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1.00cean Reporting

As part of Fisheries and Oceans Canadads (DFO
current state of Can a dguadypréparingeenosysteihskecrep@ts par t m
for thePacific, Atlantic and Arctic cears. The State of the Ocean egstem reporting initiative,

for all three Oceans, began in 2016 witheamphasis on preparimublicly accessible

information based on expert knowledge. In this Technical Report we present both scientific and

Inuit Knowledgeto describe our current (primrwithin the last five years), collective

understanding of the state of tegpansive Canadian Arctic region

An integrated ecosystem approach was used to structure this report. Trophic levels and species
are not described sequentially; rather weealfor a themati@pproach. Status is discussed

within topics that represent key aspects of ecosystem connectivity and fuiibi®report

provides a synthesis of results. Consequentbjept descriptions, methods and details of

statistical analyses al&rgelyomitted Readers are encouraged to reéethe cited literature for

such information.

1.1 What We Need to Describeéhe Sate of the Canadian Arctic Ocean

This report describes tisate of theArctic Ocean,
specifically the Canadiafrctic region. But what do we | State:the characteristics used to
mean byo tatedand how have we assessed it? In an | describe the status of an ecosystem
ecological contextistatécan be defined as the set of | a particular domain in space and tim
abiotic and biotic conditions observed for a focal For deterministic systems, the state
ecosystem or component thereof. Irérgly connected | the values of variables used to
to a description of conditiois the assessment of describe the system, and for stochas
variability. Are abiotic and biotic conditions stable or | SYStems it could refer @ither the
changing (i.e.trends) relative to a point in time or an probability distribution of these state
" . . . variables or realized values of the
assessed average condition? To sciealiff identify

- state variables. In practice, definition
thechange of an ecosystem state, statistical analyseg of system state include both the mea

supported by adequate and appropriate data are nee| and variabilityof systemsRatajczak
I n the Arctic, the émur d etal 2018 r ecos
change is a challenge given the paucity of adequate Gata
acrossmultiple spatial and temporal scales.

The measurement of mean conditions from which to assess change is complicated by the
variation of environmental conditions over tif&ection5). Themost obvious manifestations of
variability are the dramatiseasonatiifferences between winter and summer conditions in Arctic
waters, but large changes are also seen from year to year and between clusters of years, a
phenomenon known asterannual andnter-decadal variatiorrespectivelyAn average

condition is comparatively easy to determiheliservations are continuoustime. However

many annually repeated oceabserving campaigns are seasonally biased and|srextf
spanningperhaps a few weeks in summidponetheless, if observations have been repeated at the
same time in the annual cyclge can use them to describe a statdhattparticular time of year.
Observations that have not been repeated annually, whose seasonal timing has varied appreciably
(in summer, by a month or mor®y whose geographic domaias shiftedrom year to year
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limit our capability to provide a relidd descriptiorof mean conditions and ultimately ecosystem
state.

Reliably distinguishing progressive change from the influences of cyclic variability is a daunting
challenge in dataparse regions like the Canadian Arctic. There are 4 mkhaehof ocean in
Canadads Arctic% am @Qaradaq@ualland &rlea. Becaus:s
greatly over this areshe domain over which any particular sebbkervations is representative

or relevanis an important concern of this repdrhe domain size varies with thariablesof

interest, its depth and the geographic feature (shelf, slope, basin, strait, etc.) with which it is
associated.

With full acknowledgement of data and knowledge deficiencies, environmental variability, and
challenges of scope, we report on the status of the Arctic Ocean by presenting, 1) statistically
significantmeans antrends for ecosystem components for whadequate dataxist and 2)

current knowledge of the structure and function of the Arctic Oceanl lo&secent scientific
studies andlocumentednuit Knowledge We report on current knowledge relevant to the past
five years.Current conditions are described within key themes including, habitat linkages,
seasonality, biodiversity, ecosysteariability, connectivity and coastal ecosystem processes.

1.2 Report structure

This report begins with a summaryreport highlightsorganized into fivekkey message themes
(Section 2) The key message tmes will be described in a plain language puhiging
supporting information from this Technical Repdttbrief overview of stressors in the Canadian
Arctic is provided in Section 3. The remeig sections of the report providgegrated
contextual status, and trendformationfor ecosystem themescluding food webs, habitat,
biodiversity, seasonalifyand ecosystemariability and connectivitylnformation specific to the
coastal zone is presented in SectioB&ction 8 provides new information about Indigenous
leadership, codlborative governanagf marine aregsand community participation in
researching and monitoringnder the theme of emanagement in the Canadian Arckifteen
Case Studies arecluded in the report thaighlight specificfindingsand topics related tine
integrated ecosystem themé&be Case Studies provideandalonenarrativesof current status
or trends in differentegions of the Canadian Arctic.

1.3 Boundaries of the Arctic Ocean Report

This report focuses on an immense area8G XN, Figurel, Table 1). In this report, marine

habitats and species are the primary focus although relevant knowledge associated with
anadromous species is also included (e.g., chars). Information is unavoidably weighted towards
more accessible regions and focal aré&a®system status for coastal regions is discussed in
Section 7 and the | ocation of €Eigured @he boastalAr ct i c
data are generally collected within 5 km of shore, inshore of the 20 m isobath. The data and
knowledge from Arctic coastal areas are often generated through comiipasgy monitoring

and this is the area most informedIbyit Knowledge



This report higlights that the Canadian Arctic region is connected to the Pacific and Atlantic
Oceans and functions within a larger Arctic systéigure2). However, trends and conditions
within the Canadian Arctic region are not necessarily the same as other Arctic regions.

Marine conservation and protection has been a key component of rightsholder dwueikiog

and research activities in recent years. The Canadian Arctic now has three marine protected areas
(Figure 1). Tuvaijuittuqg, melatnsagi mtihreult atc,e
Marine Protected Area (MPA) to be designated for interim protection by ministerial order under

the Oceans Act. Tarium Niryutait (TN MPA) was Canada's first Arctic MPA and consists of

three subregions: Niaqunnaq, Okeevik, aKdtigaryuit. Anguniaqgvia Nigigyuam (ANMPA),

which transl ates into ANelson Greends hunting
with conservation objectives based specificallyratigenous Knowledgésee Case Study 15).

