, 2018), changing landscapes resulting in
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solastalgia and ecological grief (Cunsolo and Ellis, 2018), and some
Indigenous practices and cultural assets, such as burial grounds,
nomadic camp sites, graveyards, seasonal dwellings, and routes and
pathways causing disruptions to mind and memory (Mustonen and
Mustonen, 2016). Recognising these intangible losses and damages
is critical for understanding how to achieve climate resilience in the
Arctic (Tschakert et al., 2019; Sawatzky et al., 2020).

For the Antarctic, the governance for managing climate impacts is
emerging, particularly for terrestrial and nearshore habitats (high
confidence) (Hughes et al., 2018; Chown and Brooks, 2019). However,
it is poorly developed for marine ecosystems, despite its importance
for decision making (Trebilco et al., 2020; Goldsworthy and Brennan,
2021). A diversity of stakeholders is involved in developing evidence-
based management for the region, which presents challenges for
adaptation planning (Solomonsz et al., 2021), particularly in identifying
sustainable practices in a changing environment (Constable et al.,
2017; Brooks et al., 2018). Spatial management for enhancing the
resilience of endemic polar biodiversity is increasingly proposed as the
best option for managing risks of climate change (Chown and Brooks,
2019).

CCP6.4.2 Inclusive, Integrated Co-management

Inclusive, low-cost participatory decision making can deliver equitable
responses to climate change (high confidence). Land use, maritime
activities and subsistence fishery and other extracted resources in
the polar regions are co-managed through multi-lateral and national
government bodies. The capacity of governance systems in some
Arctic regions to respond to climate change has strengthened recently
(high confidence). Synthetic themes in adaptation for the Arctic have
emerged from and since SROCC and include flexibility through diversity
in livelihoods, and subsistence and harvest portfolios; co-management
of resources; adaptive and ecosystem-based approaches; adoption
of advanced technology, forecasts and longer-term projections to
improve safety and resources management; and imperative need for
low-cost, inclusive and participatory decision making (Kasperski and
Holland, 2013; Brattland and Mustonen, 2018; Parlee and Wiber, 2018;
Galappaththi et al., 2019; Holsman et al., 2020; Huntington et al., 2021;
Melbourne-Thomas et al., 2021; Mustonen and Van Dam, 2021). This
was demonstrated in community-level adaptation by Pangnirtung Inuit
to climate change impacts on fisheries (Galappaththi et al., 2019).
Inclusive approaches to co-management, especially those that enable
diverse perspectives, embrace conflict, and address equity and justice
across power holders, can help alleviate the risk and promote solutions
(Raymond-Yakoubian et al., 2017; Brattland and Mustonen, 2018;
Parlee and Wiber, 2018; Raymond-Yakoubian and Daniel, 2018; Snook
et al, 2020). Integration across levels of management and diverse
regional perspectives can reduce climate risks and support equitable
adaptation measures (Allison and Bassett, 2015; Raymond-Yakoubian
et al, 2017; Raymond-Yakoubian and Daniel, 2018; Holsman et al.,
2020).

Increased flexibility in management measures, greater investment
in ecosystem monitoring, and more inclusive participatory methods
and communication may help foster high levels of local investment
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and resilience and promote adaptive pathways (Cinner et al., 2016;
Weymouth and Hartz-Karp, 2019), although explicit measures may
be needed to reduce costs and increase representation, enhance
transparency, embrace dissent and clarify accountability are needed
as these are not inherent outcomes (Lynham et al., 2017; Parlee and
Wiber, 2018). EBM, which includes provisions aimed at sustaining
critical connections within and among social and ecological systems,
enhances resilience and attenuates climate impacts on ecosystems and
provisioning services; for example, EBM enhances climate resilience
for Antarctic krill and Northeast Arctic cod fisheries (Troell et al.,
2017; Meyer et al., 2020) and forestalls fishery collapse in the Bering
Sea in the near term (Holsman et al.,, 2020). Increasing likelihood of
transhoundary resources, interactions and novel commerce may strain
existing regulatory and international agreements, suggesting that a
priori governance agreements designed to manage climate risks and
aimed at attenuating potential conflicts over resources and regions
may be important for resolving these issues (Parlee and Wiber, 2018;
Mendenhall et al., 2020).
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CCP6.4.3  Enabling Climate Resilience in the Arctic: Self-

determination and Indigenous Peoples’ Rights

Climate change disproportionately impacts Indigenous Peoples
(Box CCP6.2), which directly affects their livelihoods, health and
Sustainable Development Goal targets. For residents in the Arctic,
a sustainable development pathway has been found to be highly
effective if a self-determined development model is employed (very
high confidence). Known determinants of Indigenous self-determined
development in regions in the Arctic, include: (1) Indigenous self-
determined decision making (and inherent sovereignty); (2) effective
and culturally legitimate institutions of government; (3) strategic
vision and strategic thinking; and (4) public-spirited, nation-building
leadership (Cornell and Kalt, 1992; Cornell and Kalt, 1998; Cornell and
Kalt, 2007; Ritsema et al., 2015). For Indigenous Peoples, advances
in recognition of self-governance, land and resource sovereignty,
and resource co-management, particularly in the North American
Arctic but also elsewhere, provide a strong basis for responding
to climate impacts (Ford et al., 2015; Robards et al., 2018). These
developments expand the solution space (Haasnoot et al., 2020) for

Six principles that support climate resilient pathways in the polar regions

Collabora

Overcoming governance in

colonialism throuPh
“meaningful & explicit
inclusion of Indigenous

O

agreements among
nations; vertical & lateral
coordination with (polycentric)

_ planning &
implemen

tion &

Accessible & locally @

adaptation

?ation

" tailored climate
informed tools & products

knowledge & Indigenous & regional forecasts &
co-management in research projections to support
& reso_urtcr(]e rrAanta,gement climate-informed
in the Arctic . - isi [
Climate Resil- decision making
ient Development
Principles

Aligned adaptation &
carbon m|t|8at|on.
policies that reduce risk &
increase effectiveness
of adaptation measures

in Polar Regions

Low cost, inclusive,

participatory decision
making with explicit goals

that consider gender,
equity, and social justice

—
==

Figure CCP6.8 | Six principles that support climate-resilient pathways in the polar regions.
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responding to climate impacts, although historical and ongoing forms
of colonialism in research and government institutions continues
to undermine Indigenous self-determination and reinforce climate
change vulnerability (Marino and Lazrus, 2015; Whyte et al., 2019; Ford
et al., 2020; Snook et al., 2020). Readiness for adaptation across Arctic
nations continues to be challenged by a number of factors, including
the existence of pressing socioeconomic challenges, institutional
and governmental barriers, lack of meaningful inclusion of IK in
government planning and response, and lack of financial resources
(Ford et al., 2015; Loring et al., 2016; AMAP, 2017; Ford et al., 2017;
Birchall and Bonnett, 2019) (AMAP, 2018a). In Alaska, for example, the
need to relocate high-risk villages has been recognised by researchers,
decision makers and communities themselves for some time, and while
progress is being made in some locations (Ristroph, 2017), institutional
barriers have generally resulted in negligible progress (Bronen and
Chapin, 2013; Marino and Lazrus, 2015; Albert et al., 2018; Rosales
etal., 2021).

CCP6.5 Summary and Conclusion

Rapid changes occurring in polar systems are clear and unequivocal,
indicating that swift and effective responses are urgently needed
to avoid substantial future impacts and reduce risks to polar social
and ecological systems. Some underlying principles emerge from this
assessment that appear fundamental to achieving climate resilient
development in polar systems (Figure CCP6.8) because they could
facilitate rapid, equitable and just responses to achieve climate
resilience. These principles include having locally relevant and
accessible tools and services (e.g., regional forecasts and projections)
to support climate-informed decision making, along with adequate
and appropriate resourcing (including finance and integrated
planning) for climate adaptation and for responding to emergencies.
Effective decision making processes integrate across sectors, all levels
of governance, including through multi-national instruments, and,
most importantly, apply low-cost and inclusive participatory processes
to address gender, equitable and socially just outcomes. In the Arctic,
there is evidence that overcoming colonialism through meaningful
and explicit inclusion of IK in research and resource management, as
well as co-management and self-determination in decision making,
are effective measures to support equitable climate resilience across
multiple sectors. Lastly, climate resilience is strongly dependent on
both mitigation of climate change as well as effective adaptation to
meet the challenges of unprecedented change in polar regions.

2354

Polar Regions



Polar Regions

References

Aarflot, JM., H.R. Skjodal, P. Dalpadado and M. Skern-Mauritzen, 2018:
Contributions of Calamus to the mesozooplankton biomass in the Barents
Sea. ICES J. Mar. Sci., 75(7), 2342-2354, doi:10.1093/icesjms/fsx221.

Aksenov, Y., et al., 2017: On the future navigability of Arctic sea routes: high-
resolution projections of the Arctic Ocean and sea ice. Mar. Policy, 75, 300—
317, doi:10.1016/j.marpol.2015.12.027.

Alabia, I.D,, et al., 2018: Distribution shifts of marine taxa in the Pacific Arctic
under contemporary climate changes. Divers. Distrib., 24(11), 1583-1597,
doi:10.1111/ddi.12788.

Alava, J.J., W.W.L. Cheung, P.S. Ross and U.R. Sumaila, 2017: Climate change—
contaminant interactions in marine food webs: toward a conceptual
framework. Glob. Change Biol., 23(10), 3984-4001, doi:10.1111/gch.13667.

Albert, S., et al, 2018: Heading for the hills: climate-driven community
relocations in the Solomon Islands and Alaska provide insight for a 1.5°C
future. Reg. Environ. Change, 18(8), 2261-2272, doi:10.1007/s10113-017-
1256-8.

Allison, E.H. and H.R. Bassett, 2015: Climate change in the oceans: human
impacts and responses. Science, 350(6262), 778-782, doi:10.1126/science.
aac8721.

Altdorff, D., et al., 2021: Agriculture in boreal and Arctic regions requires an
integrated global approach for research and policy. Agron. Sustain. Dev.,
41(2), 23, doi:10.1007/s13593-021-00676-1.

AMAP, 2017: Adaptation Actions for a Changing Arctic: Perspectives from
the Bering-Chukchi-Beaufort Region. Arctic Monitoring and Assessment
Program (AMAP), Oslo, Norway, https://www.amap.no/documents/doc/
adaptation-actions-for-a-changing-arctic-perspectives-from-the-bering-
chukchi-beaufort-region/1615 . Accessed August 2021. (xiv + 255 pp).

AMAP, 2018a: Adaptation Actions for a Changing Arctic: Perspectives from the
Baffin Bay/Davis Strait Region. Arctic Monitoring and Assessment Program
(AMAP), Oslo, Norway, https://www.amap.no/documents/doc/Adaptation-
Actions-for-a-Changing-Arctic-Perspectives-from-the-Baffin-BayDavis-
Strait-Region/1630. Accessed 2019 . (xvi + 255 pp).

AMAP, 2018b: AMAP Assessment 2018: Arctic Ocean Acidification. vi+187 pp,
Tromsg, Norway, https://www.amap.no/documents/doc/AMAP-Assessment-
2018-Arctic-Ocean-Acidification/1659. Accessed 2019.

Amesbury, M.J., et al, 2017: Widespread biological response to rapid
warming on the Antarctic Peninsula. Curr. Biol,, 27(11), 1616-1622.e1612,
doi:10.1016/j.cub.2017.04.034.

Anderies, J.M., J.-D. Mathias and M. A. Janssen, 2019: Knowledge infrastructure
and safe operating spaces in social-ecological systems. Proc. Natl. Acad. Sci.
US.A., 116(12), 5277-5284, doi:10.1073/pnas.1802885115.

Anderson, D., J.D. Ford and R.G. Way, 2018: The impacts of climate and social
changes on Cloudberry (Bakeapple) picking: a case study from Southeastern
Labrador. Hum. Ecol., 46(6), 849-863, doi:10.1007/s10745-018-0038-3.

Andriuzzi, W.S., et al., 2018: Observed trends of soil fauna in the Antarctic Dry
Valleys: early signs of shifts predicted under climate change. Ecology, 99(2),
312-321, doi:10.1002/ecy.2090.

Arctic Council, 2011: Agreement on Cooperation on Aeronautical and Maritime
Search and Rescue in the Arctic. Arctic Council, https://oaarchive.arctic-
council.org/handle/11374/531 . Accessed August 2021. (58 pp).

Arctic Council, 2013: Agreement on Cooperation on Marine Oil Pollution
Preparedness and Response in the Arctic. Arctic Council, https://oaarchive.
arctic-council.org/handle/11374/529 . (275 pp).

Ardyna, M. and K.R. Arrigo, 2020: Phytoplankton dynamics in a changing
Arctic Ocean. Nat. Clim. Chang., 10(10), 892-903, doi:10.1038/s41558-020-
0905-y.

Ardyna, M., et al., 2020: Under-ice phytoplankton blooms: shedding light on
the “invisible” part of arctic primary production. Front. Mar. Sci., 7, 985,
doi:10.3389/fmars.2020.608032.

Cross-Chapter Paper 6

Atkinson, A., et al, 2019: Krill (Euphausia superba) distribution contracts
southward during rapid regional warming. Nat. Clim. Chang., 9(2), 142-147,
doi:10.1038/541558-018-0370-z.

Avila, C., et al., 2020: Invasive marine species discovered on non-native kelp
rafts in the warmest Antarctic island. Sci Rep., 10(1), 1639, doi:10.1038/
s41598-020-58561-y.

Babin, J., F. Lasserre and P. Pic, 2020: Arctic Shipping and Polar Seaways. In:
Encyclopedia of Water, Sciences, Technology and Society [Maurice, PA. DOI:
10.1002/9781119300762.wsts0098 Publisher, John Wiley & Sons, Inc. Page
1-12

Bailey, A, et al., 2016: Early life stages of the Arctic copepod Calanus glacialis
are unaffected by increased seawater pC02. ICES J. Mar. Sci., 74(4), 996—
1004, doi:10.1093/icesjms/fsw066.

Ball, B.A. and J. Levy, 2015: The role of water tracks in altering biotic and abiotic
soil properties and processes in a polar desert in Antarctica. J. Geophys. Res.
Biogeosci., 120(2), 270-279, doi:10.1002/2014jg002856.

Barange, M., et al., 2018: Impacts of Climate Change on Fisheries and
Aquaculture: Synthesis of Current Knowledge, Adaptation and Mitigation
Options. Food and Agriculture Organization of the United Nations, Rome.
628 pp.

Barber, D.G., et al., 2018: Increasing mobility of High Arctic Sea Ice increases
marine hazards off the east coast of Newfoundland. Geophys. Res. Lett.,
45(5), 2370-2379, doi:10.1002/2017GL076587.

Barnes, D.K.A., 2017: Polar zoobenthos blue carbon storage increases with
sea ice losses, because across-shelf growth gains from longer algal blooms
outweigh ice scour mortality in the shallows. Glob. Change Biol., 23(12),
5083-5091, doi:10.1111/gcb.13772.

Barnhart, K.R., C.R. Miller, I. Overeem and JE. Kay, 2016: Mapping the
future expansion of Arctic open water. Nat. Clim. Chang., 6(3), 280-285,
doi:10.1038/nclimate2848.

Bashaw, E., G. Hebeler, W. Phillips and G. Kane, 2016: Geologic and Subsea
Permafrost Characterization for Buried Pipeline Design and Construction
in the Alaskan Beaufort Sea. In: Arctic Technology Conference. Offshore
Technology Conference, OTC, 24.10.2016, St. John's, Newfoundland and
Labrador, Canada. pp. 15. doi:10.4043/27450-MS.

Basyuk, E. and Y. Zuenko, 2020: Extreme oceanographic conditions in the
northwestern Bering Sea in 2017-2018. Deep Sea Res. Part Il Top. Stud.
Oceanogr., 181-182, 104909, doi:10.1016/j.dsr2.2020.104909.

Beaumier, M.C., J.D. Ford and S. Tagalik, 2015: The food security of Inuit women
in Arviat, Nunavut: the role of socio-economic factors and climate change.
Polar Rec., 51(5), 550-559, doi:10.1017/50032247414000618.

Behrenfeld, M.J. and E.S. Boss, 2014: Resurrecting the ecological underpinnings
of ocean plankton blooms. Annu. Rev. Mar. Sci., 6(1), 167-194, doi:10.1146/
annurev-marine-052913-021325.

Behrenfeld, M.J., et al., 2017: Annual boom-bust cycles of polar phytoplankton
biomass revealed by space-based lidar. Nat. Geosci, 10(2), 118-122,
doi:10.1038/nge02861.

Béné, C., et al.,, 2016: Contribution of fisheries and aquaculture to food security
and poverty reduction: assessing the current evidence. World Dev., 79, 177-
196, doi:10.1016/j.worlddev.2015.11.007.

Bennett, M.M., et al., 2020: The opening of the Transpolar Sea Route: logistical,
geopolitical, environmental, and socioeconomic impacts. Mar. Policy.,
104178, doi:10.1016/j.marpol.2020.104178.

Bergstrom, D.M., et al., 2015: Rapid collapse of a sub-Antarctic alpine
ecosystem: the role of climate and pathogens. . Appl. Ecol., 52(3), 774-783,
doi:10.1111/1365-2664.12436.

Bergstrom, D.M., et al., 2021: Combating ecosystem collapse from the tropics to
the Antarctic. Glob. Change Biol., 27(9), 16921703, doi:10.1111/gcbh.15539.

2355



https://www.amap.no/documents/doc/adaptation-actions-for-a-changing-arctic-perspectives-from-the-bering-chukchi-beaufort-region/1615
https://www.amap.no/documents/doc/adaptation-actions-for-a-changing-arctic-perspectives-from-the-bering-chukchi-beaufort-region/1615
https://www.amap.no/documents/doc/adaptation-actions-for-a-changing-arctic-perspectives-from-the-bering-chukchi-beaufort-region/1615
https://www.amap.no/documents/doc/Adaptation-Actions-for-a-Changing-Arctic-Perspectives-from-the-Baffin-BayDavis-Strait-Region/1630
https://www.amap.no/documents/doc/Adaptation-Actions-for-a-Changing-Arctic-Perspectives-from-the-Baffin-BayDavis-Strait-Region/1630
https://www.amap.no/documents/doc/Adaptation-Actions-for-a-Changing-Arctic-Perspectives-from-the-Baffin-BayDavis-Strait-Region/1630
https://www.amap.no/documents/doc/AMAP-Assessment-2018-Arctic-Ocean-Acidification/1659
https://www.amap.no/documents/doc/AMAP-Assessment-2018-Arctic-Ocean-Acidification/1659
https://oaarchive.arctic-council.org/handle/11374/531
https://oaarchive.arctic-council.org/handle/11374/531
https://oaarchive.arctic-council.org/handle/11374/529
https://oaarchive.arctic-council.org/handle/11374/529

Cross-Chapter Paper 6

Berner, J., et al., 2016: Adaptation in Arctic circumpolar communities: food and
water security in a changing climate. Int. J. Circumpolar Health, 75, 33820—
33820, doi:10.3402/ijch.v75.33820.