Il Protected areas
Tuvaijuittug Marine
Protected Area

Tallurutiup Imanga National
Marine Conservation Area

@ Anguniagvia Nigigyuam

North Water Polynya Marine Protected Area
Pikialasorsuag

: I | (@) Tarium Niryutait Marine
j Baffin Bay Protected Area
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Communities
Inuvialuit Settlement Region Nunavut 20 Qausuittug/Resclute Nunavik 44 Tasivjaq
1 Akfarvik/Aklavik 7 Qurlugtug/Kugluktuk 21 lkpiarjuk/Arctic Bay 31 Chisasibi 45 Kuujjuag
2 Inuuvik/Inuvik 8 Igaluktuuttiag/Cambridge Bay 22 Mittimatalik/Pond Inlet 32 Kuujjuaraapik 46 Kangigsualujjuaq
3 Tuktuuyaqgtuug/Tuktoyaktuk 9  Talurjuag/Taloyoak 23 Iglulik/Igloolik 33 Umiujaq
4 Ikaahuk/Sachs Harbour 10 Uqgsuqtuug/Gjoa Haven 24 Sanirajak/Hall Beach 34 Sanikiluag Nunatsiavut
5 Paulatuug/Paulatuk 11 Kuugaarjuk/Kugaaruk 25 Kangigtugaapik/Clyde River 35 Inukjuak 47 Nunainguk/Nain
6 Uluhagtuug/Uluhaktok 12 Qamani'tuag/Baker Lake 26 Qikigtarjuaq 36 Puvirnitug 48 Agvitug/Hopedale
13 Arviat 27 Pannigtuug/Pangnirtung 37 Akulivik 49 Qipuggaqg/Postville
14 Tikiragjuag/Whale Cove 28 Igaluit 38 Ivujivik 50 MaKovik/Makkovik
15 Kangiglinig/Rankin Inlet 29 Kinngait/Cape Dorset 39 Salluit 51 kikiak/Rigolet
16 Igluligaarjuk/Chesterfield Inlet 30 Kimmirut 40 Kangigsujuaq
17 Sallig/Coral Harbour 41 Quagtaq
18 Naujaat 42 Kangigsuk/Kangirsuk
19 Ausuittug/Grise Fiord 43 Aupaluk

Figure 1. General boundary of the report study region. Current conservation arsagwarend the
communitieswithin Inuit Nunangat arenumberedand identifiedn Inuktut (Roman orthography) and in
anglicized formsas described itTK (2019).



There isone National Marine Conservation Area, Tallurutiup Imangach is bcated in the

northeastern region of Nunavi@ikiqtaaluk Regio Tallurutiup Imanga is an aa that has

been used since time immemorial by Inlnuit Qaujimajatugangit, a valeeentric term defined

by El ders as Al nuit ways of ilpmaeswi,ngrewans afmnd
(Canadian Polar Commission, 20@&retak et al2017) will inform future decisioamaking for

the management and protection of th@servation area.nEconservation agreemewdtl|

protect Inuit harvesting rights guaranteed under the Nunavut Land Claims Agreement while also
ensuring the protection of sgies at risk.

Marine areas of th€anadan Arctic alsoincludethreemarine refuges (Disko Fan, Davis Strait

and Hatton Basin). Marine refuges are fishery area closures, established under the Fisheries Act.
The refugeselp promote
biodiversity and protect
important species and their

habitats and contribute to St -
Canadabés Marin . >
TargetsMuch of the knowledge > CeRraISoe . CRecy,

and research presented in this N D e el
reporthelps to infornthe . . o= -
managementf all theCanadian P ., - = e
Arctic marineconservation and o Jh ' %
protecton areag either directly L -

or by providing the ecosystem
context that influences the
designated areas.

Continental shelf

Figure 2. Connectivity of the Canadian Arctic region to neighbouring Arctic andAgatic regions.



Table 1. Physical features of the Canadian Arctic region

Ocean Area of the Canadian Arctic region

Canadian Ocean area overlying continenta
shelf

Coastline (mainland)

Communities

Islands

Landfast ice

Multi-year ice

Almost 4 million kn¥, equivalent to 426 of
Canadads | and mass

3.2 million kn¥, excluding islands

> 176 000 km (Yukon to Labrador), representin
> 70% of all Canadian coasts

58 communities¢a. 49000 Inuit live within Inuit
Nunangat (Statistics Canada, 2021)

94 major islands (230 kn?) and ca. 36 470
minor islands together representing a total arez
1.4 million kn?. Baffin Island is 18X larger than
Vancouver Island.

Canadian Archipelago hosts the broadest expa
of landfast ice found in the Arctic.

In summer multi-year, sedce area (value
excluding the northern boundary of the Canadi:
Archipelago) declined by 7.7 % per decade ove
the period from 1968 to 2022.

In 2022, the average summer myléiar sea ice
areathe lowest omecordsince 1968 Source:
Environment and Climate Change Canada (202
Climate Research Divisidn



2.0Report Highlights

Thehighlightspresented here relate to the state of marine ecosystems in the Canadian Arctic. For
many topics within the report, there is not a sufficiently long record of observations to allow for
robust reporting on change. However, since our last report (Niemiz2€1#l), there has been a
considerable amount of data collected describing ecosystem structure and function. These data
not only advance our understanding of the mechanisms that underlie ecosystem responses to
variability and change, but also adds to thecial long term time series from which change can

be assessed and more deeply understood.

Thehighlightspresented below are grouped into fkey messageéhemes that capture the last

five years of advancements in our understanding of ecosystem function and status, and are
illustrated by examples from the report. The focus ohigilightsand report is on describing

current status, not projections of fugstate. The messages reiterate that bettpreffects have

a greater impact on Arctic marine ecosystems compared-tiotop effects, which underlines

the importance of understanding physical environmental conditions and the base of the food web.

2.1Background statements

1 Scientific knowledge of environmental conditions and biological communities is spatially
inconsistent across the Canadian Arctic and intermittent over time.

1 All knowledge holders are working together to produce information that isl deefu
understanding and managing ecosystems in the Canadian Arctic. Knowledge gaps, and
the need for continued and expanded work, are highlighted in this report.

1 The ways in which Arctic marine ecosystems are changing differs among rédgms.
knowledgeof species, processes, and mechanisms driving ecosystem fumngtibght
the need to link descriptions of variability and change to a specific location or time.
Arctic-wide generalizations are difficult to make.

1 The absence of a trend simply me#reat there is not a consistent, detectable increase or
decrease in the variable being measured over the observed time period. The lack of a
detectable trend could be because of insufficient data or a time scale that is not long
enough to properly assessadge.

2.2New insights for sea ice and ocean trends

Report Highlight | Report Reference
For the Arctic as a whole:

The areal extent of sea ice in the northern hemisphere in late Section3
summer (September) has declined by approximately 42 % from 197
to 2023. Most of this decline occurred prior to 2008.

0 The lowest September s&z extent on record occurred in 201

and the second lowest in 2020.

The extent of sea ice in the northern hemisphere in late winter Section 3
(March) declined by approximately 10 % between 1972023. Unlike
September trends, the decreases in the extent of wintertime sea ice
have been roughly equal across the 19723 interval. Thedeclines
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Report Highlight

Report Reference

of late-winter pack ice has occurred principally in the northern
Pacific and Atlantic oceans.

Progressive reductions in the extent and thickness of sea ice have
been punctuated by appreciable annual and decadal variability.

Sectiors 3,5.2

Observations of the extent of Arctic ice since 197@veal that most of
the loss of multiyear-ice occurred abruptly in two events, one in
1989 and another in 20087. During the latter event, an abrupt drop
in the thickness of ice leavinghe Arctic was measured directly in
Fram Strait, an event unique in this record that began in 1990. The
two events appear to be associated with different relative
contributions from ice export, melting and replenishment of old ice.

Section 3

Sparse avaiable data and numerical simulation indicate that sedce
volume and age have declined across the Arctic with the same
pattern over time as the declines of ice extent. Summertime ice
volume may have declined as much as 82 % between 12®3.

Section 3

In areas that have always been ieee in summer, progressively

Sectiors 3,5.2.1,

earlier springtime ice clearance and later autumnal freezeip have | 5.2.2.,7.1
been seen from 1979 to 2023, resulting in longer op&rater periods.

For theCanadian Arctic:

Pan-Arctic change in seaice extent has been reflected in some, but | Section5.2

not all regions of Canadads Ar
o Since 1968, the overall rate of mwar sedce decline in late

September has been about 14 % per decade for the Canada
and the continental shelf of the Beaufort Sea, 7 % per decads
the High Arctic of the Canadian Polar shelf, but minimal in
Baffin Bay. The trends in secotygar sea ice, recruiting into to
the multiryear category, have been +2.5 % per decade in the
Canada Basin;4.0 % on the Beaufort continental shelf aB®
% per decade in the High Arctic.

In the Canada Basn, the Beaufort Gyre underwent a prolonged (>20
year) period of change which has now appeared to slow:
o Freshwater content increased by ~50 % from and has
plateaued since then
o Heat content of Pacifiorigin water has quadrupled since the
1990s reaching a peak in 2018
o Surface waters of the Beaufort Gyre became corrosive to she
organisms in 2007 and this acidification has persisted since t

Section 5.2.1Case
Study 11

Long-term ocean observatories over the Canadian Polar Shedhable
assessment of trends and variability only in two key regions:

o0 Mackenzie Shelf

- Upwelling has doubled over the last 25 years

- Bottom (50 m depth) water salinity has shown no change ove

last three decades

Sectiors5.2.2,6.3




Report Highlight Report Reference
- Bottom (50 m) water temperature has warmed only slightly (<
degree/decade). However, data reveal episodically higher
temperatures at multlecadal intervals likely due tvariation in
winds and associated water mass movement.

0 Barrow Strait

- Waters flowing eastward through Barrow Strait have fresheng
across seasons and depths, and warmed slightly over recent
decades (<0.1 degree/decade).

2.3 Revisiting ecosystem hypotheses

Marine ecosystems in the Canadian Arctic are highly variable in both space and time. New
research and data syntheses have highlighted complex and sometimes unexpected responses to
natural and anthropogenic change. Our inspcbknowledge of ecosystem variability advances

our ability to detect and understand the progression of responses (e.g., steady versus bursts of
change) in the Arctic marine environment.

Report Highlight Report Reference
In the Canadian Arctic, Indigenous communities hold expansive Case Study 5, 10,
insights into historical baseline conditions and have a deep 14, 15; Sections

understanding of variability in species and ecosystems which allows 4.5,4.6, 7.1;
for identifying and tracking change.

o Research together withdigenous Knowledgef how
environmental changes affect travel and harvesting
provide a holistic perspective of the impacts of climate
related change.

Potential opportunities related to sea ice loss and Arctic warming ar{ Case Study ;6
not necessarily quickly realized. Section 3

o Even with the reduced presence, growth, and import g
multi-year ice in the Northwest Passage and Baffin Ba
multi-year ice continues to be a shipping hazard. The
Arctic expectation for expansion of kelp and seagrass
to improved habitat suitabilithas not yet been detected
the few Canadian sites with a time series of at least 1(

years.
Rare Arctic conditions exist in Canadian waters as identified Sectiors4.4.2
through ongoing ocean monitoring. 5.2.35.24

o Indicators of ocean acidification in étic outflow waters
observed along Davis Strait show temporal variability;
however, unlike other oceans, there is no trend eviden
over the past 20 years. This is because oaeiification
is controlled primarily by freshwater dynamics, rather
than anthopogenic CQ, in this region. Another rare
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Report Highlight

Report Reference

condition is he presence of old, thick sea ice in the
Tuvaijuittug Marine Protected Area north of Ellesmere
Island, which is higher than any other location in the
entire Arctic.There is also no evidence @$urfaceocean
warmingtrendin theEastern Beaufort Sehowever,
earlier surface warminig linked to increased detection ¢
phytoplankton.

Changes in the marine ecosystem are not necessarily consistent in
adjacent areas.
o The downward trends of North Water drahcaster

Sound ice arch duration were correlated between 197
and 2000, after which the trends were not correlated.
Changes in zooptkton biodiversity have been
documented in the Pacific and Atlantic oceans. Howev
despite strong connection to the Pacific and Atlantic
oceans, such changes in zooplankton biodiversity hav
been documented in Canadian Arctic waters. Declines
thesignal of icealgae measured from predator tissues
not necessarily consistent across regions, even when
change in se&e is similar.

Case Studs, 5;
Sectiors4.3,4.6

Biodiversity, and the presence of key forage species in the Canadia
Arctic may not follow expected geographical patterns at large and
regional scales.

o The Canadian Arctic Ocean harbours higher diversity
seafloorassociated invertebrates than Canadian Atlani
and Pacific waters. Consistency in zooplankton
community assemblages and stable trends in Arctic C
biomass in offshore habitats has been observed acros
entire Canadian Arctic.

Sectiors4.6,5.3

Understanding the structure of physical habitat is necessary to
accurately measure critical ecosysim services, including CQ
exchange.

o Improved data coverage has reduced uncertainty in
Canadian Arctic Marine CQuptake estimates. This will
improve models and projections, and also reveals the
complexity of CQ flux in nearshore waters, which can
alternate between G@ptake and emission on seasona|
time scales.

Case Study 1,
Section 7.2




2.41mproved knowledge of species responses to variable ecosystems

Marine life is intimately connected to the dynamic Arctic habitat. Changes to the physical and
chemical determinants of habitat structure affect resource distribution, reproductive biology,
foraging and huntingehaviours, as well as movement and migratiew knowledge has

revealed signs of potential adaptability in some species, at least in the short term, and potential
impact in others.

Report Highlight Report Reference
Studies over a complete annual cycle and across years reveal that | Case studies 4, 8;
someArctic predators can adjust migration and feeding behaviours | Section 4.4.1
according to environmental conditions and prey availability.

o0 Some populations of beluga and bowhead whales adjt
foraging dive behaviour according to prey availability,
location, time of year,rad seaice conditions. Narwhal,
which were previously considered inflexible with respe
to migration, have been observed to delay southboung
migration from summering grounds in response to
declining sedce. In Hudson Bay, a thiekilled murre
colony shited its range to areas where-seaface
temperatures remained cold enough to foster their ice
associated prey while at the same time decliningceea
cover allowed greater access to that prey. Flexibility in
diet and habitat use are fundamental to burféeArctic
marine predators against the bottamimpacts of climate
change.