Bestley, S., et al., 2020: Marine ecosystem assessment for the Southern Ocean:
birds and marine mammals in a changing climate. Front. Ecol. Evol., 8, 338,
doi:10.3389/fev0.2020.566936.

Betts, M., 2016: Zooarchaeology and the Reconstruction of Ancient Human-
Animal Relationships in the Arctic. [Friesen, M. and 0. Mason(eds.)]. Oxford
University Press, pp. 1-32. ISBN 978-0199766956. The Oxford Handbook of
the Prehistoric Arctic DOI: 10.1093/oxfordhb/9780199766956.013.8 New
York

Bieniek, PA., et al., 2018: Assessment of Alaska rain-on-snow events using
dynamical downscaling. J. Appl. Meteorol. Climatol., 57(8), 1847-1863,
doi:10.1175/JAMC-D-17-0276.1.

Bilous, M. and K. Dunmall, 2020: Atlantic salmon in the Canadian Arctic:
potential dispersal, establishment, and interaction with Arctic char. Rev Fish
Biol Fisheries, 30(3), 463-483, doi:10.1007/s11160-020-09610-2.

Bindoff, N.L., et al., 2019: Changing Ocean, Marine Ecosystems, and Dependent
Communities. In: IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate [Portner, H.-O., D. C. Roberts, V. Masson-Delmotte, P.
Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegria, M. Nicolai, A.
Okem, J. Petzold, B. Rama and N. M. Weyer (eds.)] Cambridge University
Press, Cambridge, UK and New York, NY, USA, pp. 447-587. https:/doi.
0rg/10.1017/9781009157964.007.

Birchall, J.S. and N. Bonnett, 2019: Thinning sea ice and thawing permafrost:
climate change adaptation planning in Nome, Alaska. Environ. Hazards,
1-19, doi:10.1080/17477891.2019.1637331.

Birchenough, S.N.R., et al., 2015: Climate change and marine benthos: a
review of existing research and future directions in the North Atlantic. Wiley
Interdiscip. Rev. Clim. Change, 6(2), 203-223, doi:10.1002/wcc.330.

Biskaborn, BK., et al., 2019: Permafrost is warming at a global scale. Nat.
Commun., 10(1), 264, doi:10.1038/s41467-018-08240-4.

Bockstoce, J.R., 2018: White Fox and Icy Seas in the Western Arctic: The Fur
Trade, Transportation, and Change in the Early Twentieth Century. Yale
University Press, ISBN 978-0300221794. 344 pp. New Haven and London

Bokhorst, S. and P. Convey, 2016: Impact of marine vertebrates on Antarctic
terrestrial micro-arthropods. Antarct. Sci,, 28(3), 175186, doi:10.1017/
s0954102015000607.

Bokhorst, S., P. Convey, A. Casanova-Katny and R. Aerts, 2021: Warming impacts
potential germination of non-native plants on the Antarctic Peninsula.
Commun. Biol., 4(1), 403, doi:10.1038/s42003-021-01951-3.

Boonstra, R., et al., 2020: The stress of Arctic warming on polar bears. Glob.
Change Biol., 26(8), 4197-4214, doi:10.1111/gch.15142.

Borghini, F, A. Colacevich, T. Caruso and R. Bargagli, 2016: Algal biomass and
pigments along a latitudinal gradient in Victoria Land lakes, East Antarctica.
Polar Res., 35(1), 20703, doi:10.3402/polar.v35.20703.

Bouchard, C. and L. Fortier, 2020: The importance of Calanus glacialis for the
feeding success of young polar cod: a circumpolar synthesis. Polar Biol.,
43(8), 1095-1107, doi:10.1007/s00300-020-02643-0.

Boveng, P.L., H.L. Ziel, B.T. McClintock and M.F. Cameron, 2020: Body condition
of phocid seals during a period of rapid environmental change in the Bering
Sea and Aleutian Islands, Alaska. Deep Sea Res. Part Il Top. Stud. Oceanogr.,
181-182, 104904, doi:10.1016/j.dsr2.2020.104904.

Bramley-Alves, J., W.Wanek, K. French and S.A. Robinson, 2015: Moss delta(13)
C: an accurate proxy for past water environments in polar regions. Glob.
Chang Biol., 21(6), 2454-2464, doi:10.1111/gcb.12848.

Brasier, M.J., et al., 2021: Responses of Southern Ocean seafloor habitats and
communities to global and local drivers of change. front. Mar. Sci,, 8, 109,
doi:10.3389/fmars.2021.622721.

Brattland, C. and T. Mustonen, 2018: How traditional knowledge comes to
matter in atlantic salmon governance in Norway and Finland. Arctic, 71(4),
365-482, doi:10.14430/arctic4751.

2356

Polar Regions

Brinkman, T, et al., 2016: Arctic communities perceive climate impacts on
access as a critical challenge to availability of subsistence resources. Clim.
Change, 139(3), 413-427, doi:10.1007/s10584-016-1819-6.

Broder, L., et al., 2018: Bounding cross-shelf transport time and degradation
in Siberian-Arctic land-ocean carbon transfer. Nat. Commun., 9(1), 806,
doi:10.1038/s41467-018-03192-1.

Bronen, R. and ES. Chapin, 2013: Adaptive governance and institutional
strategies for climate-induced community relocations in Alaska. Proc. Natl.
Acad. Sci., 110(23), 9320, doi:10.1073/pnas.1210508110.

Brooks, C.M., et al., 2018: Watch over Antarctic waters. Nature, 558(7709),
177-180.

Brown, D.R.N., et al, 2018: Changing river ice seasonality and impacts
on interior Alaskan communities. Weather Clim. Soc., 10(4), 625-640,
doi:10.1175/WCAS-D-17-0101.1.

Bush, E. and D.S. Lemmen, 2019: Canada’s Changing Climate Report.
Government of Canada, Ottawa, ON, https://changingclimate.ca/CCCR2019/
. (444 pp). Accessed August 2021.

Caccavo, J.A,, et al, 2021: Productivity and change in fish and squid in the
Southern Ocean. Front. Ecol. Evol., 9, 351, doi:10.3389/fev0.2021.624918.
CAFF, 2013: Arctic Biodiversity Assessment: Status and Trends in Arctic
Biodliversity: Conservation of Arctic Flora and Fauna. Akureyri, Iceland, https://
www.caff.is/assessment-series/233-arctic-biodiversity-assessment-2013 (678

pp). Accessed August 2021.

Calmels, F, Laurent, C., Brown, R. and Ireland, M., 2015: How Permafrost
Thaw May Impact Food Security of Jean Marie River First Nation, NWT.
Canadian Geotechnical Conference Paper, GEOQuébec 2015 Challenges
from North to South, 8 p. Available online: https://www.researchgate.net/
publication/282328455_How_Permafrost_Thaw_May_Impact_Food_Sec
urity_of_Jean_Marie_River_First_Nation_NWT

Canadell, J.G., PM.S. Monteiro, M.H. Costa, L. Cotrim da Cunha, PM. Cox,
A.V. Eliseev, S. Henson, M. Ishii, S. Jaccard, C. Koven, A. Lohila, P.X. Patra,
S. Piao, J. Rogelj, S. Syampungani, S. Zaehle, and K. Zickfeld, 2021: Global
Carbon and other Biogeochemical Cycles and Feedbacks. In Climate Change
2021: The Physical Science Basis. Contribution of Working Group | to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change
[Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N.
Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R.
Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)].
Cambridge University Press. In Press.

Cannone, N., et al.,, 2017: Ecology of moss banks on Signy Island (maritime
Antarctic). Bot. J Linn. Soc., 184(4), 518-533, doi:10.1093/botlinnean/
box040.

Canosa, 1.V, et al., 2020: Progress in climate change adaptation in the Arctic.
Environ. Res. Lett., 15(9), 93009, doi:10.1088/1748-9326/ab%be1.

Casanova-Katny, A., G.A. Torres-Mellado and S.M. Eppley, 2016: Reproductive
output of mosses under experimental warming on Fildes Peninsula, King
George Island, maritime Antarctica. Rev. Chil. Hist. Nat., 89, 9, doi:10.1186/
540693-016-0061-y.

Casas-Prat, M. and X.L. Wang, 2020: Sea ice retreat contributes to projected
increases in extreme Arctic Ocean surface waves. Geophys. Res. Lett., 47(15),
doi:10.1029/2020GL088100.

Cavanagh, R.D., et al, 2021: Future risk for Southern Ocean ecosystem
services under climate change. Front. Mar. Sci,, 7, 1224, doi:10.3389/
fmars.2020.615214.

Cavicchioli, R., et al,, 2019: Scientists’ warning to humanity: microorganisms
and climate change. Nat. Rev. Microbiol., 17(9), 569-586, doi:10.1038/
s41579-019-0222-5.

Cejka, T., et al., 2020: Timing of the neoglacial onset on the North-Eastern
Antarctic Peninsula based on lacustrine archive from Lake Andnima,
Vega Island. Glob. Planet. Change, 184, 103050, doi:10.1016/).
gloplacha.2019.103050.


https://doi.org/10.1017/9781009157964.007
https://doi.org/10.1017/9781009157964.007
https://changingclimate.ca/CCCR2019/
https://www.caff.is/assessment-series/233-arctic-biodiversity-assessment-2013
https://www.caff.is/assessment-series/233-arctic-biodiversity-assessment-2013
https://www.researchgate.net/publication/282328455_How_Permafrost_Thaw_May_Impact_Food_Sec
https://www.researchgate.net/publication/282328455_How_Permafrost_Thaw_May_Impact_Food_Sec

Polar Regions

Chakraborty, R. and PY. Sherpa, 2021: From climate adaptation to climate
justice: critical reflections on the IPCC and Himalayan climate knowledges.
Clim. Change, 167(3), 49, doi:10.1007/s10584-021-03158-1.

Chan, ET,, et al.,, 2019: Climate change opens new frontiers for marine species
in the Arctic: current trends and future invasion risks. Glob. Change Biol.,
25(1), 25-38, doi:10.1111/gch.14469.

Charman, DJ., et al, 2018: Spatially coherent late Holocene Antarctic
Peninsula surface air temperature variability. Geology, 46(12), 10711074,
doi:10.1130/g45347.1.

Chen, X. and K.-K. Tung, 2018: Global surface warming enhanced by weak
Atlantic overturning circulation. Nature, 559(7714), 387-391, doi:10.1038/
s41586-018-0320-y.

Chénier, R., L. Abado, O. Sabourin and L. Tardif, 2017: Northern marine
transportation corridors: creation and analysis of northern marine traffic
routes in Canadian waters. Trans. GIS, 21(6), 1085-1097, doi:10.1111/
tgis.12295.

Cherry, J.E., et al.,, 2017: Planning for climate change impacts on hydropower
in the Far North. Hydrol. Earth Syst. Sci., 21(1), 133151, doi:10.5194/hess-
21-133-2017.

Cheung, W.W.L., 2018: The future of fishes and fisheries in the changing oceans.
J. Fish Biol., 92(3), 790-803, doi:10.1111/jfb.13558.

Cheung, W.W.L. and T.L. Frélicher, 2020: Marine heatwaves exacerbate climate
change impacts for fisheries in the northeast Pacific. Sci. Rep., 10(1), 6678,
doi:10.1038/541598-020-63650-z.

Chown, S.L. and C.M. Brooks, 2019: The state and future of antarctic
environments in a global context. Annu. Rev. Environ. Resour., 44(1), 1-30,
doi:10.1146/annurev-environ-101718-033236.

Christiansen, J.S., C.W. Mecklenburg and 0.V. Karamushko, 2014: Arctic marine
fishes and their fisheries in light of global change. Glob. Change Biol., 20(2),
352-359, doi:10.1111/gcb.12395.

Cinner, J.E., et al., 2016: Bright spots among the world's coral reefs. Nature,
535(7612), 416, doi:10.1038/nature18607.

Clark, D.G. and J.D. Ford, 2017: Emergency response in a rapidly changing
Arctic. Can. Med. Assoc. J., 189(4), E135, doi:10.1503/cmaj.161085.

Clark, D.G., et al., 2016a: The role of environmental factors in search and rescue
incidents in Nunavut, Canada. Public Health, 137, 44-49, doi:10.1016/j.
puhe.2016.06.003.

Clark, D.G., J.D. Ford, T. Pearce and L. Berrang-Ford, 2016b: Vulnerability to
unintentional injuries associated with land-use activities and search and
rescue in Nunavut, Canada. Soc. Sci Med., 169, 18-26, doi:10.1016/j.
socscimed.2016.09.026.

Clayton, S., C.M. Manning, K. Krygsman and M. Speiser, 2017: Mental Health
and our Changing Climate: Impacts, Implications and Guidance. American
Psychological Association and ecoAmerica, Washington DC, https://www.
apa.org/news/press/releases/2017/03/mental-health-climate.pdf. (70 pp).
Accessed August 2021.

Cline, T.J., J. Ohlberger and D.E. Schindler, 2019: Effects of warming climate and
competition in the ocean for life-histories of Pacific salmon. Nat. Ecol. Evol.,
3(6), 935-942, doi:10.1038/s41559-019-0901-7.

Constable, A.J., et al., 2017: ACE CRC Position Analysis: Managing changing in
Southern Ocean ecosystems. Antarctic Climate and Ecosystems Cooperative
Research Centre, Hobart, Australia, http://wwwace.aappartnership.org.au/
wp-content/uploads/2017/10/2017-ACECRC-Position-Analysis-Southern-
Ocean-Ecosystems.pdf . (39 pp). Accessed August 2021.

Convey, P. and L.S. Peck, 2019: Antarctic environmental change and biological
responses. Sci. Adv., 5(11), eaaz888, doi:10.1126/sciadv.aaz0888.

Cornell, S. and J.P. Kalt, 1992: Reloading the dice: improving the chances for
economic development on American Indian reservations. In: What can tribes
do? Strategies and institutions in American Indian economic development
[Cornell, S. and J.P. Kalt(eds.)]. American Indian Studies Center, UCLA, Los
Angeles, pp. 1-59.

Cross-Chapter Paper 6

Cornell, S. and J.P. Kalt, 1998: Sovereignty and nation-building: the development
challenge in Indian country today. Am. Indian Cult. Res. J.,, 22(3), 187-214,
doi:10.17953/aicr.22.3.lv45536553vn7{78.

Cornell, S. and J.P. Kalt, 2007: One works, the other doesn't: two approaches
to economic development on American Indian reservations. In: Rebuilding
native nations: strategies for governance and development [Jorgensen,
M.(ed.)]. University of Arizona Press USA.

Costello, C., et al., 2020: The future of food from the sea. Nature, doi:10.1038/
s41586-020-2616-y.

Council of Canadian Academies, 2016: Commercial Marine Shipping Accidents:
Understanding the Risks in Canada. Ottawa, ON. 168 pp.

Council of Canadian Academies, 2019: Canada’s Top Climate Change Risks. The
Expert Panel on Climate Change Risks and Adaptation Potential, Council of
Canadian Academies, Ottawa, ON, https://cca-reports.ca/reports/prioritizing-
climate-change-risks/ . (88 pp).

Crate, S., et al.,, 2019: Cross-Chapter Box 4: Indigenous Knowledge and Local
Knowledge in Ocean and Cryosphere Change. In: IPCC Special Report on the
Ocean and Cryosphere in a Changing Climate [Portner, H.-O., D.C. Roberts,
V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A.
Alegria, M. Nicolai, A. Okem, J. Petzold, B. Rama and N.M. Weyer(eds.)].
Cambridge University Press, Cambridge, UK and New York, NY, USA, pp.
73-129. https://doi.org/10.1017/9781009157964.003.

Cunsolo, A. and N.R. Ellis, 2018: Ecological grief as a mental health response to
climate change-related loss. Nat. Clim. Change, 8(4), 275-281, doi:10.1038/
s41558-018-0092-2.

Cunsolo Willox, A., et al., 2013a: The land enriches the soul: on climatic and
environmental change, affect, and emotional health and well-being in
Rigolet, Nunatsiavut, Canada. Emot. Space Soc., 6, 14-24, doi:10.1016/j.
emospa.2011.08.005.

Cunsolo Willox, A., et al., 2013b: Climate change and mental health: an
exploratory case study from Rigolet, Nunatsiavut, Canada. Clim. Change,
121(2), 255-270, doi:10.1007/510584-013-0875-4.

Cunsolo Willox, A., et al., 2014: Examining relationships between climate
change and mental health in the Circumpolar North. Reg. Environ. Change,
15(1), 169-182, doi:10.1007/s10113-014-0630-z.

Curtis, P.G., et al,, 2018: Classifying drivers of global forest loss. Science,
361(6407), 1108-1111, doi:10.1126/science.aau3445.

Dahlke, FT, et al., 2018: Northern cod species face spawning habitat losses
if global warming exceeds 1.5°C. Sci. Adv., 4(11), eaas8821, doi:10.1126/
sciadv.aas8821.

Dahlke, ET., S. Wohlrab, M. Butzin and H.-0. Pértner, 2020: Thermal bottlenecks
in the life cycle define climate vulnerability of fish. Science, 369(6499), 65,
doi:10.1126/science.aaz3658.

David-Chavez, D.M. and M.C. Gavin, 2018: A global assessment of Indigenous
community engagement in climate research. Environ. Res. Lett., 13(12),
123005, doi:10.1088/1748-9326/aaf300.

Davidson, S.C., et al., 2020: Ecological insights from three decades of animal
movement tracking across a changing Arctic. Science, 370(6517), 712,
doi:10.1126/science.abb7080.

Dawson, J,, et al., 2020: Infusing Inuit and local knowledge into the Low Impact
Shipping Corridors: an adaptation to increased shipping activity and climate
change in Arctic Canada. Environ. Sci. Policy, 105, 19-36, doi:10.1016/j.
envsci.2019.11.013.