Large-scale changes to migratory patterns for resident Arctic whaleg Sections 6.5, 6.6
and marine birds have not been observed in the Canadian Arctic.

o Changes tdnabitat use and migration timing have been
noted for some resident Arctic whales. However, thesg
represent relatively local adjustments. In contrast, ther
have been notable changes in the occurrence of non
resident cetaceans, such as killer and sperntesha

Uncertainty remains regarding how potential changes to the Case Study 3, 7;
availability of ice algae as a food source will influence the food web.| Sections 4.3, 4.5

o Evidence suggests that Arctic species across all troph
levels are supported yeasund by energy mduced by
seaice algae. This suggests that carbon produced by i
algae in the spring falls to the seafloor, is stored in
sediments, and later consumed by seafloor invertebra
that subsequently transfeitdt the topof the food web
when they are conswad as prey. Although benthic
invertebrates in the Canadian Arctic show some flexib
in their use of different food sources, the implications ¢
reduced availability of ice algae are not clear.
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Report Highlight

Report Reference

Some species may ndie as successful under a changing climate thg
expected.

0 Seagrass populations in James Bay have less genetic
variability than those in regions of the Canadian Pacifi
and Atlantic subArctic, which may hamper their ability
to contend with warming conditi@ and recover from
historical declines associated with warming, early ice
breakup, and hydroelectric development.

Case Study 6;
Section 4.4.3

For many species, the interaction of multiple environmental effects
on important processes at population and idividual levels
complicates our ability to predict species responses to ongoing
change
0 Arctic Charare expected to benefit from increased
foraging opportunities in the marine environment that
afforded by longer icéree periods. Individuals can
partially acclimateto warmer water temperatures,
although their range of acclimation is limited. Continue
warming will necessitate behavioural changesape

Case Study 10;
Sections 5.4.1, 7.3
7.4

2.5Improved knowledge of ecosystem function and biodersity

Significant progress has been made on documenting marine species distributions, habitat

preferences, and biodiversity i
responding to increasing environmental variability in complex ways.

n

Report Highlight

Report Reference

New technologies and sustained observations are increasing our
knowledge of ocean conditions and species distributions beyond the
openwater period.

o0 Moored instruments, animal tagging, and commulaty
coastal oceanographic measurements are filling
knowledge gaps across the entire annual cycle, reduci
the bias towards the idese period. New survey
technologies have improved mapping of animal
movements and population status in different seasons

Case Study 2, 4, 8
10, 14, 15,

Sections 4.4.2, 5.0
5.2.2 Toolbox

The participation of Inuit communities in aquatic research and
monitoring is growing, leading to more meaningful collaborations.
o Community leadership in research and monitoring

programs, which can be characterized by research
objectives beaig set by communities, and the bridging ¢
different ways of knowing, are enabling a better
understanding of the status of priority habitats and
species. While good practices continue to be discusse
and implemented, challenges remain that can hinder t
development of partnerships.

Case Study 13, 14
15, Section 7.1

11
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Report Highlight

Report Reference

Community priority -setting has underpinned the calevelopment of
research and monitoring programs in the Tarium Niryutait Marine
Protected Area and the Anguniaqvia nigigyuam Marine Protected
Area in the western Canadian Arctic.

o Collaborative decisiomaking and partnerships have
been fundamental to advancing knowledge on beluga
health and habitat us@rctic Charstock assessment, an
the status of key ecosystem components in these mar
protected areas. Across Inuit Nunangat, commuieity
monitoring of coastal ecosystems has enabled the
establishment of local biodiversity baselines, the
identification of changes to distributions, and
documentation of unusual specgghtings

CaseStudy 14, 15,
Sections 1.2, 4.5,
46,5.0,541

Learning how species use their habitats has improved our
understanding of how ecosystems function.
o Marine habitat use by anadromous Dolly Varden and
Arctic Charis tightly linked to temperatures and sdies
that are optimal for physical performance and the
distribution of prey. Water depth rather than location
alone can be a significant driver of foraging patterns a
density hotspots for marine mammals.

Case Study 4, 10;
Sections 4.4.2, 7.3

Significant progress has been made in characterizing the diversity
and distribution of multiple species, including those which are
themselves habitat for other species.

o Knowledge has been gained on habiteining benthic
species such as corals, spongesl macrophytes (kelps
and aquatic grasses), the habitat associations of marir
fishes in the Amundsen Gulf, and the migratory pattert
of bowhead, narwhal, and beluga whales and some m
birds.

Case Study 4, 8;
Sections 4.4.2,
4.4.3,6.5, 6.6,

Some rew knowledge of biodiversity or population status indicates
potential ecosystem impacts.
o Thefirst documentation of harmful algal blooms that le

to the uptake of toxins (i.e., Amnesic and Paralytic
Shellfish Toxins) by benthic invertebrates|eatels not
harmful to humans was identified in the western Cana
Arctic. The first capture of a juvenile Chum Salmon ne
Kaktovik, Alaska, confirms successful spawning in the
North American Arctic with uncertain consequences fg
culturally-important Actic species if salmon spawning
were to become more frequent. Two marine species a
categorized as critically imperiled in the Canadian Arct
Black guillemot and ivory gull.

Sections 4.6, 6.4,

Other status indicators signal stability.

Sections 4.6, 5.4.2
543,544
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Report Highlight Report Reference
o Sufficient lorg-term population trend data are not

available to rank the conservation status of the vast
maj ority of marine speci
However, recent assessments indicate a stable Easte
Beaufort Sea beluga whale population. Stock assessn
of key Arctic commercial fisheries indicate healthy
populations of Greenland Halibut and Northern and
Striped shrimps.

2.6 Deepening understanding of mechanisms

Understanding how and why ecosystems are changing is essential for adaptive management,
especially at the ecosystem level. In recent years, mechanistic insights across trophic levels and
regions provide input for modelling efforts aimed at predicting &uagosystem states.

Improved mechanistic insights also enable us to better constrain descriptions of change, and
expectations of impacts.

Report Highlight Report Reference
There can be regional differences in the mechanisms influencing th¢ Sections 4.5, 5.3
survival of key species.

o In both Baffin Bay and the Beaufort Sea the survival o
larval Arctic Cod into the adult population is influenced
by largescale atmospheric processes that affeeice
concentration and water temperatures. However, in Bé
Bay the timing of sea ice brealp and predation pressur|
play a stronger role compared to the Beaufort Sea.
Similarly, the effects of a timing mismatch between
zooplankton and peak produanti of their phytoplankton
food were driven by different mechanisms: low food
availability in the Beaufort Sea, and abundant but low
quality food in Baffin Bay.

Our understanding of how daylight influences ecosystem function | Case Study 3, 4, 7
has advancedacross trophic levels.

o New research describes the detailed mechanisms by
which snow controls the timing and rate of ice and wat
column habitat transitions that, in turn, drive the seaso
progression of primary production. New observations (
beluga behavioural responses to daily light cycles
indicates that diving and vertical migrations are not on
occurring in response to prey.