Dawson, J., et al., 2017: Navigating Weather, Water, Ice and Climate Information
for Safe Pola. Vol. 5. World Meteorological Organization and World Weather
Research Programme, WWRP/PPP, r Mobilities, Switzerland. 84 pp.

Dawson, J., et al., 2018a: Tourism. In: Adaptation Actions for a Changing Arctic:
Perspectives from the Baffin Bay/Davis Strait Region. Arctic Monitoring and
Assessment Programme (AMAP), Oslo pp. 223-242.

Dawson, J., et al, 2018b: Temporal and Spatial Patterns of Ship Traffic
in the Canadian Arctic from 1990 to 2015. Arctic, 71(1), 15-26,
doi:10.2307/26387327.

2357



https://www.apa.org/news/press/releases/2017/03/mental-health-climate.pdf
https://www.apa.org/news/press/releases/2017/03/mental-health-climate.pdf
http://wwwace.aappartnership.org.au/wp-content/uploads/2017/10/2017-ACECRC-Position-Analysis-Southern-Ocean-Ecosystems.pdf
http://wwwace.aappartnership.org.au/wp-content/uploads/2017/10/2017-ACECRC-Position-Analysis-Southern-Ocean-Ecosystems.pdf
http://wwwace.aappartnership.org.au/wp-content/uploads/2017/10/2017-ACECRC-Position-Analysis-Southern-Ocean-Ecosystems.pdf
https://cca-reports.ca/reports/prioritizing-climate-change-risks/
https://cca-reports.ca/reports/prioritizing-climate-change-risks/
https://doi.org/10.1017/9781009157964.003

Cross-Chapter Paper 6

Debortoli, N.S., et al, 2019: An integrative climate change vulnerability
index for Arctic aviation and marine transportation. Nat. Commun., 10(1),
doi:10.1038/541467-019-10347-1.

Degen, R., et al, 2016: Patterns and drivers of megabenthic secondary
production on the Barents Sea shelf. Mar. Ecol. Prog. Ser, 546, 1-16,
doi:10.3354/meps11662.

Dennis, P.G., et al., 2019: Soil bacterial diversity is positively associated with air
temperature in the maritime Antarctic. Sci Rep, 9, 11, doi:10.1038/s41598-
019-39521-7.

Dezutter, T., et al., 2019: Mismatch between microalgae and herbivorous
copepods due to the record sea ice minimum extent of 2012 and the late
sea ice break-up of 2013 in the Beaufort Sea. Prog. Oceanogr., 173, 66-77,
doi:10.1016/j.pocean.2019.02.008.

Ding, Q., X. Chen, R. Hilborn and Y. Chen, 2017: Vulnerability to impacts of
climate change on marine fisheries and food security. Mar. Policy, 83, 55-61,
doi:10.1016/j.marpol.2017.05.011.

Dobson, A., PK. Molnar and S. Kutz, 2015: Climate change and Arctic parasites.
Trends Parasitol., 31(5), 181-188, doi:10.1016/j.pt.2015.03.006.

Dodd, W., et al., 2018: Lived experience of a record wildfire season in the
Northwest Territories, Canada. Can. J. Public Health, 109(3), 327-337,
doi:10.17269/s41997-018-0070-5.

Dorn, M.W. and S.G. Zador, 2020: A risk table to address concerns external
to stock assessments when developing fisheries harvest recommendations.
Ecosyst. Health Sustain., 6(1), 1813634, doi:10.1080/20964129.2020.1813
634.

Drewniak, M., et al, 2018: Geopolitics of Arctic shipping: the state of
icebreakers and future needs. Polar Geogr., 41(2), 107-125, doi:10.1080/1
088937X.2018.1455756.

Driscoll, D.L., et al., 2016: Assessing the health effects of climate change in
Alaska with community-based surveillance. Clim. Change, 137(3), 455-466,
doi:10.1007/510584-016-1687-0.

Duffy-Anderson, LT, et al., 2019: Responses of the northern Bering Sea and
southeastern Bering Sea pelagic ecosystems following record-breaking low
winter sea ice. Geophys. Res. Lett., 46(16), doi:10.1029/2019GL083396.

Durkalec, A., C. Furgal, M.W. Skinner and T. Sheldon, 2014: Investigating
environmental determinants of injury and trauma in the Canadian
north. Int. J. Environ. Res. Public Health, 11(2), 1536—1548, doi:10.3390/
ijerph110201536.

Durkalec, A., C. Furgal, M.W. Skinner and T. Sheldon, 2015: Climate change
influences on environment as a determinant of Indigenous health:
relationships to place, sea ice, and health in an Inuit community. Soc. Sci.
Med., 136-137, 17-26, doi:10.1016/j.socscimed.2015.04.026.

Equiluz, V.M., J. Fernandez-Gracia, X. Irigoien and C.M. Duarte, 2016: A
quantitative assessment of Arctic shipping in 2010-2014. Sci. Rep., 6(1),
30682, doi:10.1038/srep30682.

Eliasson, K., G.F. Ulfarsson, T. Valsson and S.M. Gardarsson, 2017: Identification
of development areas in a warming Arctic with respect to natural resources,
transportation, protected areas, and geography. Futures, 85, 14-29,
doi:10.1016/j.futures.2016.11.005.

Ericson, J.A., et al., 2018: Adult Antarctic krill proves resilient in a simulated
high CO2 ocean. Commun. Biol., 1(1), 190, doi:10.1038/s42003-018-0195-3.

Ezhova, E., et al,, 2021: Climatic factors influencing the anthrax outbreak of
2016 in Siberia, Russia. EcoHealth, doi:10.1007/s10393-021-01549-5.

Falkenberg, L.J., et al., 2018: Biological Response to Ocean Acidification. In:
AMAP Assessment 2018: Arctic Ocean Acidification [AMAP(ed.)]. Tromsg,
Norway. pp. 15-43.

Fall, JA., et al, 2013: Continuity and change in subsistence harvests in five
Bering Sea communities: Akutan, Emmonak, Savoonga, St. Paul and Togiak.
Deep Sea Res. Part Il Top. Stud. Oceanogr., 94, 274-291, doi:10.1016/.
dsr2.2013.03.010.

FAO, 2020: The State of the Worlds Fisheries and Aquaculture. Sustainability
in Action, Rome, http://www.fao.org/3/ca9229en/CA9229EN.pdf. Accessed
August 2021.

2358

Polar Regions

Farbotko, C., et al, 2020: Relocation planning must address voluntary
immobility. Nat. Clim. Change, 10(8), 702-704, doi:10.1038/s41558-020-
0829-6.

Fedewa, E.J, et al., 2020: Recent shifts in northern Bering Sea snow crab
(Chionoecetes opilio) size structure and the potential role of climate-
mediated range contraction. Deep Sea Res. Part Il Top. Stud. Oceanogr., 181-
182, 104878, doi:10.1016/j.dsr2.2020.104878.

Feng, Z., et al., 2018: Biogeographic responses of the copepod Calanus glacialis
to a changing Arctic marine environment. Glob. Change Biol., 24(1), e159—
€170, doi:10.1111/gcb.13890.

Fenger-Nielsen, R., et al., 2020: Arctic archaeological sites threatened by climate
change: a regional multi-threat assessment of sites in south-west Greenland.
Archaeometry, n/a(n/a), doi:10.1111/arcm.12593.

Feodoroff, P,, 2021: Indigenous female bodies as indicators of change. In: 2021
Compendium of indigenous knowledge and local knowledge: towards
inclusion of indigenous knowledge and local knowledge in global reports
on climate change [Mustonen, T, S.L. Harper, M. Rivera Ferre, J. Postigo,
A. Ayanlade, T. Benjaminsen, R. Morgan and A. Okem(eds.)]. SnowChange
Cooperative, Kontiolahti, Finland, pp. 1.

Ferndndez-Méndez, M., et al., 2018: Algal hot spots in a changing arctic ocean:
sea-ice ridges and the snow-ice interface. Front. Mar. Sci., 5, 75, doi:10.3389/
fmars.2018.00075.

Figuerola, B., et al., 2021: A review and meta-analysis of potential impacts of
ocean acidification on marine calcifiers from the Southern Ocean. front. Mar.
Sci., 8, 24, doi:10.3389/fmars.2021.584445.

Fisher, M.C., et al., 2021: Climate shock effects and mediation in fisheries. Proc.
Natl. Acad. Sci,, 118(2), e2014379117, doi:10.1073/pnas.2014379117.

Flynn, M., et al., 2019: Evaluating the effectiveness of hazard mapping as
climate change adaptation for community planning in degrading permafrost
terrain. Sustain. Sci., 14(4), 1041-1056, doi:10.1007/s11625-018-0614-x.

Flynn, M., J.D. Ford, T. Pearce and S.L. Harper, 2018: Participatory scenario
planning and climate change impacts, adaptation and vulnerability research
intheArctic. Environ. Sci, Policy, 79,45-53,doi:10.1016/j.envsci.2017.10.012.

Forbis, R.and K. Hayhoe, 2018: Does Arctic governance hold the key to achieving
climate policy targets? Environ. Res. Lett., 13(2), 20201, doi:10.1088/1748-
9326/aaa359.

Ford, J. and D. Clark, 2019: Preparing for the impacts of climate change along
Canada’s Arctic coast: the importance of search and rescue. Mar. Policy.,
108, 103662, doi:10.1016/j.marpol.2019.103662.

Ford, J.D., et al., 2016: Including indigenous knowledge and experience in
IPCC assessment reports. Nat. Clim. Chang., 6(4), 349-353, doi:10.1038/
nclimate2954.

Ford, J.D., et al, 2019: Changing access to ice, land and water in Arctic
communities. Nat. Clim. Change, 9(4), 335-339, doi:10.1038/s41558-019-
0435-7.

Ford, J.D., et al., 2020: The resilience of indigenous peoples to environmental
change. One Earth, 2(6), 532-543, doi:10.1016/j.0neear.2020.05.014.

Ford, J.D., et al., 2017: Readiness for climate change adaptation in the Arctic:
a case study from Nunavut, Canada. Clim. Change, 145(1), 85-100,
doi:10.1007/510584-017-2071-4.

Ford, J.D., G. McDowell and J. Jones, 2014: The state of climate change
adaptation in the Arctic. Environ. Res. Lett., 9(10), 104005, doi:10.1088/1748-
9326/9/10/104005.

Ford, J.D., G. McDowell and T. Pearce, 2015: The adaptation challenge in the
Arctic. Nat. Clim. Change, 5(12), 1046-1053, doi:10.1038/nclimate2723.
Ford, J.D., T. Pearce, I.V. Canosa and S. Harper, 2021: The rapidly changing
Arctic and its societal implications. WIREs Clim. Change, nla(n/a), €735,

doi:10.1002/wcc.735.

Ford, J.D., et al., 2018: Preparing for the health impacts of climate change in
Indigenous communities: the role of community-based adaptation. Glob.
Environ. Change, 49, 129-139, doi:10.1016/j.gloenvcha.2018.02.006.


http://www.fao.org/3/ca9229en/CA9229EN.pdf

Polar Regions

Ford, J.D., W. Vanderbilt and L. Berrang-Ford, 2012: Authorship in IPCC AR5 and
its implications for content: climate change and Indigenous populations in
WGII. Clim. Change, 113(2), 201-213, doi:10.1007/5s10584-011-0350-z.

Fox-Kemper, B., et al., 2021: Ocean, Cryosphere and Sea Level Change. In:
Climate Change 2021: The Physical Science Basis. Contribution of Working
Group | to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L. Connors, C.
Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K.
Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekgi, R.
Yu and B. Zhou (eds.)](Press, C. U.).

Frainer, A., et al., 2017: Climate-driven changes in functional biogeography
of Arctic marine fish communities. Proc. Natl Acad. Sci, 114(46), 12202,
doi:10.1073/pnas.1706080114.

Frame, B. and A.D. Hemmings, 2020: Coronavirus at the end of the world:
Antarctica matters. Soc. Sci. Humanit. Open, 2(1), 100054, doi:10.1016/j.
ssah0.2020.100054.

Fraser, C.l., A. Morrison and P. Olmedo Rojas, 2020: Biogeographic Processes
Influencing Antarctic and sub-Antarctic Seaweeds. In: Antarctic Seaweeds
[Gomez, |. and P. Huovinen(eds.)]. Springer, pp. 43-57.1SBN 978-3030394486.
https://doi.org/10.1007/978-3-030-39448-6_3.

Fraser, C.l., et al., 2018: Antarctica’s ecological isolation will be broken by
storm-driven dispersal and warming. Nat. Clim. Change, 8(8), 704-708,
doi:10.1038/s41558-018-0209-7.

Free, C.M., et al., 2019: Impacts of historical warming on marine fisheries
production. Science, 363(6430), 979, doi:10.1126/science.aau758.

Freeman, N.M. and N.S. Lovenduski, 2015: Decreased calcification in the
Southern Ocean over the satellite record. Geophys. Res. Lett., 42(6), 1834—
1840, doi:10.1002/2014GL062769.

Friesen, T.M., 2015: The Arctic CHAR Project: climate change impacts on the
Inuvialuit archaeological record. Archéol. Boréale, 141, 31-37, doi:10.4000/
nda.3098.

Fritz, M., J.E. Vonk and H. Lantuit, 2017: Collapsing Arctic coastlines. Nat. Clim.
Change, 7(1), 6-7, doi:10.1038/nclimate3188.

Fuentes-Lillo, E., M. Cuba-Diaz and S. Rifo, 2017: Morpho-physiological response
of Colobanthus quitensis and Juncus bufonius under different simulations of
climate change. Polar Sci., 11, 11-18, doi:10.1016/j.polar.2016.11.003.

Furberg, M., M. Evengard, B. Fau-Nilsson and M. Nilsson, 2011: Facing the limit
of resilience: perceptions of climate change among reindeer herding Sami
in Sweden. Glob. Health Action, 4, 1654-9880, doi:10.3402/gha.v4i0.8417.
Electronic.

Gédeke, A., et al., 2021: Climate change reduces winter overland travel across
the Pan-Arctic even under low-end global warming scenarios. Environ. Res.
Lett., 16(2), 24049, doi:10.1088/1748-9326/abdcf2.

Galappaththi, E.K., J.D. Ford, E.M. Bennett and F. Berkes, 2019: Climate change
and community fisheries in the arctic: a case study from Pangnirtung, Canada.
J. Environ. Manag., 250, 109534, doi:10.1016/j.jenvman.2019.109534.

Garcia Criado, M., et al., 2020: Woody plant encroachment intensifies under
climate change across tundra and savanna biomes. Glob. Ecol. Biogeogr.,
29(5), 925-943, doi:10.1111/geb.13072.

Gavin, M.C,, et al.,, 2018: The global geography of human subsistence. R. Soc.
Open Sci., 5(9), doi:10.1098/rs0s.171897.

George, J.C., et al.,, 2017: Frequency of injuries from line entanglements, killer
whales, and ship strikes on Bering-Chukchi-Beaufort Seas bowhead whales.
Arctic, 70(1), 37-37, doi:10.14430/arctic4631.

Goldsworthy, L. and E. Brennan, 2021: Climate change in the Southern Ocean: Is
the Commission for the Convention for the Conservation of Antarctic Marine
Living Resources doing enough? Mar. Policy, 130, 104549, doi:10.1016/j.
marpol.2021.104549.

Gooseff, M.N., et al., 2017: Decadal ecosystem response to an anomalous melt
season in a polar desert in Antarctica. Nat. Ecol. Evol., 1(9), 1334-1338,
doi:10.1038/541559-017-0253-0.

Cross-Chapter Paper 6

Grant, S.M., et al., 2021: Local drivers of change in Southern Ocean ecosystems:
human activities and policy implications. Front. Ecol. Evol, 9, 365,
doi:10.3389/fev0.2021.624518.

Grebmeier, .M., K.E. Frey, L.W. Cooper and M. Kedra, 2018: Trends in benthic
macrofaunal populations, seasonal sea ice persistence, and bottom water
temperatures in the Bering Strait region. Oceanography, 31(2), 136-151,
doi:10.5670/0ceanog.2018.224.

Gregg, W.W. and C.S. Rousseaux, 2019: Global ocean primary production trends
in the modern ocean color satellite record (1998-2015). Environ. Res. Lett.,
14(12), 124011, doi:10.1088/1748-9326/ab4667.

Grjibovski, A.M., et al., 2013: Climate variations and salmonellosis in northwest
Russia: a time-series analysis. Epidemiol. Infect., 141(2), 269-276,
doi:10.1017/50950268812000544.

Groulx, M., K. Boluk, C.J. Lemieux and J. Dawson, 2019: Place stewardship
among last chance tourists. Ann. Tour. Res., 75, 202-212, doi:10.1016/j.
annals.2019.01.008.

Griiss, A., et al,, 2020: Estimating synchronous changes in condition and density
in eastern Bering Sea fishes. Mar. Ecol. Prog. Ser., 635, 169-185.

Guglielmin, M., M.D. Fratte and N. Cannone, 2014: Permafrost warming and
vegetation changes in continental Antarctica. Environ. Res. Lett., 9(4), 14,
doi:10.1088/1748-9326/9/4/045001.

Guley, SK., et al,, 2021: Changing State of the Climate System. In: Climate
Change 2021: The Physical Science Basis. Contribution of Working Group |
to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change. [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L. Connors, C. Péan, S.
Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E.
Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekgi, R. Yu and B.
Zhou (eds.)](Press, C. U.).

Gullestad, P, S. Sundby and 0.S. Kjesbu, 2020: Management of transboundary
and straddling fish stocks in the Northeast Atlantic in view of climate-induced
shifts in spatial distribution. Fish Fish., 21(5), 1008-1026, doi:10.1111/
faf.12485.

Gutiérrez, .M., et al., 2021: Atlas. In: Climate Change 2021: The Physical Science
Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. [Masson-Delmotte, V., P. Zhai,
A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.
I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T.
Waterfield, O. Yelekgi, R. Yu and B. Zhou (eds.)](Press, C. U.).

Gutt, J., et al,, 2018: Cross-disciplinarity in the advance of Antarctic ecosystem
research. Mar. Genom., 37, 1-17, doi:10.1016/j.margen.2017.09.006.

Gutt, J, et al., 2021: Antarctic ecosystems in transition — life between stresses
and opportunities. Biol. Rev., 96(3), 798-821, doi:10.1111/brv.12679.

Haas, C. and S.E.L. Howell, 2015: Ice thickness in the Northwest Passage.
Geophys. Res. Lett., 42(18), 76737680, doi:10.1002/2015GL065704.