Constraints on the benefits of early ice melt are being realized. Section 4.5,

0 It now appears that ice bileap prior to June increases
the likelihood of a mismatch between zooplankton and
their food resources, which could reduce prey availabi

13



Report Highlight

Report Reference

for developing Arctic Cod leading a decline in
recruitment.

Understanding the fate of phytoplanktonblooms has been expanded
by detailed studies and new technologies.
0 High-resolution video revealed new insights into how g
when cells begin to aggregate and sink during the
phytoplankton bloom in Baffin Bay. The way that
copepods follow thaggregated cells, rather than graze
individual cells left at the surface, can influence carbor
transfer through the food web.

Case Study 3, 12,
Section 4.3
Toolbox

Mechanisms influencing the distribution of nutrients have been
better delineated.

o A much geater proportion of nutrients in the central
Canadian Arctic Archipelago are of Atlantic origin than
previously thought. In addition, glacial meltwater is no
understood to be important for nutrient delivery to the
northeastern Canadian Arctic not onlychese it provides
significant amounts of micronutrients, but also becaus
plays a pivotal role in transport of macronutrients store
in deeper marine waters to the surface. The relative
importance of riverersus glacially sourced nutrients
varies geogaphically.

Section 6.1, 7.2,

Understanding reasons forunexpected events requires inclusioof
Indigenous Knowledge and better support for Indigenous
participation throughout the research process.
o Combining knowledge systems can allow fdredter
understanding of unexpected events such as beluga
mortalities, sperm whale sightings, bowhead

overwintering in new areas, and salmon occurrences.

Case Study 14;
Sections 4.6, 5.0,
6.4,7.1,7.4,
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3.0 Stressors of Arctic OcearEcosystems

In the Arctic several factors can change the state (i.e., mean condition and/or amount of
variability) of marine ecosystems. These factors may be descriltgivexs (naturally sourced)

or stressors(anthropogenibasd) onthe systemClimate change is a majanthropogenic
stressor affecting the Canadian Arctic. Climate change brings about effects that extend outside
the realm of natural variability with respect to both temporal,(8egsonal, annual, decadal) and
spatial (e.g.local, regional, parArctic) scales. The challenge of climate change is that it
encompasses multiple variables in different domains, @rgospheric, physical, chemical,
habitat, etc.) and it is directly axdirectly linked to all other anthropogenic stressors of the
marine environment. This interconnectedness represents a serious challenge for ocean and
resource management as Arctic scientific Bt Knowledgecombined continues to be
insufficient to 1)distinguish natural variability from climatgriven changs, and 2) adequately
address the nature (e.gdditive, synergistic) and outcomesimdividual andcumulative effects

of climate change and other stressors

Climate change effects in the Canadisrctic are ultimatelyassociated with thecrease of
greenhouse gas emissianghe atmospher&he oceans play a key role in greenhouse gas
emission reduction strategies with potential new and expanded roles in theThaigobal

oceans not only absorb 10.5 Gt gg@r year (1 GEO; = 1 billion tonnexLO,) which is

equivalent to 286 of thetotal anthropogenic C{emissions (Friedlingstein et al. 202&)ey
alsoslowtherate of increase iatmospheric C®and the associated increase in global warming.
However, there is a lack of continuous observations of surface ocesam@@irsea CQ

fluxes, especially in highatitude regions and during the winter season. Also, thetiemg
variability of the physical and biological processes that contribute to the marine carbon sink is
still poorly understood (Fay and McKinley 2013; Wanninkhofle@13).The r ol e of Can
Arctic waters ingreenhouse gas emission reduction is also unclear. However, new inforimation
improving our understanding of Canadian waters as asé@ce or sink, over different

temporal and spatial scales (C&bedy 1)

With climate change the Earth system is gaining.léav much heat and where the heat is

distributed is critical to understanding ecosystem responses to the watuingntly, heglobal

oceans absorb ca. 90 % of the excess energy a
Schuckmann et al. 2020), and sea ice i®sentributing to the increased rate at which the Earth

is absorbingth€undés energy (Loeb redwadnd 2i0Qe )r. e dithee 4 ol
ability to reflectthesun 6 s ener gy, contributing to an ampl.
temperaturesl month periodgalculated from October of one year to September of the next

year) have risen worldwide since 19@@it over land and ocean areas north of 60 °N, Arctic
temperatures have risen at least twice the global average since the year 2000 (Ballinger et al.

2022). The 10 warmest years on record for the entire Arctic have all occurred since 2011. In

2022, the man annual air temperature in the Canadian Arctic Archipelago was over 2 °C

warmer than the 1992020 average. The warming of Arctic air and ocean surface layer waters

can influence entire ecosystems by affecting ocean oxygen concentrations, the sestnitgf

sea level, and the hydrological cycle.

15



Based on the sdae satellite record for the Arctic as a whole (1 2023), there has been a
downward trend in ice extent during all months. The rates of decline differ by month, with that
for March (moni of annual maximum coverage) being 2.5 % per decade and that for September
(month of annual minimum coverage) being 12.2 % per de¢agearé3a). Rates of decline

have differed in various stiegions of the Arctic. The statistically significant negative trend in
September and Mardeaice extent (Figure 3a) is also marked with sgranterannual and

decadal variabilitywith decadalkcale variability most notable in the September t{dheier

and Stroeve 2002). There was a significant transition in sea ice coverage, thickness, and age
around the year 2007This 2007 transition wasspecially pronounced in the Beaufort Sdzere

the sedce regime, dominated by mulear sea ice in the 1980s, transigdito a new regime
with large expanses of open water during the suniMeore et al. 202). After 2007, the sea ice
leaving the Arcit via Fram Strait also revealadegime shiftfor Arctic sea iceThere was an
abrupt reduction in the thickness of ice exiting Fram Strait (Figure 3b), providing evidence that
the Arctic sedce regime has shifted from thicker and deformed@meer,to a thinner and more
uniform ice cover (Figure 3b, Sumatra et al. 2023). Although the trend in sumriee sxéent

has been relatively flat since 2007, 15 of the lowest September ice extents recorded since 1979
have occurred since 2007, notably 2012 arZDZMeier and Stroeve 202Bigure 33
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Figure 3. A) Trendlines for parArctic seaice monthly mean seiae extent in September (lower left)
and March (lower right). A solid red line (omitted for clarity on the plotarch) represent the overall
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upper panels show the magnitude of theyé&d@r trends, with error bars spanning th&®bmits of
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(source:Sumatra et al. 2023
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Through assimilation of satellite data into a numerical simulation of sea ice drift over time, it
appears that Arctices icehas beomeon average younger and thinnEBrgure4). The top

panels of this figure reveal a dramatic loss of ice older thgga8 since 1985 and the

compensating expansion of seasonal ice coverage in winter. These changes have contributed to a
weaker and more mobile wintertinee covelin the centrarctic. The lower panel indicates

that the fractional extent of ice older than 3 years appears to have decreased from more than
40% in the late 1980s to less than%dn the 2020s. Th€anadian High Arctimow harbours a
substantial fraction alemaining oldce, much of which occurs within tieuvaijuittugmarine

protected area (Figure 1).

The lower panel ofFigure4) suggests that the fractional coages of ice by age changed in two

steps, one occurring around 1990 and the second around 2007. The steps coincide with the loss
rate changes i n Se p FiguneBacTheéstepwise mrocesfor muitiyearrseat e d
ice loss occurred through different mechanisms. The first step-{1®8Y was a results of high
multiyear ice export, whereas the 268808 step was the result of high multiyear ice export and

melt, with limited dd ice replenishment (Babb et al. 2023). While the fractional ice coverages by
age (Figure 4, lower panel) varies from year to year, and appears to have changed little on
average since 2007, theduced retentionf oldermultiyear sea ichas created a ymger
thinnermultiyear icepack that may be conditioned for another redudfi@abb et al. 2023).

) % Age (years)

Age (years) } {z—-é
LR T BV ==l LT ==
(e) Percent of sea ice extent by age category, 1985 - 2023

(Week of Feb 26 - Mar 4, Arctic Ocean domain)
100%

1987 1991 1995 1999 2003 2007 2011 2015 2019 2023

Figure 4. Ice coverage by age & 1985 and b) 2023, and c) an ice age time series{2@&%) for the
central Arctic Ocearindicated in the inset map. Color scale Jnscthe same as a) and b) (source:
NSIDC, 5 April 2023 EASE:EquatArea Scalable Earjh
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Figure3 andFigure4 display two ceexisting, strong signals of change in the marine Arctic,
namelyanthropogenially-drivenseaice loss tresson andintrinsic natural atmosphexean

ice variability (driver). These signals together determinedlbean environmental conditions

that prevail during particular months, seasons and years in the Arctic. Theetongea ice
trendsalso demonstrate that theanifestations of climate change are not necessarily gradual, but
rather can include stepwise shifts from one regime to another (i.e., nonlinear responses to a
changing force)Babb et al. 20235umatra et al. 2023Changes in sea ice have a strong

influence on ecosystem change in the Canadian Arctic (see our previous report, Niemi et al.
2019), and in this current report, understanding the response of ecosystem componeiits to sea
change continues to be a major theme. In additioriceeehange is ininsically linked to other
stressors in the Canadian Arctic.

Ship traffic hasalreadyincreased in the Canadian Arctic (e.g., Dawson et al. 2018), and future
navigation through efficient shipping routes such as the Northwest Passage could become more
practcal with the continued loss of summer sea ice. However, the presence and persistence of
thick multi-year iceis a hazard for shippin@.g., Barber et al. 2018\ previous assessment of
multi-year icein the Northwest Passage for the period 12686 found that climatdriven sea

ice change had not yet resultechonthreateningnulti-year ice conditionsf benefitto shipping
(Howell et al. 2008)A revised assessment for 26R720 identifies that yesa with little multi-

yearice in the Northwest Passage are now more freqééire5; Howell et al.2022).Between
2007 and 202ahelocal development of mulyear ice fronfirst-year ice, and the import of
multi-yearice from the high Arctiento the Canadian Arctidecreasetly 47 % and 22 %,
respectively, relative to the 19@®06 period. However, even with tbecrease in botpresence

and growth/import omulti-year icein the Northwest Passaguaulti-year icewill continue to be

a shipping hazard for the foresbkafuture.
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The largescale drivers and stressors lo¢ tArctic system interact with additional stressors within

the Canadian Arctic. New information about key stressors within the Canadian Arctic are
summarized iMable2. Thesestressors vary among areas and differ in their manageability.

Some stressors may be reasonably addressed with proper management and/or stewardship (e.qg.,
sustainable fisheries, invasigpecies; Case Study 9) whereas others (e.g., microplastics) are
pervasive and possibly adver&acently, much attention has been brought to the issue of noise

as a stressor in marine ecosysteiab(e2) given upward trends in vessel traffic. Case Study 2
provides an overview of new information describing exposure and impacts of vessel noise in the
Canadian Arctic.
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Table 2. The status of some direct anthropogenic stressors relevant to marine ecosystems in the

Canadian Arctic.

Stressor Current status Recent
references
Shippingand | -In the past decadesductions in se&e age and extent Transport
anthropogeniq have made it easier for ships to navigate the Northwest | Canada 2019;
underwater | Passage, including ships with little ice strengthening Dawson et al.
noise -Between 2009 and 2019 the distance travelled by ships 2020; van Luijk
the Northwest Passage doubled. et al. 2020;

-Increased vessel traffic carries a risk of introducing harr
aquatic invasive species, which have been identified in t
ballast water of ships utilizing ports across the Canadian
Arctic.

- Approximately 45 % of the distance travelled by ships i
the Canadian Arctic is fuelled by heavy fuel pihich poses
a higher environmental risk than other fuels in the event
an oil spill In 2019, Transport Canada released a report
weighing the benefits and risks of using heavy fuel oil in
Arctic waters The rert concluded that a ban on heavy ft
oil would have environmental benefits, but see@mnomic
costs to northern communities.

-Anthropogenic underwater noise from vessel traffic, ice
breaking, and seismic exploration disrupts Arctic seals,
cetaceans,embirds, and some fish species by masking
communication, interrupting foraging, prompting extende
avoidance, and potentially increasing stiessnoneevels
-High-risk areas for underwater noise and vessel strikes
continue to be identified by Inuitommunities and by
species distribution models to inform the placement and
governance of lowmpact shipping corridors

Gallagher et al.
2021a; Goldsmit
et al. 2024;
Halliday et al.
2020y, 2021,
2022ab;
Copland et al.
2021;
Kochanowicz et
al. 2021; Watt et
al. 202E;
PAME 2021;
Dhifallah et al.
2022; Lasserre
2022

Microplastics

-Microplastic particles are concentrated in Arctic sea ice
snow, and marine sediments

-Accumulation and ingestion of plastic particles is pervag
at all levels of the food web.

-Baselines of plastic levels are lacking for many Arctic bi
in Canada.

-Large knowledge gaps exist regarding biomagnification
andfood webtransfer of microplags in Arctic ecosystems
-Although there is substantial evidence for ecotoxicologi
effects of microplastics in temperate species, few studie
exist specific to Arctic species.

-Multiple research programs are currently focused on Ar
microplastic pesence and foedeb dfects

Provencher et al
2018; Athey et
al. 2020;Baak et
al. 2020;
Huntington et al.
2020; Moore et
al. 2020;Collard
and Ask 2021
Bergmann et al.
2022
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Stressor Current status Recent
references
Wastewater | -Wastewater effluent can be a source of tmmcentrations | Stroski et al.
effluent of pharmaceuticals, peand polyfluorinated alkyl 2020; Back et al,

substances (PFAS), and heavy metals to marine receivil
waters.