Haasnoot, M., et al., 2020: Defining the solution space to accelerate climate
change adaptation. Reg. Environ. Change, 20(2), 37, doi:10.1007/5s10113-
020-01623-8.

Haavisto, R., et al., 2020: Mapping weather, water, ice and climate (WWIC)
information providers in Polar Regions: who are they and who do they
serve? Polar Geogr., 43(2), 120-138, doi:10.1080/1088937X.2019.1707320.

Halbach, L., et al., 2019: Tidewater glaciers and bedrock characteristics control
the phytoplankton growth environment in a fjord in the Arctic. Front. Mar.
Sci., 6, 254, doi:10.3389/fmars.2019.00254.

Halliday, W.D., et al., 2017: Potential impacts of shipping noise on marine
mammals in the western Canadian Arctic. Mar. Pollut. Bull., 123(1), 73-82,
doi:10.1016/j.marpolbul.2017.09.027.

Hamilton, C.D., et al., 2017: An Arctic predator—prey system in flux: climate
change impacts on coastal space use by polar bears and ringed seals. J.
Animal Ecol., 86(5), 1054-1064, doi:10.1111/1365-2656.12685.

Hamilton, L.C., et al., 2016: Climigration? Population and climate change in
Arctic Alaska. Popul. Environ., 38(2), 115-133, doi:10.1007/s11111-016-
0259-6.

2359



https://doi.org/10.1007/978-3-030-39448-6_3

Cross-Chapter Paper 6

Hancock, A.M., et al., 2020: Effects of ocean acidification on Antarctic marine
organisms: a meta-analysis. Ecol. Evol,, 10(10), 4495-4514, doi:10.1002/
ece3.6205.

Hansen, K.M., et al., 2015: Modelling the impact of climate change on the
atmospheric transport and the fate of persistent organic pollutants in the
Arctic. Atmos. Chem. Phys., 15(11), 6549-6559, doi:10.5194/acp-15-6549-
2015.

Harper, S.L., et al, 2021: Trends and gaps in climate change and health
research in North America. Environ. Res., 199, 111205, doi:10.1016/j.
envres.2021.111205.

Harper, S.L., et al., 2015: Climate-sensitive health priorities in Nunatsiavut,
Canada. BMC Public Health, 15(1), 605, doi:10.1186/512889-015-1874-3.
Harper, S.L., C. Wright, S. Masina and S. Coggins, 2020: Climate change,
water, and human health research in the Arctic. Water Secur, 10, 100062,

doi:10.1016/j.wasec.2020.100062.

Hauck, J., A. Lenton, C. Langlais and R. Matear, 2018: The fate of carbon and
nutrients exported out of the Southern Ocean. Glob. Biogeochem. Cycles,
32(10), 1556-1573, doi:10.1029/2018GB005977.

Hauser, D.D.W., K.L. Laidre and H.L. Stern, 2018: Vulnerability of Arctic marine
mammals to vessel traffic in the increasingly ice-free Northwest Passage
and Northern Sea Route. Proc. Natl. Acad. Sci., 115(29), 7617, doi:10.1073/
pnas.1803543115.

Hayes, K., et al., 2018: Climate change and mental health: risks, impacts and
priority actions. Int. J. Ment. Health Syst., 12(1), 28, doi:10.1186/513033-
018-0210-6.

Haynie, A.C. and H.P. Huntington, 2016: Strong connections, loose coupling:
the influence of the Bering Sea ecosystem on commercial fisheries and
subsistence harvests in Alaska. Ecol. Soc., 21(4), doi:10.5751/ES-08729-
210406.

Henley, S.F, et al, 2020: Changing biogeochemistry of the Southern Ocean
and its ecosystem implications. front. Mar. Sci, 7, 581, doi:10.3389/
fmars.2020.00581.

Hermann, A.J,, et al., 2019: Projected biophysical conditions of the Bering Sea to
2100 under multiple emission scenarios. ICES J. Mar. Sci., 76(5), 1280-1304,
doi:10.1093/icesjms/fsz043.

Hicks, C.C., et al., 2019: Harnessing global fisheries to tackle micronutrient
deficiencies. Nature, 574(7776), 95-98, doi:10.1038/s41586-019-1592-6.
Hill, R., et al., 2020: Working with Indigenous, local and scientific knowledge in
assessments of nature and nature’s linkages with people. Curr. Opin. Environ.

Sustain., 43, 8-20, doi:10.1016/j.cosust.2019.12.006.

Hillerdal, C., R. Knecht and W. Jones, 2019: Nunalleqg: archaeology, climate
change, and community engagement in a Yup'ik village. Arct. Anthropol.,
56(1), 4-17, doi:10.3368/aa.56.1.4.

Hindell, M. A,, et al., 2020: Tracking of marine predators to protect Southern
Ocean ecosystems. Nature, 580(7801), 87-92, doi:10.1038/s41586-020-
2126-y.

Hjort, J., et al., 2018: Degrading permafrost puts Arctic infrastructure at risk by
mid-century. Nat. Commun., 9(1), doi:10.1038/s41467-018-07557-4.

Holland, D.S., et al., 2017: Impact of catch shares on diversification of fishers'
income and risk. Proc. Natl. Acad. Sci., 114(35), 9302-9307, doi:10.1073/
pnas.1702382114.

Hollesen, J., et al., 2018: Climate change and the deteriorating archaeological
and environmental archives of the Arctic. Antiquity, 92(363), 573-586,
doi:10.15184/aqy.2018.8.

Hollesen, J., et al., 2016: Climate change and the loss of organic archaeological
deposits in the Arctic. Sci. Rep., 6(1), 28690, doi:10.1038/srep28690.

Hollowed, A.B., et al., 2020: Integrated modeling to evaluate climate change
impacts on coupled social-ecological systems in Alaska. Front. Mar. Sci., 6,
775, doi:10.3389/fmars.2019.00775.

Holsman, KK, et al., 2020: Ecosystem-based fisheries management forestalls
climate-driven collapse. Nat. Commun., 11(1), 4579, doi:10.1038/s41467-
020-18300-3.

2360

Polar Regions

Hoppe, C.J.M., et al., 2013: Iron limitation modulates ocean acidification effects
on Southern Ocean phytoplankton communities. PLoS ONE, 8(11), e79890,
doi:10.1371/journal.pone.0079890.

Hoppe, C.J.M., L.-M. Holtz, S. Trimborn and B. Rost, 2015: Ocean acidification
decreases the light-use efficiency in an Antarctic diatom under dynamic but
not constant light. New Phytol., 207(1), 159-171, doi:10.1111/nph.13334.

Hopwood, M.J, et al, 2018: Non-linear response of summertime marine
productivity to increased meltwater discharge around Greenland. Nat.
Commun., 9(1), 3256, doi:10.1038/s41467-018-05488-8.

Hopwood, M.J., et al.,, 2020: Review article: How does glacier discharge affect
marine biogeochemistry and primary production in the Arctic? Cryosphere,
14(4), 13471383, doi:10.5194/tc-14-1347-2020.

Hori, Y., et al., 2018a: Implications of projected climate change on winter road
systems in Ontario’s Far North, Canada. Clim. Change, 148(1), 109-122,
doi:10.1007/510584-018-2178-2.

Hori, Y., W.A. Gough, B. Tam and L.J.S. Tsuji, 2018b: Community vulnerability
to changes in the winter road viability and longevity in the western James
Bay region of Ontario’s Far North. Reg. Environ. Change, 18(6), 1753-1763,
doi:10.1007/510113-018-1310-1.

Howell, S.E.L. and M. Brady, 2019: The dynamic response of sea ice to warming
in the Canadian Arctic Archipelago. Geophys. Res. Lett., 46(22), 13119-
13125, doi:10.1029/2019GL085116.

Hiickstadt, L.A., et al., 2020: Projected shifts in the foraging habitat of crabeater
seals along the Antarctic Peninsula. Nat. Clim. Change, 10(5), 472477,
doi:10.1038/541558-020-0745-9.

Hudson, A. and K. Vodden, 2020: Decolonizing pathways to sustainability:
lessons learned from three Inuit communities in NunatuKavut, Canada.
Sustainability, 12(11), doi:10.3390/su12114419.

Hughes, K. A., et al., 2018: Antarctic environmental protection: strengthening
the links between science and governance. Environ. Sci. Policy, 83, 86-95,
doi:10.1016/j.envsci.2018.02.006.

Hughes, L., 2018: Relationships with Arctic indigenous peoples: To what extent
has prior informed consent become a norm? Rev. Eur. Comp. Int. Environ.
Law, 27(1), 15-27, doi:10.1111/reel.12232.

Huntington, H.P,, et al., 2017: How small communities respond to environmental
change: patterns from tropical to polar ecosystems. Ecol. Soc., 22(3), 9.

Huntington, H.P, et al., 2013: Local and traditional knowledge regarding the
Bering Sea ecosystem: selected results from five indigenous communities.
Deep Sea Res. Part Il Top. Stud. Oceanogr., 94, 323-332, doi:10.1016/j.
dsr2.2013.04.025.

Huntington, H.P, et al., 2019: Climate change in context: putting people first
in the Arctic. Reg. Environ. Change, 19(4), 1217-1223, doi:10.1007/s10113-
019-01478-8.

Huntington, H.P,, et al., 2015: Vessels, risks, and rules: planning for safe shipping
in Bering Strait. Mar. Policy, 51, 119-127, doi:10.1016/j.marpol.2014.07.027.

Huntington, H.P, et al., 2020: Evidence suggests potential transformation of
the Pacific Arctic ecosystem is underway. Nat. Clim. Change, 10(4), 342-348,
doi:10.1038/541558-020-0695-2.

Huntington, H.P,, L.T. Quakenbush and M. Nelson, 2016: Effects of changing sea
ice on marine mammals and subsistence hunters in northern Alaska from
traditional knowledge interviews. Biol. Lett., 12(8), 20160198, doi:10.1098/
rshl.2016.0198.

Huntington, H.P, et al.,, 2021: Societal implications of a changing Arctic Ocean.
Ambio, doi:10.1007/s13280-021-01601-2.

IAATO, 2021: Information and resources, International Association of Antarctic
Tour Operators. https://iaato.org/information-resources/. Accessed August
2021.

Inuit Circumpolar Council, 2017: People of the ice bridge: the future of the
Pikialasorsuaq. http:/lpikialasorsuag.org/en/Resources/Reports. Accessed
August 2021.

Inuit Circumpolar Council Alaska, 2020: Food Sovereignty and Self-Governance:
Inuit Role in Managing Arctic Marine Resources. Anchorage, AK, https:/
www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-


https://iaato.org/information-resources/
http://pikialasorsuaq.org/en/Resources/Reports
https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/
https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/

Polar Regions

inuit-role-in-managing-arctic-marine-resources/ . (144 pp). Accessed August
2021.

Inuit Circumpolar Council, 2021: Atlas of Community-Based Monitoring in
a Changing Arctic, Atlas of Community-Based Monitoring & Indigenous
Knowledge in a Changing Arctic. https://arcticcbm.org/index.html. Accessed
August 2021.

IPCC, 2014: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part
B: Regional Aspects. Contribution of Working Group Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change [Barros, V. R., C.
B. Field, D. J. Dokken, M. D. Mastrandrea, K. J. Mach, T. E. Bilir, M. Chatterjee,
K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S.
MacCracken, P. R. Mastrandrea and L. L. White (eds.)]. Cambridge University
Press, Cambridge, UK and New York, NY, USA, ISBN 978-1107058163. 688
Pp-

IPCC, 2019: IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate [Portner, H.-O., D. C. Roberts, V. Masson-Delmotte, P.
Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegria, M. Nicolai, A.
Okem, J. Petzold, B. Rama and N. M. Weyer (eds.)]. Cambridge University
Press, Cambridge, UK and New York, NY, USA, pp. 73-129. https://doi.
0rg/10.1017/9781009157964.003.

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of
Working Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Piranij, S. L.
Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M.
Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O.
Yelekgi, R. Yu and B. Zhou (eds.)]. Press, C. U. Available at: https://www.ipcc.
ch/report/ar6/wg1/#FullReport.

Irannezhad, M., J. Liu, B. Ahmadi and D. Chen, 2020: The dangers of Arctic
zombie wildfires. Science, 369(6508), 1171.1172-1171, doi:10.1126/science.
abe1739.

Irrgang, A., et al., 2019: Impacts of past and future coastal changes on the
Yukon coast - threats for cultural sites, infrastructure and travel routes. Arct.
Sci,, 5(2), 107-126, doi:10.1139/as-2017-0041.

ITK, 2019: National Inuit Climate Change Strategy. Inuit Tapiriit Kanatami,
https://www.itk.ca/wp-content/uploads/2019/06/ITK_Climate-Change-
Strategy_English.pdf . (48 pp). Accessed August 2021.

Iturbide, M., et al., 2021: Repository supporting the implementation of FAIR
principles in the IPCC-WG1 Atlas, Zenodo. https://github.com/IPCC-WG1/
Atlas. Accessed August 2021.

Jaakkola, JJK., S. Juntunen and K. Nakkalajarvi, 2018: The holistic effects of
climate change on the culture, well-being, and health of the Saami, the only
indigenous people in the European Union. Curr. Envir. Health Rep., 5(4),
401-417, doi:10.1007/s40572-018-0211-2.

Jacobsen, R.B., R.B. Hedeholm, D. Robert and L. Wheeland, 2018: Sustainable
Fisheries. In: Adaptation Actions for a Changing Arctic: Perspectives from
the Baffin Bay/Davis Strait Region. Arctic Monitoring and Assessment
Programme (AMAP), Oslo, Norway, pp. 163—176. ISBN 978-8279711056.

Jenouvrier, S., et al., 2021: The call of the emperor penguin: legal responses
to species threatened by climate change. Glob. Change Biol, nl/a(n/a),
doi:10.1111/gch.15806.

Jenouvrier, S., et al.,, 2020: The Paris Agreement objectives will likely halt
future declines of emperor penguins. Glob. Change Biol., 26(3), 1170-1184,
doi:10.1111/gcb.14864.

Jensen, A.M., 2020: Critical information for the study of ecodynamics and socio-
natural systems: rescuing endangered heritage and data from Arctic Alaskan
coastal sites. Quat. Int., 549, 227-238, doi:10.1016/j.quaint.2019.05.001.

Johnson, A.C. and A.E. Derocher, 2020: Variation in habitat use of Beaufort Sea
polar bears. Polar Biol., 43(9), 1247-1260, doi:10.1007/s00300-020-02705-
3.

Johnston, M., J. Dawson, E. De Souza and E.J. Stewart, 2017: Management
challenges for the fastest growing marine shipping sector in Arctic Canada:
pleasure crafts. Polar Rec., 53(1), 6778, doi:10.1017/50032247416000565.

Cross-Chapter Paper 6

Jones, M.C., et al.,, 2020: High sensitivity of Bering Sea winter sea ice to winter
insolation and carbon dioxide over the last 5500 years. Sci. Adv., 6(36),
eaaz9588, doi:10.1126/sciadv.aaz9588.

Jones, T, et al., 2019: Unusual mortality of Tufted puffins (Fratercula cirrhata)
in the eastern Bering Sea. PLoS ONE, 14(5), €216532, doi:10.1371/journal.
pone.0216532.

Jargensen, L.L., et al., 2019: Impact of multiple stressors on sea bed fauna in
a warming Arctic. Mar. Ecol. Prog. Ser., 608, 1-12, doi:10.3354/meps12803.

Jorgenson, M., 2007: Rebuilding Native Nations: Strategies for Governance and
Development. The University of Arizona Press, USA, ISBN 978-0816524235.

Kahru, M., Z. Lee and B.G. Mitchell, 2017: Contemporaneous disequilibrium
of bio-optical properties in the Southern Ocean. Geophys. Res. Lett., 44(6),
2835-2842, doi:10.1002/2016GL072453.

Karp, M. A., et al., 2019: Accounting for shifting distributions and changing
productivity in the development of scientific advice for fishery management.
ICES J. Mar. Scii, doi:10.1093/icesjms/fsz048.

Kasperski, S. and D.S. Holland, 2013: Income diversification and risk for
fishermen. Proc. Natl Acad. Sci, 110(6), 2076-2081, doi:10.1073/
pnas.1212278110.

Kawaguchi, S., et al., 2013: Risk maps for Antarctic krill under projected
Southern Ocean acidification. Nat. Clim. Change, 3(9), 843-847, doi:10.1038/
nclimate1937.

Kearney, K., et al., 2020: A coupled pelagic—benthic—sympagic biogeochemical
model for the Bering Sea: documentation and validation of the BESTNPZ
model (v2019.08.23) within a high-resolution regional ocean model. Geosci.
Model Dev., 13(2), 597-650, doi:10.5194/gmd-13-597-2020.

Kelman, I. and M.W. Naess, 2019: Climate change and migration for Scandinavian
Saami: a review of possible impacts. Climate, 7(4), doi:10.3390/cli7040047.

Keogan, K., et al., 2018: Global phenological insensitivity to shifting ocean
temperatures among seabirds. Nat. Clim. Change, 8(4), 313-318,
doi:10.1038/541558-018-0115-z.

Kharouba, H.M. and E.M. Wolkovich, 2020: Disconnects between ecological
theory and data in phenological mismatch research. Nat. Clim. Change,
10(5), 406415, doi:10.1038/s41558-020-0752-x.

Khon, V.C., I.Il. Mokhov and V.A. Semenov, 2017: Transit navigation through
Northern Sea Route from satellite data and CMIP5 simulations. Environ. Res.
Lett., 12, 24010, doi:10.1088/1748-9326/aa5841.

Kiani, S., et al., 2018: Effects of recent temperature variability and warming on
the Oulu-Hailuoto ice road season in the northern Baltic Sea. Cold Reg. Sci.
Technol., 151, 1-8, doi:10.1016/j.coldregions.2018.02.010.

Kim, B.F, et al, 2020: Country-specific dietary shifts to mitigate climate
and water crises. Glob. Environ. Change, 62, 101926, doi:10.1016/j.
gloenvcha.2019.05.010.

Kim, D., et al., 2018: Passive warming effect on soil microbial community
and humic substance degradation in maritime Antarctic region. J Basic
Microbiol., 58(6), 513-522, doi:10.1002/jobm.201700470.

Kimmel, D.G., L.B. Eisner, M.T. Wilson and J.T. Duffy-Anderson, 2018: Copepod
dynamics across warm and cold periods in the eastern Bering Sea:
implications for walleye pollock (Gadus chalcogrammus) and the Oscillating
Control Hypothesis. Fish. Oceanogr., 27(2), 143-158, doi:10.1111/fog.12241.