-Elevated nitrogen from wasteater effluent can increase
local coastal primary production.

- Effects of wastevatereffluent on marine biological
communities are understudied in the Canadian Arctic; th
few studies that exist indicate effects vary and in some ¢
are negligible or remain uncertain

2021; Schaefer
et al. 2021

Contaminants

-Climate change influences contaminant concentrations
high trophic level species by affecting fate and transport
pathways (i.e., oceanographic currents) and by altering 1
webs (i.e., food web length, guilgpecies distributionghus
affecting bioaccumulation and biomagnification processe
of contaminants such as mercury and persistent organic
pollutants. Results vary regionally and between/within
species

-Chemicals of emerging concern are found in Arctic watg
marinesedimentsand biota, many of which are not
included in a regulatory systeamd require ongoing
monitoring

-Atmospheric concentrations of mercury have decreaseq
over the past two decades, but temporal trends in biota ¢
variable.
-Long-term records of astaminant concentrations (mercul
persistent organic pollutants, and chemicals of emerging
concern) measured in Arctic sediments, air, ice, and biot
indicate that historical timing of peak concentrations vari
among pollutants, species, and geograpmions. Not all
time series exhibit consistent increases or decreases ov
time, and background concentrations can originate in na
sources.

-Analyses of highguality time series have underscored th
importance of monitoring on an annual basis

Brauneet al.
2019; Lu et al.
2019; Muir et al.
2019;Houdeet
al. 2020;AMAP
2021a, 2021b;
Corminboeuf et
al. 2021;
Facciola et al.
2021, 2022
Morris etal.
2022;
Provencher et al
2022a, 2022b

Hydrocarbon
development
and mining

-In 2016 a joint CanadllS statement issuedoan on new
offshore oil and gas licensés the Arctic, to be tested
every five years through a science based review. Existin
rights were not affected by than.

-Approximately B,687km? of exploration licensesxist for

the Canadian Beaufort Sea, all within thavialuit

CIRNAC 202
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Stressor

Current status

Recent
references

Settlement RegiarAll exploratory licenses are under the
work prohibition order

-Terrestrial mining activities in the High Arctic pose a risl
to marineenvironments by increasing large vessel traffic
(potential for vessel strikes of marine mammals, underw
noise, introduction of aquatic invasive species, and
environmental contamination in the event of grounding)

Fishing

-The largest grand fish fishery(Greenland Halibutin
Canada is located in the Arctic (Davis Strait and Baffin
Bay).

-Integrated Fisheries Management Plans applicable to th
Arctic arein place for Atlantic Walrus, Cambridge Bay
Arctic Char, Dolly Varden, Greenland Halibut, Narwhal,
and Northern and Striped Shrimp. The plans guide
conservation and support sustainable fishemeshuning.
-In 2023, DFO reduced the total allowable caith
Greenland Halibut by 9.25 %.

-Improvements are needed in bycatch management
including Redfish (Case Study.9)

-Identification of sensitive benthic habitats is ongoing.
Areas with known or suspected sensitive benthic
communities are closed to bottom taet fishing gear.

Integrated
Fisheries
Management
Plan (IFMP),
unpublished
datg NAFO
2022

Sustenance
harvesting

-Suwstenancdnarvesting hasden an element of Arctic
marineecosystems for millennia and is nbbught to be

more stressing today tharhids been in earlier times
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CASE STUDY 1: Budgeting the Marine Carbon Sink in the Canadian Arctic

Watersi Data Gaps and Seasonal Changes

The oceans have absorbed a quarter of the calioaide (CQ) emitted to the atmosphere by
humans since thiedustrial revolution (Friedlingstein et al. 2020). In 2021, Canada committed to
reducing its greenhouse gas (GHG) emissions by08 below 2005 levels by 2030

(Environment and Climate Change Canada 2023). While it is imperative to substantially reduce
fossil fuel emissions, enhancing natural carbon dioxide sinks through-based solutions

could be essential if emission reductions remain insufficient to meet the global goal of limiting

warming to 2°C and stabilizing our climate by the end of thistaen

The Arctic Ocean is thought to act as a net atmospheris@®due to the high solubility of

COoin its low-temperature waters and the strong primary production observed along its
continental shelves during the summer se&Baure 6) Theestimated C@sink in the Arctic

ranges from 7480 TgC yr* (TgC = 132 gC), contributing roughly-85 % of the global ocean
balance of C@sinks and sources (e.g., Yasunaka et al. 2016; Manizza et al. 2019). Canada has
the longest coastline globally, spang the Pacific, Arctic, and Atlantarean basins, yet the
PanCanadian Framework on Clean Growth and Climate Change (Canada 2016; Dion et al.
2021) does not account for the marine carbon sink. Despite the collective recognition of Canada's
oceans as matural CQ sink, the complex and heterogeneous nature of the marine carbon sink
(Laruelle et al. 2018; Fennel et al. 2019) poses challgogetegrating it into Canada's climate
change mitigation plans and the United Nations Framework Convention oat€l@hange

emissions accounting system (Dion et al. 2021).

~ Unitin

mol COz m-2 yr-1 USA

Figure 6. Air-sea CQfluxes in the Canadian Arctic waters and adjacent shelf seas in mély€art

based on direct observations, observabiased interpolation products such as Neural Network and
Multiple Linear Regression, and regional ocean biogeochemical models referenced in Fen(@0E) al.
and Duke et al2023. Negative flux (blue) indicageoceanic sink and positive flux (red) indicates
oceanic outgassingwerage andtandard deviation provided when multiple flux values are available for

the given locationMap was created using Esri ArcGIS Pro 3.1.1.

For Canadads ocesndetedbienpregecti yoesoshcl ean
Arctic Ocean in CQflux must be better understood. The magnitude and rate-s¢aiCQ
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exchange in the istic Ocearis a complex process that is not only affected by ocean temperature
and biological production, but also by gea formation and melting, river discharge, water

mixing, wind speed, and shdifsin interactions (Bates and Mathis 2009; Ahmed et al. 2020).
However, CQ measurements are sparse and mainly collected during the summer Bé&asen (

7), and hence the existing @ea CQfluxes in the Arctic regionare poorly constraine@.g.,

Bates and Mathis 2009; Yasaka et al. 2018).

A

Figure 7. Total number of dissolved GQA) and mean pC&(B) observations available from 1970 to
2021 at each 1° x 1° pixel in the Surface Ocean &@as Version 2022 (SOCATv2022) dataset in the
Arctic Ocean and its adjacent shelf seas. Map was created using Esri ArcGIS Pro 3.1.1.
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Canadian Arctic waters are belex/to function as a net atmospheric 3k based on the

average dissolved G@alues that wreextracted from the publicly available surface water
observations archived on the Surface Oceap/&fas (SOCAT, https://socat.info(fFigure 7.