King, M., et al., 2018: Northward shift of the agricultural climate zone under
21st-century global climate change. Sci Rep., 8(1), 7904, doi:10.1038/
s41598-018-26321-8.

Klein, E.S., et al., 2018: Impacts of rising sea temperature on krill increase risks
for predators in the Scotia Sea. PLoS ONE, 13(1), 191011, doi:10.1371/
journal.pone.0191011.

Knies, J., et al., 2014: The emergence of modern sea ice cover in the Arctic
Ocean. Nat. Commun., 5(1), 5608, doi:10.1038/ncomms6608.

Knox, M.A., et al,, 2016: Impact of diurnal freeze-thaw cycles on the soil
nematode Scottnema lindsayae in Taylor Valley, Antarctica. Polar Biol., 39(4),
583-592, doi:10.1007/s00300-015-1809-6.

Kochtubajda, B., C. Mooney and R. Stewart, 2017: Characteristics, atmospheric
drivers and occurrence patterns of freezing precipitation and ice pellets over

2361



https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/
https://arcticcbm.org/index.html
https://doi.org/10.1017/9781009157964.003
https://doi.org/10.1017/9781009157964.003
https://www.ipcc.ch/report/ar6/wg1/#FullReport
https://www.ipcc.ch/report/ar6/wg1/#FullReport
https://www.itk.ca/wp-content/uploads/2019/06/ITK_Climate-Change-Strategy_English.pdf
https://www.itk.ca/wp-content/uploads/2019/06/ITK_Climate-Change-Strategy_English.pdf
https://github.com/IPCC-WG1/Atlas
https://github.com/IPCC-WG1/Atlas

Cross-Chapter Paper 6

the Prairie Provinces and Arctic Territories of Canada: 1964-2005. Atmos.
Res., 191, 115-127, doi:10.1016/j.atmosres.2017.03.005.

Koivurova, T, et al., 2015: Legal protection of Sami traditional livelihoods from
the adverse impacts of mining: a comparison of the level of protection
enjoyed by Sami in their four home states. Arct. Rev., 6(1), doi:10.17585/
arctic.v6.76.

Kowalczewski, E. and J. Klein, 2018: Sami youth health, the role of climate
change, and unique health-seeking behaviour. Int. . Circumpolar Health,
77(1), 1454785, doi:10.1080/22423982.2018.1454785.

Krause-Jensen, D., et al., 2020: Imprint of climate change on pan-Arctic marine
vegetation. Front. Mar. Sci., 7, 1129, doi:10.3389/fmars.2020.617324.

Ksenofontoy, S., N. Backhaus and G. Schaepman-Strub, 2017: ‘To fish or not to
fish?": fishing communities of Arctic Yakutia in the face of environmental
change and political transformations. Polar Rec., 53(3), 289-303,
doi:10.1017/50032247417000134.

Kwiatkowski, L., et al., 2020: Twenty-first century ocean warming, acidification,
deoxygenation, and upper-ocean nutrient and primary production decline
from CMIP6 model projections. Biogeosciences, 17(13), 3439-3470,
doi:10.5194/bg-17-3439-2020.

Kwok, R., 2018: Arctic sea ice thickness, volume, and multiyear ice coverage:
losses and coupled variability (1958-2018). Environ. Res. Lett., 13(10),
105005, doi:10.1088/1748-9326/aae3ec.

Labbé, J., J.D. Ford, M. Araos and M. Flynn, 2017: The government-led climate
change adaptation landscape in Nunavut, Canada. Environ. Rev., 25(1),
12-25, doi:10.1139/er-2016-0032.

Lader, R., J.E.Walsh, U.S. Bhatt and P.A. Bieniek, 2018: Agro-climate projections
for a warming Alaska. Earth Interact., 22(18), 1-24, doi:10.1175/EI-D-17-
0036.1.

Lannuzel, D., et al., 2020: The future of Arctic sea-ice biogeochemistry and ice-
associated ecosystems. Nat. Clim. Change, 10(11), 983-992, doi:10.1038/
s41558-020-00940-4.

Lantz, T.C., et al, 2020: Mapping exposure to flooding in three coastal
communities on the north slope of Alaska using airborne LiDAR. Coast.
Manag., 48(2), 96-117, doi:10.1080/08920753.2020.1732798.

Larsen, J.N. and A.N. Petrov, 2020: The Economy of the Arctic. In: The Palgrave
Handbook of Arctic Policy and Politics [Coates, K.S. and C. Holroyd(eds.)].
Springer International Publishing, Cham, pp. 79-95. ISBN 978-3030205577.

Laurel, B.J., M. Spencer, P. Iseri and L.A. Copeman, 2016: Temperature-dependent
growth and behavior of juvenile Arctic cod (Boreogadus saida) and co-
occurring North Pacific gadids. Polar Biol., 39(6), 1127-1135, doi:10.1007/
s00300-015-1761-5.

Lauta, K.C., M.T.Vendelg, B.R. Serensen and R. Dahlberg, 2018: Conceptualizing
cold disasters: disaster risk governance at the Arctic edge. Int. J. Disaster Risk
Reduct., 31, 1276-1282, doi:10.1016/j.ijdr.2017.12.011.

Lee, J.-Y, et al., 2021: Future Global Climate: Scenario-Based Projections and
Near-Term Information. In: Climate Change 2021: The Physical Science Basis.
Contribution of Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. [Masson-Delmotte, V., P. Zhai,
A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.
I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T.
Waterfield, O. Yelekgi, R. Yu and B. Zhou (eds.)](Press, C. U.).

Lee, K.C., et al., 2018: Stochastic and deterministic effects of a moisture gradient
on soil microbial communities in the McMurdo Dry Valleys of Antarctica.
Front. Microbiol., 9(2619), doi:10.3389/fmich.2018.02619.

Lemmen, D.S., F.J. Warren, T.S. James and C.S.L. Mercer Clarke, 2016: Canada’s
Marine Coasts in a Changing Climate. Natural Resources Canada, Ottawa,
ON, https://www.nrcan.gc.ca/sites/www.nrcan.gc.calfiles/earthsciences/
files/pdf/NRCAN_fullBook%20%20accessible.pdf. (274 pp). Accessed
August 2021.

Li, X., N. Otsuka and L.W. Brigham, 2020: Spatial and temporal variations
of recent shipping along the Northern Sea Route. Polar Sci, 100569,
doi:10.1016/j.polar.2020.100569.

2362

Polar Regions

Lin, Y, et al., 2021: Decline in plankton diversity and carbon flux with reduced
sea ice extent along the Western Antarctic Peninsula. Nat. Commun., 12(1),
4948, doi:10.1038/s41467-021-25235-w.

Liskova, E.A., et al., 2021: Reindeer anthrax in the Russian Arctic, 2016: climatic
determinants of the outbreak and vaccination effectiveness. Front. Vet. Sci.,
8, 486, doi:10.3389/fvets.2021.668420.

Ljungstrom, G., T.J. Langbehn and C. Jgrgensen, 2021: Light and energetics at
seasonal extremes limit poleward range shifts. Nat. Clim. Change, 11(6),
530-536, doi:10.1038/s41558-021-01045-2.

Llort, J., M. Lévy, J.B. Sallée and A. Tagliabue, 2019: Nonmonotonic response of
primary production and export to changes in mixed-layer depth in the Southern
Ocean. Geophys. Res. Lett., 46(6), 3368-3377, doi:10.1029/2018GL081788.

Lloyd's, 2012: Arctic Opening: Opportunity and Risk in the High North. Lloyd's,
London, https://www.lloyds.com/~/media/Files/news-and-insight/360-risk-
insight/arctic_risk_report_webview.pdf . (60 pp). Accessed August 2021.

Loisel, J., et al., 2017: Peatland ecosystem processes in the Maritime Antarctic
during warm climates. Sci. Rep., 7, 9, doi:10.1038/s41598-017-12479-0.

Long, M., A.-K.S. Knudsen, H.S. Pedersen and E.C. Bonefeld-Jargensen, 2015:
Food intake and serum persistent organic pollutants in the Greenlandic
pregnant women: the ACCEPT sub-study. Sci. Total Environ., 529, 198-212,
doi:10.1016/j.scitotenv.2015.05.022.

Lorenzo, C., et al., 2020: Antarctica and the COVID-19 Pandemic: Taking a Social
Sciences and Humanities Perspective, Eco, USA. 116-119.

Loring, PA., S.C. Gerlach and H.J. Penn, 2016: “Community work” in a climate
of adaptation: responding to change in rural Alaska. Hum. Ecol., 44(1), 119-
128, doi:10.1007/510745-015-9800-y.

Loseto, L.L., et al., 2018: Beluga whales (Delphinapterus leucas), environmental
change and marine protected areas in the Western Canadian Arctic. Estuar.
Coast. Shelf Sci., 212(April), 128-137, doi:10.1016/j.ecss.2018.05.026.

Lotze, H.K., et al., 2018: Ensemble projections of global ocean animal biomass
with climate change. bioRxiv, 467175, doi:10.1101/467175.

Lovejoy, C., et al., 2017: Plankton. In: State of the Arctic Marine Biodiversity
Report [Barry, T., C. Price, M. Olsen, T. Christensen and M. Frederiksen(eds.)].
Council of Arctic Flora and Fauna (CAFF) International Secretariat, Akureyri,
Iceland, pp. 63—80.

Lowther, A.D., A. Fisk, K.M. Kovacs and C. Lydersen, 2017: Interdecadal changes
in the marine food web along the west Spitshergen coast detected in the
stable isotope composition of ringed seal (Pusa Hispida) whiskers. Polar
Biol., 40(10), 2027-2033, doi:10.1007/s00300-017-2122-3.

Lydersen, C., et al., 2017: Novel terrestrial haul-out behaviour by ringed seals
(Pusa hispida) in Svalbard, in association with harbour seals (Phoca vitulina).
Polar Res., 36(1), 1374124, doi:10.1080/17518369.2017.1374124.

Lynham, J., et al., 2017: Costly stakeholder participation creates inertia in marine
ecosystems. Mar. Policy, 76, 122—129, doi:10.1016/j.marpol.2016.11.011.
Lyons, 0., 2020: Value Change for Survival. American Indian Institute,
https://www.twocircles.org/files/pdf/Value_Change_for_Survival.pdf.

(1 pp). Accessed August 2021.

Macaya, E.C., F. Tala, I. A. Hinojosa and E. Roth&usler, 2020: Detached Seaweeds
as Important Dispersal Agents Across the Southern Ocean. In: Antarctic
Seaweeds [Gomez, |. and P. Huovinen(eds.)]. Springer, pp. 59-81. ISBN 978-
3030394486.

Maduna, S.N., et al., 2021: Sea ice reduction drives genetic differentiation
among Barents Sea polar bears. Proc. R. Soc. B, 288(1958), 20211741,
doi:10.1098/rspb.2021.1741.

Maekakuchi, M., et al., 2020: Abundance, horizontal and vertical distribution
of epipelagic ctenophores and scyphomedusae in the northern Bering Sea
in summer 2017 and 2018: Quantification by underwater video imaging
analysis. Deep Sea Res. Part Il Top. Stud. Oceanogr., 181-182, 104818,
doi:10.1016/j.dsr2.2020.104818.

Marino, E. and H. Lazrus, 2015: Migration or forced displacement? The complex
choices of climate change and disaster migrants in Shishmaref, Alaska and
Nanumea, Tuvalu. Hum. Organ., 74(4), 341-350, doi:10.17730/0018-7259-
744341,


https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/earthsciences/files/pdf/NRCAN_fullBook%20%20accessible.pdf
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/earthsciences/files/pdf/NRCAN_fullBook%20%20accessible.pdf
https://www.lloyds.com/~/media/Files/news-and-insight/360-risk-insight/arctic_risk_report_webview.pdf
https://www.lloyds.com/~/media/Files/news-and-insight/360-risk-insight/arctic_risk_report_webview.pdf
https://www.twocircles.org/files/pdf/Value_Change_for_Survival.pdf

Polar Regions

Markon, C., et al., 2018: Alaska. In: Impacts, Risks, and Adaptation in the United
States: Fourth National Climate Assessment [Reidmiller, D.R., C.W. Avery, D.R.
Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock and B.C. Stewart(eds.)] Vol.
Il, U.S. Global Change Research Program, Washington D.C., pp. 1185-1241.

Marsh, J.M. and FJ. Mueter, 2020: Influences of temperature, predators, and
competitors on polar cod (Boreogadus saida) at the southern margin of their
distribution. Polar Biol., 43(8), 995-1014, doi:10.1007/s00300-019-02575-4.

Marshall, K.N., et al., 2019: Inclusion of ecosystem information in US fish
stock assessments suggests progress toward ecosystem-based fisheries
management. /CES J. Mar. Sci., 76(1), 1-9, doi:10.1093/icesjms/fsy152.

Masina, S., et al., 2019: Weather, environmental conditions, and waterborne
Giardia and Cryptosporidium in Igaluit, Nunavut. J. Water Health, 17(1),
84-97, doi:10.2166/wh.2018.323.

McCormack, S.A., G. Griffith, S.L. Hill, et al, 2021. Southern Ocean food
web modelling: progress, prognoses, and future priorities for research
and policy makers. Front. Ecol. Evol 9:624763. https://doi.org/10.3389/
fevo.2021.624763.

McCormack, S.A., et al.,, 2021: Decades of dietary data demonstrate regional
food web structures in the Southern Ocean. Ecol. Evol, 11(1), 227-241,
doi:10.1002/ece3.7017.

Meire, L., et al., 2017: Marine-terminating glaciers sustain high productivity
in Greenland fjords. Glob. Change Biol., 23(12), 5344-5357, doi:10.1111/
gcb.13801.

Melbourne-Thomas, J., et al., 2021: Poleward bound: adapting to climate-driven
species redistribution. Rev. Fish Biol. Fish., doi:10.1007/s11160-021-09641-3.

Melbourne-Thomas, J., et al., 2016: Under ice habitats for Antarctic krill larvae:
Could less mean more under climate warming? Geophys. Res. Lett., 43(19),
322-310, doi:10.1002/2016GL070846.

Melia, N., K. Haines and E. Hawkins, 2016: Sea ice decline and 21st century
trans-Arctic shipping routes. Geophys. Res. Lett., 43(18), 9720-9728,
doi:10.1002/2016GL069315.

Melvin, A.M., et al, 2017: Climate change damages to Alaska public
infrastructure and the economics of proactive adaptation. Proc. Natl. Acad.
Sci., 114(2), E122, doi:10.1073/pnas.1611056113.

Mendenhall, E., et al.,, 2020: Climate change increases the risk of fisheries
conflict. Mar. Policy, 117, 103954, doi:10.1016/j.marpol.2020.103954.

Meredith, M., et al, 2019: Polar Regions. In: IPCC Special Report on the
Ocean and Cryosphere in a Changing Climate [Portner, H.-O., D. C. Roberts,
V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A.
Alegria, M. Nicolai, A. Okem, J. Petzold, B. Rama and N. M. Weyer (eds.)],
pp. 118.

Meyer, B., et al., 2020: Successful ecosystem-based management of Antarctic
krill should address uncertainties in krill recruitment, behaviour and
ecological adaptation. Commun. Earth Environ., 1(1), 28, doi:10.1038/
s43247-020-00026-1.

Middleton, J., et al., 2020a: "We're people of the snow:" weather, climate
change, and Inuit mental wellness. Soc. Sci. Med., 262, 113137, doi:10.1016/j.
socscimed.2020.113137.

Middleton, J., et al., 2020b: Indigenous mental health in a changing climate: a
systematic scoping review of the global literature. Environ. Res. Lett., 15(5),
53001, doi:10.1088/1748-9326/ab68a9.

Minor, K., et al., 2019: Greenlandic Perspectives on Climate Change 2018-2019
Results from a National Survey. Kraks Fond Institute for Urban Research,
University of Greenland and University of Copenhagen, https:/papers.ssrn.
com/sol3/papers.cfim?abstract_id=3667214 . (101 pp). Accessed August 2021.

Moerlein, K.J. and C. Carothers, 2012: Total environment of change: impacts of
climate change and social transitions on subsistence fisheries in northwest
Alaska. Ecol. Soc., 17(1), doi:10.5751/ES-04543-170110.

Mller, E.F. and T.G. Nielsen, 2020: Borealization of Arctic zooplankton—smaller
and less fat zooplankton species in Disko Bay, Western Greenland. Limnol.
Oceanogr., 65(6), 1175-1188, doi:10.1002/Ino.11380.

Cross-Chapter Paper 6

Moore, J.K., et al., 2018: Sustained climate warming drives declining marine
biological productivity. Science, 359(6380), 1139, doi:10.1126/science.
aa06379.

Markere, T, et al, 2020: Dietary inclusion of Antarctic krill meal during
the finishing feed period improves health and fillet quality of Atlantic
salmon (Salmo salar L.). Br. J Nutr, 124(4), 418-431, doi:10.1017/
$0007114520001282.

Morley, J.W., et al., 2018: Projecting shifts in thermal habitat for 686 species
on the North American continental shelf. PLoS ONE, 13(5), 196127,
doi:10.1371/journal.pone.0196127.

Morley, S.A., et al, 2020: Global drivers on Southern Ocean ecosystems:
changing physical environments and anthropogenic pressures in an earth
system. Front. Mar. Sci., 7, 1097, doi:10.3389/fmars.2020.547188.

Morley, S.A., D.K.A. Barnes and M.J. Dunn, 2019: Predicting which species
succeed in climate-forced polar seas. front. Mar. Sci, 5(507), 1-13,
doi:10.3389/fmars.2018.00507.

Mudryk, L., et al., 2021: Impact of 1, 2, and 4°C of global warming on ship
navigation in the Canadian Arctic. Nat. Clim. Change, doi:10.1038/s41558-
021-01087-6.

Mueter, F, et al., 2020: Arctic gadids in a rapidly changing environment. Polar
Biol., 43(8), 945-949, doi:10.1007/s00300-020-02696-1.

Mumby, P.J., et al., 2017: Avoiding a crisis of motivation for ocean management
under global environmental change. Glob Change Biol., 23(11), 4483-4496,
doi:10.1111/gch.13698.

Murphy, E.J., et al.,, 2021: Global connectivity of Southern Ocean ecosystems.
Front. Ecol. Evol., 9, 454, doi:10.3389/fev0.2021.624451.

Mustonen, K., T. Mustonen and J. Kirillov, 2018a: Traditional Knowledge of
Northern Waters. Cooperative, Finland. 39 pp.

Mustonen, T. and P. Feodoroff, 2020: What is a River? Cross-disciplinary and
Indigenous Assessment. In: Indigenous Wellbeing and Enterprise: Self-
Determination and Sustainable Economic Development [Colbourne, R. and
R.B. Anderson(eds.)]. Routledge, New York. ISBN 978-0367349639.

Mustonen, T, et al, 2018b: Deepening Voices - eXchanging Knowledge
of Monitoring Practices between Finland and Greenland. Snowchange,
https://lwww.researchgate.net/publication/322753987_Deepening_Voices-
eXchanging_Knowledge_of Monitoring_Practices_between_Finland_and_
Greenland . (51 pp). Accessed August 2021.

Mustonen, T. and N. Huusari, 2020: How to know about waters? Finnish
traditional knowledge related to waters and implications for management
reforms. Rev. Fish Biol Fish., 30(4), 699-718, doi:10.1007/s11160-020-
09619-7.

Mustonen, T. and K. Mustonen, 2016: Life in the Cyclic World: A Compendium
of Traditional Knowledge from the Eurasian North. Snowchange Cooperative,
Cooperative, S., http://www.snowchange.org/2016/05/life-in-the-cyclic-world-
report-released-traditional-knowledge-compendium-from-eurasia/ . (133 pp).
Accessed August 2021.

Mustonen, T, K. Mustonen, J. Kirilloy, et al., 2021: Community-based monitoring
in the Ponoy River, Kola Peninsula (Russia): reflections on Atlantic salmon,
pink salmon, northern pike and weather/climate change. Polar Biol., 44,
173-194, doi:10.1007/s00300-020-02790-4.

Mustonen, T. and V. Shadrin, 2021: The river Alazeya: shifting socio-ecological
systems connected to a northeastern Siberian river. Arctic, 74(1),
doi:10.14430/arctic72238.

Mustonen, T. and B. Van Dam, 2021: Climate change and Unalakleet: a deep
analysis. Sustainability, 13(17), doi:10.3390/su13179971.

Myers, S.S., et al., 2017: Climate change and global food systems: potential
impacts on food security and undernutrition. Annu. Rev. Public Health, 38(1),
259-277, doi:10.1146/annurev-publhealth-031816-044356.

Natcher, D., et al., 2019: The Arctic as a Food Producing Region. Arctic Council's
Sustainable Development Working Group, https://nofima.no/wp-content/
uploads/2017/05/AFPR-Final-Report.pdf . (21 pp). Accessed August 2021.

2363



https://doi.org/10.3389/fevo.2021.624763
https://doi.org/10.3389/fevo.2021.624763
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3667214
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3667214
https://www.researchgate.net/publication/322753987_Deepening_Voices-eXchanging_Knowledge_of_Monitoring_Practices_between_Finland_and_Greenland
https://www.researchgate.net/publication/322753987_Deepening_Voices-eXchanging_Knowledge_of_Monitoring_Practices_between_Finland_and_Greenland
https://www.researchgate.net/publication/322753987_Deepening_Voices-eXchanging_Knowledge_of_Monitoring_Practices_between_Finland_and_Greenland
http://www.snowchange.org/2016/05/life-in-the-cyclic-world-report-released-traditional-knowledge-compendium-from-eurasia/
http://www.snowchange.org/2016/05/life-in-the-cyclic-world-report-released-traditional-knowledge-compendium-from-eurasia/
https://nofima.no/wp-content/uploads/2017/05/AFPR-Final-Report.pdf
https://nofima.no/wp-content/uploads/2017/05/AFPR-Final-Report.pdf

Cross-Chapter Paper 6

Neukermans, G., L. Oziel and M. Babin, 2018: Increased intrusion of warming
Atlantic water leads to rapid expansion of temperate phytoplankton in the
Arctic. Glob. Change Biol., 24(6), 2545-2553, doi:10.1111/gcb.14075.

Newsham, K.K., R.J. Hall and N.R. Maslen, 2020: Experimental warming of
bryophytes increases the population density of the nematode Plectus belgicae
in maritime Antarctica. Antarct. Sci., 1-9, doi:10.1017/s0954102020000528.

Newsham, K.K., et al., 2019: Bacterial community composition and diversity
respond to nutrient amendment but not warming in a Maritime Antarctic
soil. Microb. Ecol., 78(4), 974-984, doi:10.1007/500248-019-01373-z.

Ng,AK.Y., etal, 2018: Implications of climate change for shipping: opening the
Arctic seas. WIREs Clim. Change, 9(2), €507, doi:10.1002/wcc.507.

Nielsen, J., A. Rosing-Asvid, L. Meire and R. Nygaard, 2020: Widespread
occurrence of pink salmon (Oncorhynchus gorbuscha) throughout Greenland
coastal waters. J. Fish Biol., 96(6), 15051507, doi:10.1111/jfh.14318.

Niittynen, P, R.K. Heikkinen and M. Luoto, 2018: Snow cover is a neglected
driver of Arctic biodiversity loss. Nat. Clim. Change, 8(11), 997-1001,
doi:10.1038/541558-018-0311-x.

Nunavut Climate Change Center, 2018: Climate chance adaptation
project - permafrost thaw and river erosion in Kugluk Territorial Park.
https://www.climatechangenunavut.ca/en/project/climate-change-
adaptation-project-permafrost-thaw-and-river-erosion-kugluk-territorial-
park#:~:text=Kugluk%?20Territorial%20Park%20along%?20the, t0%-
20move%20the%20ATV%20trail. Accessed August 2021.

Nuttall, M., 2020: Water, ice, and climate change in northwest Greenland.
WIREs Water, 7(3), 1433, doi:10.1002/wat2.1433.

Nyland, K.E., et al., 2017: Traditional Ifiupiat ice cellars (SIGIUAQ) in Barrow,
Alaska: characteristics, temperature monitoring, and distribution. Geogr.
Rev., 107(1), 143-158, doi:10.1111/j.1931-0846.2016.12204.x.

O'Rourke, M.LE., 2017: Archaeological site vulnerability modelling: the
influence of high impact storm events on models of shoreline erosion in
the western Canadian Arctic. Open Archaeol., 3(1), 1-16, doi:10.1515/opar-
2017-0001.

Ogar, E., G. Pecl and T. Mustonen, 2020: Science must embrace traditional and
indigenous knowledge to solve our biodiversity crisis. One Earth, 3(2), 162—
165, doi:10.1016/j.0neear.2020.07.006.

Ojea, E., |. Pearlman, S.D. Gaines and S.E. Lester, 2017: Fisheries regulatory
regimes and resilience to climate change. Ambio, 46(4), 399-412,
doi:10.1007/513280-016-0850-1.

Oke, K.B., et al.,, 2020: Recent declines in salmon body size impact ecosystems
and fisheries. Nat. Commun., 11(1), 4155, doi:10.1038/541467-020-17726-z.

Oldenborger, G.A. and A.-M. LeBlanc, 2015: Geophysical characterization of
permafrost terrain at Iqaluit International Airport, Nunavut. J. Appl. Geophys.,
123, 36-49, doi:10.1016/j.jappgeo.2015.09.016.

Olsen, J, N.A. Carter and J. Dawson, 2019: Community perspectives on the
environmental impacts of Arctic shipping: case studies from Russia, Norway
and Canada. Cogent Soc. Sci., 5(1), 1609189, doi:10.1080/23311886.2019.
1609189.

Orsi, A.H., T. Whitworth and W.D. Nowlin, 1995: On the meridional extent and
fronts of the Antarctic Circumpolar Current. Deep Sea Res. Part | Oceanogr.
Res. Pap., 42(5), 641-673, doi:10.1016/0967-0637(95)00021-W.

Ostapchuk, J., et al., 2015: Exploring elders’ and seniors’ perceptions of how
climate change is impacting health and well-being in Rigolet, Nunatsiavut /
Prive™ A*a A ‘Lo AoDDBAS ALY 0 NS, 0o/l
JD>< < do*lo® DA b* NI AP <L, Int J
Indig. Health, 9(2), 6, doi:10.18357/ijih92201214358.

Palacios-Abrantes, J., U.R. Sumaila and W.W.L. Cheung, 2020: Challenges to
transboundary fisheries management in North America under climate
change. Ecol. Soc., 25(4), doi:10.5751/ES-11743-250441.

Palma, D., et al., 2019: Cruising the marginal ice zone: climate change and Arctic
tourism. Polar Geogr., 0513, 1-21, doi:10.1080/1088937x.2019.1648585.
PAME, 2020: The Increase in Arctic Shipping 2013-2019: Arctic Shipping Status
Report (ASSR) #1. Protection of the Marine Environment (PAME), https:/
www.pame.is/document-library/pame-reports-new/pame-ministerial-

2364

Polar Regions

deliverables/2021-12th-arctic-council-ministerial-meeting-reykjavik-
iceland/793-assr-1-the-increase-in-arctic-shipping-2013-2019/file2364.
Accessed: March 2022

Panassa, E., C. Volker, D. Wolf-Gladrow and J. Hauck, 2018: Drivers of
interannual variability of summer mixed layer depth in the Southern Ocean
between 2002 and 2011. J Geophys. Res. Oceans, 123(8), 5077-5090,
doi:10.1029/2018JC013901.

Parlee, C. and M. Wiber, 2018: Using conflict over risk management in the
marine environment to strengthen measures of governance. Ecol. Soc.,
23(4), doi:10.5751/ES-10334-230405.

Pauli, N.-C., et al.,, 2021: Selective feeding in Southern Ocean key grazers—
diet composition of krill and salps. Commun. Biol., 4(1), 1061, doi:10.1038/
s42003-021-02581-5.

Paulin, M. and J. Caines, 2016: The Evolution of Design Tools for Arctic Subsea
Pipelines. Arctic Technology Conference, St. John's, Newfoundland and
Labrador, Canada, 24.10.2016. doi:10.4043/27374-MS. Offshore Technology
Conference, OTC, pp. 11.

Pecuchet, L., et al., 2020a: Novel feeding interactions amplify the impact of
species redistribution on an Arctic food web. Glob. Change Biol., 26(9),
4894-4906, doi:10.1111/gch.15196.

Pecuchet, L., et al, 2020b: Spatio-temporal dynamics of multi-trophic
communities reveal ecosystem-wide functional reorganization. Ecography,
43(2), 197-208, doi:10.1111/ecog.04643.

Pendakur, K., 2017: Northern Territories. In: Climate Risks & Adaptation
Practices - For the Canadian Transportation Sector 2016 [Palko, K. and D.S.
Lemme(eds.)]. Government of Canada, Ottawa, Ontario, pp. 27-64.

Pentz, B. and N. Klenk, 2017: The ‘responsiveness gap’ in RFMOs: the critical
role of decision-making policies in the fisheries management response
to climate change. Ocean Coast. Manag., 145, 44-51, doi:10.1016/j.
ocecoaman.2017.05.007.

Perrin, A., et al., 2015: Economic Implications of Climate Change Adaptations
for Mine Access Roads in Northern Canada. Yukon Research Center, Yukon
College, Yukon, https://www.iisd.org/library/economic-implications-climate-
change-adaptations-mine-access-roads-northern-canada . (93 pp). Accessed
August 2021.

Petrasek MacDonald, ., etal., 2015: Protective factors for mental health and well-
being in a changing climate: perspectives from Inuit youth in Nunatsiavut,
Labrador. Soc. Sci. Med., 141, doi:10.1016/j.socscimed.2015.07.017.

Petrasek MacDonald, J., et al., 2013: A necessary voice: climate change and
lived experiences of youth in Rigolet, Nunatsiavut, Canada. Glob. Environ.
Change, 23(1), 360-371, doi:10.1016/j.gloenvcha.2012.07.010.

Petrick, S., et al, 2017: Climate change, future Arctic Sea ice, and the
competitiveness of European Arctic offshore oil and gas production on world
markets. Ambio, 46(3), 410-422, doi:10.1007/513280-017-0957-z.

Petrou, K., et al., 2019: Acidification diminishes diatom silica production in the
Southern Ocean. Nat. Clim. Change, 9(10), 781-786, doi:10.1038/s41558-
019-0557-y.

PEW, 2016: The Integrated Arctic Corridors Framework: Planning for Responsible
Shipping Canada'’s Arctic Waters. https://www.pewtrusts.org/en/research-and-
analysis/reports/2016/04/the-integrated-arctic-corridors-framework . (37 pp).
Accessed August 2021.

Piatt, J.F, et al., 2020: Extreme mortality and reproductive failure of common
murres resulting from the northeast Pacific marine heatwave of 2014-2016.
PLoS ONE, 15(1), 226087, doi:10.1371/journal.pone.0226087.

Pinkerton, E. and R. Davis, 2015: Neoliberalism and the politics of enclosure in
North American small-scale fisheries. Mar. Policy, 61,303-312, doi:10.1016/j.
marpol.2015.03.025.

Pinkerton, M.H., et al.,, 2021: Evidence for the impact of climate change
on primary producers in the Southern Ocean. front. Ecol. Evol, 9, 134,
doi:10.3389/fev0.2021.592027.

Pifiones, A. and A.V. Fedorov, 2016: Projected changes of Antarctic krill habitat
by the end of the 21st century. Geophys. Res. Lett., 43(16), 8580-8589,
doi:10.1002/2016GL069656.


https://www.climatechangenunavut.ca/en/project/climate-change-adaptation-project-permafrost-thaw-and-river-erosion-kugluk-territorial-park#:~:text=Kugluk%20Territorial%20Park%20along%20the,to%20move%20the%20ATV%20trail
https://www.climatechangenunavut.ca/en/project/climate-change-adaptation-project-permafrost-thaw-and-river-erosion-kugluk-territorial-park#:~:text=Kugluk%20Territorial%20Park%20along%20the,to%20move%20the%20ATV%20trail
https://www.climatechangenunavut.ca/en/project/climate-change-adaptation-project-permafrost-thaw-and-river-erosion-kugluk-territorial-park#:~:text=Kugluk%20Territorial%20Park%20along%20the,to%20move%20the%20ATV%20trail
https://www.climatechangenunavut.ca/en/project/climate-change-adaptation-project-permafrost-thaw-and-river-erosion-kugluk-territorial-park#:~:text=Kugluk%20Territorial%20Park%20along%20the,to%20move%20the%20ATV%20trail
https://www.pame.is/document-library/pame-reports-new/pame-ministerial-deliverables/2021-12th-arctic-council-ministerial-meeting-reykjavik-iceland/793-assr-1-the-increase-in-arctic-shipping-2013-2019/file
https://www.pame.is/document-library/pame-reports-new/pame-ministerial-deliverables/2021-12th-arctic-council-ministerial-meeting-reykjavik-iceland/793-assr-1-the-increase-in-arctic-shipping-2013-2019/file
https://www.pame.is/document-library/pame-reports-new/pame-ministerial-deliverables/2021-12th-arctic-council-ministerial-meeting-reykjavik-iceland/793-assr-1-the-increase-in-arctic-shipping-2013-2019/file
https://www.pame.is/document-library/pame-reports-new/pame-ministerial-deliverables/2021-12th-arctic-council-ministerial-meeting-reykjavik-iceland/793-assr-1-the-increase-in-arctic-shipping-2013-2019/file
https://www.iisd.org/library/economic-implications-climate-change-adaptations-mine-access-roads-northern-canada
https://www.iisd.org/library/economic-implications-climate-change-adaptations-mine-access-roads-northern-canada
https://www.pewtrusts.org/en/research-and-analysis/reports/2016/04/the-integrated-arctic-corridors-framework
https://www.pewtrusts.org/en/research-and-analysis/reports/2016/04/the-integrated-arctic-corridors-framework

Polar Regions

Pinsky, M.L., et al., 2018: Preparing ocean governance for species on the move.
Science, 360(6394), 1189-1191, doi:10.1126/science.aat2360.

Pirotta, V., et al., 2019: Consequences of global shipping traffic for marine
giants. Front. Ecol. Environ., 17(1), 39-47, doi:10.1002/fee.1987.

Piskova, A., et al, 2019: Late-Holocene palaeoenvironmental changes at
Lake Esmeralda (Vega lIsland, Antarctic Peninsula) based on a multi-
proxy analysis of laminated lake sediment. Holocene, 95968361983803,
doi:10.1177/0959683619838033.

Pizzolato, L., et al., 2016: The influence of declining sea ice on shipping
activity in the Canadian Arctic. Geophys. Res. Lett., 43(12), 146-154,
doi:10.1002/2016GL071489.

Plum, C., H. Hillebrand and S. Moorthi, 2020: Krill vs salps: dominance shift from
krill to salps is associated with higher dissolved N:P ratios. Sci. Rep., 10(1),
5911-5911, doi:10.1038/541598-020-62829-8.

Poore, J. and T. Nemecek, 2018: Reducing food's environmental impacts
through producers and consumers. Science, 360(6392), 987, doi:10.1126/
science.aaq0216.

Prather, H., et al., 2019: Species-specific effects of passive warming in an
Antarctic moss system. R. Soc. Open Sci., 6, 190744, doi:10.1098/rs0s.190744.

Punt, A.E., et al,, 2021: Evaluating the impact of climate and demographic
variation on future prospects for fish stocks: an application for northern rock
sole in Alaska. Deep Sea Res. Part Il Top. Stud. Oceanogr., 189-190, 104951,
doi:10.1016/j.dsr2.2021.104951.

Punt, A.E., D. Poljak, M.G. Dalton and R.J. Foy, 2014: Evaluating the impact of
ocean acidification on fishery yields and profits: the example of red king crab in
Bristol Bay. Ecol. Model., 285, 39-53, doi:10.1016/j.ecolmodel.2014.04.017.

QIA, 2019: Tallurutiup Imanga National Marine Conservation Area Inuit
Impact and Benefit Agreement: Canada’s Largest Body of Protected Waters.
Qikigtani Inuit Association (QIA), https://www.gia.ca/what-we-do/parks-
and-conservation-areas/. Accessed August 2021.

Radosavljevic, B., et al, 2016: Erosion and flooding—threats to coastal
infrastructure in the Arctic: a case study from Herschel Island, Yukon Territory,
Canada. Estuaries Coasts, 39(4), 900-915, doi:10.1007/s12237-015-0046-0.

Raheem, D., 2018: Food and nutrition security as a measure of resilience in the
Barents region. Urban Sci., 2(3), 72, doi:10.3390/urbansci2030072.

Ranasinghe, R., et al., 2021: Climate Change Information for Regional Impact
and for Risk Assessment [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L. Connors,
C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K.
Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekgi, R.
Yu and B. Zhou (eds.)]. Press, C. U.

Randelhoff, A. and J.D. Guthrie, 2016: Regional patterns in current and future
export production in the central Arctic Ocean quantified from nitrate fluxes.
Geophys. Res. Lett., 43(16), 8600-8608, doi:10.1002/2016GL070252.

Randelhoff, A., et al., 2020: Pan-Arctic Ocean primary production constrained
by turbulent nitrate fluxes. Front. Mar. Sci, 7, 150, doi:10.3389/
fmars.2020.00150.

Ray, D.K., et al., 2019: Climate change has likely already affected global food
production. PLoS ONE, 14(5), e217148-e217148, doi:10.1371/journal.
pone.0217148.

Raymond-Yakoubian, J. and R. Daniel, 2018: An Indigenous approach to
ocean planning and policy in the Bering Strait region of Alaska. Mar. Policy,
97(September), 101-108, doi:10.1016/j.marpol.2018.08.028.

Raymond-Yakoubian, J., B. Raymond-Yakoubian and C. Moncrieff, 2017:
The incorporation of traditional knowledge into Alaska federal fisheries
management. Mar. Policy, 78, 132-142, doi:10.1016/j.marpol.2016.12.024.

Ready, E. and E.A. Power, 2017: Why wage earners hunt: food sharing, social
structure, and influence in an Arctic mixed economy. Curr. Anthropol., 59(1),
74-97, doi:10.1086/696018.

Renaud, P.E., et al.,, 2018: Pelagic food-webs in a changing Arctic: a trait-based
perspective suggests a mode of resilience. /CES J. Mar. Sci., 75(6), 1871—
1881, doi:10.1093/icesjms/fsy063.

Cross-Chapter Paper 6

Reum, J.C.P, et al., 2020: Ensemble projections of future climate change impacts
on the eastern Bering Sea food web using a multispecies size spectrum
model. front. Mar. Sci, 7, 124, doi:10.3389/fmars.2020.00124.

Ribeiro, S., et al., 2021: Vulnerability of the North Water ecosystem to climate
change. Nat. Commun., 12(1), 4475, doi:10.1038/s41467-021-24742-0.

Riedel, M., et al., 2017: Evidence for gas hydrate occurrences in the Canadian
Arctic Beaufort Sea within permafrost-associated shelf and deep-
water marine environments. Mar. Pet. Geol, 81, 66-78, doi:10.1016/].
marpetgeo.2016.12.027.

Ristroph, E.B., 2017: When climate takes a village: legal pathways toward
the relocation of Alaska native villages. Clim. Law, 7(4), 259-289,
doi:10.1163/18786561-00704003.

Ritsema, R., J. Dawson, M. Jorgensen and B. Macdougall, 2015: “Steering
our own ship?” an assessment of self-determination and self-governance
for community development in Nunavut. North. Rev., 41(2015), 157-180,
doi:10.22584/nr41.2015.007.

Robards, M.D,, et al., 2018: Understanding and adapting to observed changes
in the Alaskan Arctic: actionable knowledge co-production with Alaska
Native communities. Deep Sea Res. Part Il Top. Stud. Oceanogr., 152, 203—
213, doi:10.1016/j.dsr2.2018.02.008.

Roberts, L., et al, 2021: Enabling enduring evidence-based policy for the
Southern Ocean through cultural arts practices. front. Ecol. Evol., 9, 284.
Robinson, S.A., et al., 2018: Rapid change in East Antarctic terrestrial vegetation
in response to regional drying. Nat. Clim. Change, 8(10), 879, doi:10.1038/

s41558-018-0282-0.

Robinson, S.A., et al., 2020: The 2019/2020 summer of Antarctic heatwaves.
Glob. Change Biol., 26(6), 3178-3180, doi:10.1111/gcbh.15083.

Rogers, A.D., et al., 2020: Antarctic futures: an assessment of climate-driven
changes in ecosystem structure, function, and service provisioning in the
Southern Ocean. Annu. Rev. Mar. Sci., 12(1), 87-120, doi:10.1146/annurev-
marine-010419-011028.

Romano, M.D., et al., 2020: Die-offs, reproductive failure, and changing at-
sea abundance of murres in the Bering and Chukchi Seas in 2018. Deep
Sea Res. Part Il Top. Stud. Oceanogr, 181-182(104877), doi:10.1016/j.
dsr2.2020.104877.

Ropert-Coudert, Y., et al., 2018: Two recent massive breeding failures in an
Adélie penguin colony call for the creation of a marine protected area in
D’Urville Sea/Mertz. Front. Mar. Sci., 5, 264, doi:10.3389/fmars.2018.00264.

Rosales, J., et al., 2021: Storm surge proxies in a data-poor landscape: a
practical monitoring method for under-surveyed and -studied communities
vulnerable to climate change. Clim. Change, 164(1), 22, doi:10.1007/
$10584-021-02995-4.

Rosenhaim, I.L., et al., 2019: Simulated ballast water accumulation along Arctic
shipping routes. Mar. Policy, 103, 9-18, doi:10.1016/j.marpol.2019.02.013.

Royles, J. and H. Griffiths, 2015: Invited review: climate change impacts in polar
regions: lessons from Antarctic moss bank archives. Glob. Change Biol.,
21(3), 1041-1057, doi:10.1111/gcb.12774.

Ruiz-Fernandez, J., M. Oliva and C. Garcia-Hernandez, 2017: Topographic and
geomorphologic controls on the distribution of vegetation formations in
Elephant Point (Livingston Island, Maritime Antarctica). Sci. Total Environ.,
587, 340-349, doi:10.1016/j.scitotenv.2017.02.158.

Ruscio, B.A., et al., 2015: One Health — a strategy for resilience in a changing
arctic. Int. J. Circumpolar Health, 74(1), 27913, doi:10.3402/ijch.v74.27913.

Russell, D.E., A. Gunn and S. Kutz, 2018: Migratory Tundra Caribou and Wild
Reindeer. Arctic Report Card, https://arctic.noaa.gov/Report-Card/Report-
Card-2018/ArtMID/7878/ArticlelD/784/Migratory-Tundra-Caribou-and-Wild-
Reindeer. Accessed August 2021.

Sachal, S.S., M. Deilgat and M. Speechley, 2019: Crypto climate Creep: The
Movement of Tropical Infectious Disease to the Arctic. In: Western Public
Health Casebook |[Sibbald, S.L. and G. McKinley(eds.)]. Public Health
Casebook Publishing, London, ON.

Sadowsky, A., T. Mettler-Altmann and S. Ott, 2016: Metabolic response to
desiccation stress in strains of green algal photobionts (Trebouxia) from

2365



https://www.qia.ca/what-we-do/parks-and-conservation-areas/
https://www.qia.ca/what-we-do/parks-and-conservation-areas/
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/784/Migratory-Tundra-Caribou-and-Wild-Reindeer
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/784/Migratory-Tundra-Caribou-and-Wild-Reindeer
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/784/Migratory-Tundra-Caribou-and-Wild-Reindeer

Cross-Chapter Paper 6

two Antarctic lichens of southern habitats. Phycologia, 55(6), 703-714,
doi:10.2216/15-127.1.

Sallée, J.-B., et al., 2021: Summertime increases in upper-ocean stratification
and mixed-layer depth. Nature, 591(7851), 592-598, doi:10.1038/s41586-
021-03303-x.

Samplonius, J.M., etal., 2021: Strengthening the evidence base for temperature-
mediated phenological asynchrony and its impacts. Nat. Ecol. Evol,, 5(2),
155-164, doi:10.1038/s41559-020-01357-0.

Sawatzky, A., et al., 2020: “The best scientists are the people that's out there”:
Inuit-led integrated environment and health monitoring to respond to
climate change in the Circumpolar North. Clim. Change, 160(1), 45-66,
doi:10.1007/s10584-019-02647-8.

Schiaffino, M.R., et al., 2011: Bacterial community structure in a latitudinal
gradient of lakes: the roles of spatial versus environmental factors. freshw.
Biol., 56(10), 1973-1991, doi:10.1111/j.1365-2427.2011.02628.x.

Schipper, E.L.F., 2020: Maladaptation: when adaptation to climate change goes
very wrong. One Earth, 3(4), 409-414, doi:10.1016/j.oneear.2020.09.014.
Schneider von Deimling, T, et al., 2021: Consequences of permafrost degradation
for Arctic infrastructure — bridging the model gap between regional and
engineering scales. Cryosphere, 15(5), 2451-2471, doi:10.5194/tc-15-2451-

2021.

Schroeter, B., et al., 2017: Summer activity patterns for mosses and lichens
in Maritime Antarctica. Antarct. Sci, 29(6), 517-530, doi:10.1017/
s095410201700027x.

Schrot, 0.G., J.H. Christensen and H. Formayer, 2019: Greenland winter tourism
in a changing climate. J. Outdoor Recreat. Tour., 27(June), doi:10.1016/j.
jort.2019.100224.

Seifert, M., B. Rost, S. Trimborn and J. Hauck, 2020: Meta-analysis of multiple
driver effects on marine phytoplankton highlights modulating role of pC02.
Glob. Change Biol., 26(12), doi:10.1111/gch.15341.

Semiletov, I, et al, 2016: Acidification of East Siberian Arctic Shelf
waters through addition of freshwater and terrestrial carbon. Nat. Geosci.,
9(5), 361-365, doi:10.1038/nge02695.

Serreze, M.C. and W.N. Meier, 2019: The Arctic’s sea ice cover: trends, variability,
predictability, and comparisons to the Antarctic. Ann. N.Y. Acad. Sci., 1436(1),
36-53, doi:10.1111/nyas.13856.

Shadrin, V., 2021: Siberian Indigenous Observations of Climate Change. In:
2021 Compendium of Indigenous Knowledge and Local Knowledge: Towards
Inclusion of Indigenous Knowledge and Local Knowledge in Global Reports
on Climate Change [Mustonen, T., S.L. Harper, M. Rivera Ferre, J. Postigo,
A. Ayanlade, T. Benjaminsen, R. Morgan and A. Okem(eds.)]. SnowChange
Cooperative, Kontiolahti, Finland, pp. 1.

Shijin, W., M. Yagiong, Z. Xueyan and X. Jia, 2020: Polar tourism and
environment change: opportunity, impact and adaptation. Polar Sci, 25,
100544, doi:10.1016/j.polar.2020.100544.

Shiklomanov, N.I,, D.A. Streletskiy, T.B. Swales and V.A. Kokorev, 2017: Climate
change and stability of urban infrastructure in Russian permafrost regions:
prognostic assessment based on GCM climate projections. Geogr. Rev.,
107(1), 125-142, doi:10.1111/gere.12214.

Shortlidge, E.E., et al, 2017: Passive warming reduces stress and shifts
reproductive effort in the Antarctic moss, Polytrichastrum alpinum. Ann. Bot.,
119(1), 27-38, doi:10.1093/aob/mcw201.

Siddon, E.C., S.G. Zador and G.L. Hunt, 2020: Ecological responses to climate
perturbations and minimal sea ice in the northern Bering Sea. Deep
Sea Res. Part Il Top. Stud. Oceanogr., 181-182, 104914, doi:10.1016/j.
dsr2.2020.104914.

Siegel, V., 2016: Biology and Ecology of Antarctic Krill. In: Advances in Polar
Ecology [Siegel, V.(ed.)]. Springer, Switzerland. ISBN 978-3319292793 (421
pp). https://doi.org/10.1007/978-3-319-29279-3.

SIKU, 2020: The Indigenous Knowledge Social Network. https://siku.org/about.
Accessed August 2021.

2366

Polar Regions

Silkin, V., et al., 2020: Interannual variability of Emiliania huxleyi blooms in
the Barents Sea: in situ data 2014-2018. Mar. Pollut. Bull., 158, 111392,
doi:10.1016/j.marpolbul.2020.111392.

SIMIP Community, 2020: Arctic sea ice in CMIP6. Geophys. Res. Lett., 47(10),
€2019GL086749, doi:10.1029/2019GL086749.

Simonee, N., et al., 2021: Sila ganuippa? (how's the weather?): integrating Inuit
Qaujimajatugangit and environmental forecasting products to support travel
safety around Pond Inlet, Nunavut in a changing climate. Weather Clim. Soc.,
doi:10.1175/WCAS-D-20-0174.1.

Slats, R., et al., 2019: Voices from the front lines of a changing Bering Sea: an
indigenous perspective for the 2019 arctic report card [Richter-Menge, J., M.
L. Druckenmiller and M. Jeffries (eds.)]. 88—99.

Snook, J., et al., 2020: “We're made criminals just to eat off the land”: colonial
wildlife management and repercussions on Inuit well-being. Sustainability,
12(19), doi:10.3390/su12198177.

Solan, M., P. Archambault, P.E. Renaud and C. Mérz, 2020: The changing Arctic
Ocean: consequences for biological communities, biogeochemical processes
and ecosystem functioning. Philos. Trans. Royal Soc. A Math. Phys. Eng. Sci.,
378(2181), 20200266, doi:10.1098/rsta.2020.0266.

Solomonsz, J., et al., 2021: Stakeholder engagement in decision making and
pathways of influence for southern ocean ecosystem services. Front. Mar.
Sci., 8, 541, doi:10.3389/fmars.2021.623733.

Song, X.P, et al, 2018: Global land change from 1982 to 2016. Nature,
560(7720), 639-643, doi:10.1038/s41586-018-0411-9.

Southcott, C. and D. Natcher, 2018: Extractive industries and Indigenous
subsistence economies: a complex and unresolved relationship. Can. J. Dev.
Stud. / Rev. Can. Etudes Dév., 39(1), 137154, doi:10.1080/02255189.2017
.1400955.

Spence, J., 2017: Is a melting arctic making the arctic council too cool? Exploring
the limits to the effectiveness of a boundary organization. Rev. Policy Res.,
34(6), 790-811, doi:10.1111/ropr.12257.

Spencer, P.D., et al., 2019: Trait-based climate vulnerability assessments in
data-rich systems: an application to eastern Bering Sea fish and invertebrate
stocks. Glob. Change Biol., 17, doi:10.1111/gcb.14763.

Spencer, PD,, et al., 2016: Modelling spatially dependent predation mortality
of eastern Bering Sea walleye pollock, and its implications for stock
dynamics under future climate scenarios. ICES J. Mar. Sci., 73(5), 1330-1342,
doi:10.1093/icesjms/fsw040.

Spies, 1., et al., 2019: Genetic evidence of a northward range expansion in the
eastern Bering Sea stock of Pacific cod. Evol. Appl., doi:10.1111/EVA.12874.

Springmann, M., H.C.J. Godfray, M. Rayner and P. Scarborough, 2016: Analysis
and valuation of the health and climate change cobenefits of dietary change.
Proc. Natl. Acad. Sci., 113(15), 4146, doi:10.1073/pnas.1523119113.

Stabeno, P.J., et al., 2019: Distributed Biological Observatory Region 1: Physics,
chemistry and plankton in the northern Bering Sea. Deep Sea Res. Part Il Top.
Stud. Oceanogr., 162, 8-21, doi:10.1016/j.dsr2.2018.11.006.

Standards Council of Canada, 2020: Building a Climate Resilient Future
with Northern Standards. https://www.scc.ca/en/about-scc/publications/
brochures/northern-infrastructure-standardization-initiative-brochure . (3
pp). Accessed August 2021.

Steiner, N.S., et al., 2019: Impacts of the changing ocean-sea ice system on
the key forage fish Arctic cod (Boreogadus Saida) and subsistence fisheries
in the western Canadian Arctic—evaluating linked climate, ecosystem
and economic (CEE) models. Front. Mar. Sci, 6, 179, doi:10.3389/
fmars.2019.00179.

Stelling, J.M., Z.C. Yu, J. Loisel and D.W. Beilman, 2018: Peatbank response to
late Holocene temperature and hydroclimate change in the western Antarctic
Peninsula. Quat. Sci. Rev., 188, 77-89, doi:10.1016/j.quascirev.2017.10.033.

Stephen, K., 2018: Societal impacts of a rapidly changing arctic. Curr. Clim.
Change Rep., 4(3), 223-237, doi:10.1007/s40641-018-0106-1.

Stephenson, S.R. and L.C. Smith, 2015: Influence of climate model variability
on projected Arctic shipping futures. Earth’s Future, 3(11), 331-343,
doi:10.1002/2015EF000317.


https://doi.org/10.1007/978-3-319-29279-3
https://siku.org/about
https://www.scc.ca/en/about-scc/publications/brochures/northern-infrastructure-standardization-initiative-brochure
https://www.scc.ca/en/about-scc/publications/brochures/northern-infrastructure-standardization-initiative-brochure

Polar Regions

Stephenson, S.R., L.C. Smith, LW. Brigham and J.A. Agnew, 2013: Projected
21st-century changes to Arctic marine access. Clim. Change, 118(3), 885—
899, doi:10.1007/510584-012-0685-0.

Stephenson, S.R., et al., 2018: Climatic responses to future trans-arctic shipping.
Geophys. Res. Lett., 45(18), 9898-9908, doi:10.1029/2018GL078969.

Stevenson, D.E. and R.R. Lauth, 2019: Bottom trawl surveys in the northern
Bering Sea indicate recent shifts in the distribution of marine species. Polar
Biol., 42(2), 407-421, doi:10.1007/s00300-018-2431-1.

Stewart, E., et al., 2020: Characterizing polar mobilities to understand the role
of weather, water, ice and climate (WWIC) information. Polar Geogr., 43,
2-3, doi:10.1080/1088937X.2019.1707319.

Stram, D., et al, 2021: Supporting climate-resilient fisheries through
understanding climate change impacts and adaptation responses. https:/
www.npfmc.org/wp-content/PDFdocuments/membership/CCTF/ClimateCh
angeActionModFinalWorkplan_2021.pdf . Accessed March 2022. (23 pp).

Streletskiy, D.A., et al, 2019: Assessment of climate change impacts on
buildings, structures and infrastructure in the Russian regions on permafrost.
Environ. Res. Lett., 14(2), doi:10.1088/1748-9326/aaf5e6.

Subramaniam, R.C., S.P. Corney, K.M. Swadling and J. Melbourne-Thomas,
2020: Exploring ecosystem structure and function of the northern Kerguelen
Plateau using a mass-balanced food web model. Deep Sea Res. Part Il Top.
Stud. Oceanogr., 174, 104787, doi:10.1016/j.dsr2.2020.104787.

Sumaila, U.R., J. Palacios-Abrantes and W.W.L. Cheung, 2020: Climate change,
shifting threat points, and the management of transhoundary fish stocks.
Ecol. Soc., 25(4), doi:10.5751/ES-11660-250440.

Suprenand, PM. and C.H. Ainsworth, 2017: Trophodynamic effects of climate
change-induced alterations to primary production along the western
Antarctic Peninsula. Mar. Ecol. Prog. Ser, 569, 37-54, doi:10.3354/
meps12100.

Suter, L., D. Streletskiy and N. Shiklomanov, 2019: Assessment of the cost of
climate change impacts on critical infrastructure in the circumpolar Arctic.
Polar Geogr., 42(4), 267-286, doi:10.1080/1088937X.2019.1686082.

Sylvester, Z.T., M.C. Long and C.M. Brooks, 2021: Detecting climate signals in
Southern Ocean krill growth habitat. Front. Mar. Sci., 8, 708, doi:10.3389/
fmars.2021.669508.

Tai, T.C., et al., 2019: Evaluating present and future potential of arctic fisheries
in Canada. Mar. Policy, 108(August), 103637-103637, doi:10.1016/].
marpol.2019.103637.

Taylor, J.J., et al., 2020: Arctic terrestrial biodiversity status and trends: a synopsis
of science supporting the CBMP State of Arctic Terrestrial Biodiversity Report.
Ambio, 49(3), 833-847, doi:10.1007/513280-019-01303-w.

Tedesco, L., M. Vichi and E. Scoccimarro, 2019: Sea-ice algal phenology in a
warmer Arctic. Sci. Adv., 5(5), eaav4830, doi:10.1126/sciadv.aav4830.

Tejsner, P. and D. Veldhuis, 2018: Climate change as (dis)equilibrium: behavioral
resilience in the Greenlandic Arctic. Hum. Ecol., 46(5), 701715, doi:10.1007/
$10745-018-0026-7.

Thiault, L., et al., 2019: Escaping the perfect storm of simultaneous climate
change impacts on agriculture and marine fisheries. Sci Adv., 5(11),
€aaw9976, doi:10.1126/sciadv.aaw9976.

Thivierge, K., et al, 2016: Cryptosporidium hominis is a newly recognized
pathogen in the Arctic region of Nunavik, Canada: molecular characterization
of an outbreak. PLoS Negl. Trop. Dis., 10(4), e4534, doi:10.1371/journal.
pntd.0004534.

Thoisen, C., et al., 2015: Effect of acidification on an Arctic phytoplankton
community from Disko Bay, West Greenland. Mar. Ecol. Prog. Ser., 520, 21—
34, doi:10.3354/meps11123.

Thompson, G.G., et al., 2020: Assessment of the Pacific Cod Stock in the Eastern
Bering Sea. North Pacific Fishery Management Council, https://apps-afsc.
fisheries.noaa.gov/refm/docs/2020/EBSpcod.pdf. Date accessed: March 2022.

Thor, P, et al, 2018: Contrasting physiological responses to future ocean
acidification among Arctic copepod populations. Glob. Change Biol., 24(1),
€365—e377, doi:10.1111/gch.13870.

Cross-Chapter Paper 6

Thorson, LT, et al., 2020: Empirical orthogonal function regression: Linking
population biology to spatial varying environmental conditions using climate
projections. Glob. Change Biol., 26(8), 4638-4649, doi:10.1111/gcb.15149.

Trathan, P.N., et al., 2020: The emperor penguin - vulnerable to projected rates
of warming and sea ice loss. Biol. Conserv., 241, 108216, doi:10.1016/j.
biocon.2019.108216.

Trebilco, R., J. Melbourne-Thomas and A.J. Constable, 2020: The policy relevance
of Southern Ocean food web structure: implications of food web change for
fisheries, conservation and carbon sequestration. Mar. Policy, 115, 103832,
doi:10.1016/j.marpol.2020.103832.

Trimborn, S., T. Brenneis, E. Sweet and B. Rost, 2013: Sensitivity of antarctic
phytoplankton species to ocean acidification: growth, carbon acquisition,
and species interaction. Limnol. Oceanogr., 58(3), 997-1007, doi:10.4319/
10.2013.58.3.0997.

Tripathi, A., et al., 2016: Paradigms of climate change impacts on some
major food sources of the world: a review on current knowledge and
future prospects. Agric. Ecosyst. Environ., 216, 356-373, doi:10.1016/.
agee.2015.09.034.

Troell, M., et al,, 2017: Seafood from a changing Arctic. Ambio, 46(3), 368—386,
doi:10.1007/s13280-017-0954-2.

Trofimenko, Y.V., G.I. Evgenev and E. V. Shashina, 2017: Functional loss risks of
highways in permafrost areas due to climate change. Procedia Eng., 189,
258-264, doi:10.1016/j.proeng.2017.05.041.

Tschakert, P, et al., 2019: One thousand ways to experience loss: a systematic
analysis of climate-related intangible harm from around the world. Glob.
Environ. Change, 55, 58-72, doi:10.1016/j.gloenvcha.2018.11.006.

Tsukerman, V., E. Goryachevskaya and S. Ivanov, 2019: Influence of innovative
activities on economic development of the Russian Arctic. /OP Conf. Ser.
Earth Environ. Sci., 302, 12109, doi:10.1088/1755-1315/302/1/012109.

Turner, J., et al, 2020a: Antarctic temperature variability and change from
station data. Int. J. Climatol., 40(6), 2986—3007, doi:10.1002/joc.6378.

Turner, M.G., et al., 2020b: Climate change, ecosystems and abrupt change:
science priorities. Philos. Trans. Royal Soc. B Biol. Sci., 375(1794), 20190105,
doi:10.1098/rsth.2019.0105.

U.S. Executive Order 13990, 2021: Executive Order on Protecting Public
Health and the Environment and Restoring Science to Tackle the Climate
Crisis. The White House, https://www.whitehouse.gov/briefing-room/
presidential-actions/2021/01/20/executive-order-protecting-public-health-
and-environment-and-restoring-science-to-tackle-climate-crisis/. Accessed
August 2021.

Uboni, A., B. Ahman and J. Moen, 2020: Can management buffer pasture loss
and fragmentation for Sami reindeer herding in Sweden? Pastoralism, 10(1),
23, doi:10.1186/s13570-020-00177-y.

Unc, A, et al,, 2021: Expansion of agriculture in northern cold-climate regions:
a cross-sectoral perspective on opportunities and challenges. Front. Sustain.
Food Syst., 5, 236.

UNESCO, http://www.unesco.org/new/en/natural-sciences/priority-
areas/links/related-information/what-is-local-and-indigenous-
knowledge#:~:text=For%20rural%20and%20indigenous%20
peoples,social%?20interactions%2C%20ritual%20and%20spirituality.
Accessed August 2021.

United States Department of Agriculture, 2017: Census of Agriculture State
Profile: Alaska. United States Department of Agriculture, (2 pp.). https://
www.nass.usda.gov/Publications/AgCensus/2017/Full_Report/Volume_1,_
Chapter_1_State_Level/Alaska/akv1.pdf . Accessed: March 2022.

van Luijk, N., J. Dawson, A. Cook and N.C. Swart, 2020: Analysis of heavy fuel
oil use by ships operating in Canadian Arctic waters from 2010 to 2018.
FACETS, 5(1), 304-327, doi:10.1139/facets-2019-0067.

Veytia, D., et al., 2020: Circumpolar projections of Antarctic krill growth
potential. Nat. Clim. Change, 10(6), 568-575, doi:10.1038/s41558-020-
0758-4.

2367



https://www.npfmc.org/wp-content/PDFdocuments/membership/CCTF/ClimateChangeActionModFinalWorkplan_2021.pdf
https://www.npfmc.org/wp-content/PDFdocuments/membership/CCTF/ClimateChangeActionModFinalWorkplan_2021.pdf
https://www.npfmc.org/wp-content/PDFdocuments/membership/CCTF/ClimateChangeActionModFinalWorkplan_2021.pdf
https://apps-afsc.fisheries.noaa.gov/refm/docs/2020/EBSpcod.pdf
https://apps-afsc.fisheries.noaa.gov/refm/docs/2020/EBSpcod.pdf
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
http://www.unesco.org/new/en/natural-sciences/priority-areas/links/related-information/what-is-local-and-indigenous-knowledge#:~:text=For%20rural%20and%20indigenous%20peoples,social%20interactions%2C%20ritual%20and%20spirituality
http://www.unesco.org/new/en/natural-sciences/priority-areas/links/related-information/what-is-local-and-indigenous-knowledge#:~:text=For%20rural%20and%20indigenous%20peoples,social%20interactions%2C%20ritual%20and%20spirituality
http://www.unesco.org/new/en/natural-sciences/priority-areas/links/related-information/what-is-local-and-indigenous-knowledge#:~:text=For%20rural%20and%20indigenous%20peoples,social%20interactions%2C%20ritual%20and%20spirituality
http://www.unesco.org/new/en/natural-sciences/priority-areas/links/related-information/what-is-local-and-indigenous-knowledge#:~:text=For%20rural%20and%20indigenous%20peoples,social%20interactions%2C%20ritual%20and%20spirituality
https://www.nass.usda.gov/Publications/AgCensus/2017/Full_Report/Volume_1,_Chapter_1_State_Level/Alaska/akv1.pdf
https://www.nass.usda.gov/Publications/AgCensus/2017/Full_Report/Volume_1,_Chapter_1_State_Level/Alaska/akv1.pdf
https://www.nass.usda.gov/Publications/AgCensus/2017/Full_Report/Volume_1,_Chapter_1_State_Level/Alaska/akv1.pdf

Cross-Chapter Paper 6

Vihtakari, M., et al, 2018: Black-legged kittiwakes as messengers of
Atlantification in the Arctic. Sci. Rep., 8(1), 1178, doi:10.1038/s41598-017-
19118-8.

Wang, X., et al., 2019: Persistent organic pollutants in the polar regions and
the Tibetan Plateau: a review of current knowledge and future prospects.
Environ. Pollut., 248, 191-208, doi:10.1016/j.envpol.2019.01.093.

Wang, Z., JA. Silberman and J.J. Corbett, 2021: Container vessels diversion
pattern to trans-Arctic shipping routes and GHG emission abatement
potential. Marit. Policy Manag., 48(4), 543-562, doi:10.1080/03088839.2
020.1795288.

Watson, J.T. and A.C. Haynie, 2018: Paths to resilience: the walleye pollock fleet
uses multiple fishing strategies to buffer against environmental change in
the Bering Sea. Can. J. Fish. Aquat. Sci., 75(11), 1977-1989, doi:10.1139/
cjfas-2017-0315.

Wege, M., L. Salas and M. LaRue, 2021: Ice matters: life-history strategies of
two Antarctic seals dictate climate change eventualities in the Weddell Sea.
Glob. Change Biol., n/a(n/a), doi:10.1111/gch.15828.

Wei, T., et al., 2020: Projections of Arctic sea ice conditions and shipping routes
in the twenty-first century using CMIP6 forcing scenarios. Environ. Res. Lett.,
15(10), 104079, doi:10.1088/1748-9326/abb2c8.

Westergaard-Nielsen, A., et al., 2015: Greenlandic sheep farming controlled by
vegetation response today and at the end of the 21st Century. Sci. Total
Environ., 512-513, 672-681, doi:10.1016/j.scitotenv.2015.01.039.

Westley, K., T. Bell, M.A.P. Renouf and L. Tarasov, 2011: Impact assessment of
current and future sea-level change on coastal archaeological resources—
illustrated examples from northern Newfoundland. J /sl Coast. Archaeol.,
6(3), 351-374, doi:10.1080/15564894.2010.520076.

Weydmann, A.A.-O., W. Walczowski, J. Carstensen and S. Kwasniewski, 2018:
Warming of Subarctic waters accelerates development of a key marine
zooplankton Calanus finmarchicus. Glob. Change Biol.,, 24(1), 172-183,
doi:10.1111/gch.13864.

Weymouth, R.and J. Hartz-Karp, 2019: Participation in planning and governance:
closing the gap between satisfaction and expectation. Sustain. Earth, 2(1),
doi:10.1186/s42055-019-0012-y.

White, E., C.J.M. Hoppe and B. Rost, 2020: The Arctic picoeukaryote Micromonas
pusilla benefits from ocean acidification under constant and dynamic light.
Biogeosciences, 17(3), 635-647, doi:10.5194/bg-17-635-2020.

Whitehouse, G.A., et al.,, 2021: Bottom-up impacts of forecasted climate change
on the eastern Bering Sea food web. front. Mar. Sci,, 8, 20, doi:10.3389/
fmars.2021.624301.

Whyte, K., 2016: Is It Colonial déja vu? Indigenous Peoples and Climate
Injustice. In: Humanities for the Environment: Integrating Knowledge,
Forging New Constellations of Practice [Adamson, J. and M. Davis(eds.)], 1st
edn. Routledge, London, pp. 18. ISBN 978-1315642659.

Whyte, K., 2017: Indigenous climate change studies: indigenizing futures,
decolonizing the anthropocene. Engl. Lang. Notes, 55(1), 153-162.

Whyte, K., JL. Talley and J.D. Gibson, 2019: Indigenous mobility traditions,
colonialism, and the anthropocene. Mobilities, 14(3), 319-335, doi:10.1080
/17450101.2019.1611015.

Wildcat, D.R., 2013: Introduction: climate change and indigenous peoples of
the USA. Clim. Change, 120(3), 509-515, doi:10.1007/s10584-013-0849-6.

Wolf, K.K.E., C.J.M. Hoppe and B. Rost, 2018: Resilience by diversity: large
intraspecific differences in climate change responses of an arctic diatom.
Limnol. Oceanogr., 63(1), 397-411, doi:10.1002/In0.10639.

Yoder, S., 2018: Assessment of the Potential Health Impacts of Climate Change
in Alaska [McLaughlin, J., Castrodale, L. (ed.)]. State of Alaska Epidemiology
Bulletin, Vol. 20. Alaska Section of Epidemiology, Anchorage, AK. 77 pp.
Available at: http://dhss.aslaks.gov/dph/Epi.

Youth Climate Report, 2019, Inuit Youth at COP25 to Present Film “Happening
to Us”. http:/fyouthclimatereport.org/uncategorized/inuityouth/. Accessed
August 2021.

Yu, Z.C., D.W. Beilman and J. Loisel, 2016: Transformations of landscape and
peat-forming ecosystems in response to late Holocene climate change in

2368

Polar Regions

the western Antarctic Peninsula. Geophys. Res. Lett., 43(13), 71867195,
doi:10.1002/201641069380.

Zavaleta-Cortijo, C., et al., 2020: Climate change and COVID-19: reinforcing
Indigenous food systems. Lancet Planet. Health, 4(9), e381-e382,
doi:10.1016/52542-5196(20)30173-X.

Zeng, Q. et al, 2020: The competitiveness of Arctic shipping over Suez
Canal and China-Europe railway. Transp. Policy, 86, 34-43, doi:10.1016/j.
tranpol.2019.11.005.

Zhang, Q., Z. Wan, B. Hemmings and F. Abbasov, 2019: Reducing black carbon
emissions from Arctic shipping: solutions and policy implications. J. Clean.
Prod., 241, 118261, doi:10.1016/j.jclepro.2019.118261.

Zhang, Y., M. Yamamoto-Kawai and W.J. Williams, 2020: Two decades of ocean
acidification in the surface waters of the Beaufort Gyre, Arctic Ocean: effects
of sea ice melt and retreat from 1997-2016. Geophys. Res. Lett., 47(3),
€60119, doi:10.1029/2019GL086421.

Zheng, J. and J. lanelli 2018: Saint Matthew Island Blue King Crab Stock
Assessment  2018.  https://www.npfmc.org/wp-content/PDFdocuments/
resources/SAFE/CrabSAFE/2018/6-SMBKC_SAFE_2018.pdf . Accessed: March
2022. (77 pp).

Zhu, Z,, et al., 2016: Greening of the Earth and its drivers. Nat. Clim. Change,
6(8), 791-795, doi:10.1038/nclimate3004.


http://dhss.aslaks.gov/dph/Epi
http://youthclimatereport.org/uncategorized/inuityouth/
https://www.npfmc.org/wp-content/PDFdocuments/resources/SAFE/CrabSAFE/2018/6-SMBKC_SAFE_2018.pdf
https://www.npfmc.org/wp-content/PDFdocuments/resources/SAFE/CrabSAFE/2018/6-SMBKC_SAFE_2018.pdf

	Executive Summary
	CCP6.1	The Global Importance of Climate Change in Polar Regions
	CCP6.2	Observed Impacts and Future Risks
	CCP6.2.1	Marine and Coastal Ecosystems
	CCP6.2.2	Terrestrial and Freshwater Ecosystems
	CCP6.2.3	Food, Fibre and Other Ecosystem Products

	Frequently Asked Questions
	FAQ CCP6.1 | How do changes in ecosystems and human systems in the polar regions impact everyone around the globe? How will changes in polar fisheries impact food security and nutrition around the world?
	CCP6.2.4	Economic Activities

	Frequently Asked Questions
	FAQ CCP6.2 |  Is sea ice reduction in the polar regions driving an increase in shipping traffic?
	CCP6.2.5	Arctic Settlements and Communities
	Box CCP6.1 | Climate Change and the Emergence of Future Arctic Maritime Trade Routes

	Frequently Asked Questions
	FAQ CCP6.3 | How have arctic communities adapted to environmental change in the past and will these experiences help them respond now and in the future?
	CCP6.2.6	Human Health and Wellness in the Arctic
	Box CCP6.2 | Arctic Indigenous Self-determination in Climate Change Assessment and Decision Making

	CCP6.3	Key Risks and Adaptation
	CCP6.3.1	Key Risks
	CCP6.3.2	Adaptation

	Frequently Asked Questions
	FAQ CCP6.4 | When will climate change impacts in polar regions surpass our ability to adapt?

	CCP6.4	Climate Resilient Development Pathways
	CCP6.4.1	Challenges to Climate Resilient Development Pathways
	CCP6.4.2	Inclusive, Integrated Co-management
	CCP6.4.3	Enabling Climate Resilience in the Arctic: Self-determination and Indigenous Peoples’ Rights

	CCP6.5	Summary and Conclusion
	References