However, thestrength of the sink is variable across the Canadian Arctic, and, as global warming
progresses, the capacity of these areas to act as a carbon sink or source in the future may change
as well. For example, with the increase in warming andcgess, thareas of open water and
phytoplankton growth rates in the Arctic are expected to increase (Arrigo and van Dijken 2015),
thus enhancing the oceanic £aptake from the atmosphere. In contrastecrease in the GO

uptake capacity associated with $ealosshas been observe a result of surface water

warming and stratificatio{Cai et al. 2010; Else et al. 2013)

The presence and mixing of ocean layers also affect the@deation as a source or sink. In
Baffin Bay, the mixing of Pacific, Atlantic and even Siberian waters insgacbon uptake from
the atmosphere. This can occur directly by carrying waters with relatively higlar@Qow pH
deeper into the water column, or indirectly by influencing bimaigoroductivity in surface
waters, which lowers C{roncentrations at the surface of the ocean (Burgers et al. 2023).
However, the overall effect of all the biogeochemical and physical processes optak® in
the Arctic has not been adequately detesdi

Seasonal changes are a key factor to consider when studyingska & fluxes in the Arctic

shelf seas. Seasonal differences in@@x have now been documented in Hudson Bay, with
some regions switching from sinks in the spring and early summerisdti@xes during late
summer, then back to GQinks in the fall (Ahmed et al. 202&Ise et al. 2008). During the

winter season, mosff the Arctic shelves are covered by a layer of sea ice, which limits the
exchange of Ce&between the ocean and the atmosphere. This leads usually to axnet CO
accumulation under the ice due to biological respiration (Semiletov et al. 2004). However, as th
sea ice begins to melt in the spring and summer seasons, both supersaturation and
undersaturation can occur suggesting very high spatial variability ifl@@s at the time of ice
melt.

River runoff plays a crucial role in determining the GI0x in the Arctic Ocean, primarily
because of the excess g£g&nerated from the decomposition of terrestrial organic matter in
rivers (Polimene et al. 2022; Capelle et al. 2020). For example, riverkinflaénced areas

such as the Mackenzshelf (Bertin et & 2023) and the Nelson Estuary (Else et al. 2@08ned

et al 2021) often emit more CQo the atmosphere than they absorb. According to modelling
studies (Terhaar et al. 2019; Woosley and Millero 2020), increased river runoff into the Arctic
has the potential to decrease the net Q@dake of the Arctic Ocean. This can result in some
coasthshelf regions becoming sources of 40the atmosphere and intensifying £0
outgassing near rivers and in estuariesighly stratified waters, such as near river mouths or
melting sedce, CQ concentrations at the surface may be significantly diffefrom those in
waters a few meters deep. If these vertical differences pcG@entrations are not taken into
consideration, the strength of the ocean as ag@® could be underestimated by approximately
50 % (Ahmed et al. 2020).

In contrast to rier plumes, polynyas regions of open water surrounded by weawhich form
due to persistent winds and/or upwellingppear to be C£Xinks. These icéree areas serve as
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hotspots for biological productivity and allow for enhanced gas exchange, |¢adiadpon

fixation and subsequent increases in the uptake off©@ the atmosphere. For example,LLO
uptake was observed in therthwestHudson Bay polynya during the spring of 2018 was
associated with high primary production and high wind speeds (Ahmed et al. 2021). Adso, CO
uptake observed in the Cape Bathurst polynya occurred due to a combinattohvodter
temperatures, strong prary production, and high wind speeds (Else et al. 2011).

Inordero i mprove our understanding of the marine
the range of uncertainty in the currentGl0x estimates, thereould needo be an increase in

the coverage and frequency of observational and computational (e.g., validated modelling)
measurements, including biogeochemical variables such as salinity, temperature, pH, and

primary production. Such improvement in the observatiooatrage could be achieved through

using autonomous Argo floats accompanied with othaitinobservation networks, including

shipboard repeat hydrography, moored buoys, surface drifters, and glider transects.

By adopting a comprehensive approach that incorporates various methods, caomasity

science, remote sensing, modelling, and machine learning techniques, future research endeavours
can significantly improve our understanding of current and futurem&@Qsinks i n Canadado
Arctic. Utilizing citizen science initiatives can engage the public in data collection, expanding

the reach and generating a more extensive dataset. Remote sensing techniques can provide
valuable information on the spatial distrilzin and dynamics of key surface ocean variables in

remote Arctic regions. Additionally, validated modelling and machine learning techniques can
assist in interpolating sparse data and analyzing complex interactions within the marine
ecosystem. This multisciplinary and integrated approach will contribute to a more

comprehensive understanding of the role of Canadian waters in global carbon cycling and inform
effective climate change mitigation strategies.
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CASE STUDY 2: Underwater Noisel Overlaps andl mpacts

Underwater noise from vessel traffic and other human activities can be pervasive in the marine

environment, particularly near shipping lanes, industrial sites, and developed areas. The exposure

of Arctic marine mammals to underwater noise has been rdjatinderstudied, but a few

recent studies have examined noise exposure. These typically follow two methods: satellite
telemetry studies that examine movements of individual tagged animals in relation to concurrent
human noise sources, and modelling stsidie

The movements of satellite tagged bowhead (Martin et al. 2023) and beluga (Martin et al. 2022)
whales in relation to vessel traffic has been assessed from telemetry studies with the whales
traveling between the northern Bering @@athe Amundsen Giiin the western Canadian

Arctic. Both species had increased exposure to noise close to the coastline, and exposure
changed by month depending on migration location and the shipping events (e.g., community
resupply). The greatest ship traffic and modeledeunwater noise from ships occurred in the
southern Chukchi Sea near Bering Strait (Halliday et al. Z€iglire8).
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Figure 8. Potential number of times that the 120 dB behavioural disturbance noise threshold was
surpasseth July and Octobe2015 2017. Beluga@elphinapterus leucasand bowheadBalaena
mysticetusmonthly utilization distributions are overlaisource:adated fromHalliday et al. 2021).

In the Tallurutiup Imanga National Marine Conservation Area (TINMCA), the level of risk to
high noise exposure (O 12&sess&Pguréd Narwmal |l t i pl e
(Monodon monecerog had high overlap with vessel noise throughout the entire area of southern
Eclipse Sound, whereas belu@selphinapterus leucaslong southeast Devon Island ohlgd a
small area with increased exposure to vessel noise (Kochanowicz et alHa0Rihy et al.

2022Db). The seabirdssesseldlad highunderwater noisask at the eastern entrance to Eclipse
Sound, with additional areas whderwatenoise risk for northern fulmar at southern Devon

Island and for blackegged kittiwake at Prince Leopold Island. Such mapping of vessel noise
risk for different species prales key information for management initiatives in the TINMCA

and supports the understanding of vessaled marine wildlife impacts that affect culturally
valued species and activities.
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A) Narwhal aerial survey B) Narwhal telemetry
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Figure 9. Level of risk(relative scaldetween species presence anderwatenoise exposure, see

Halliday et al. 2022a for details)o hi gh noi se exposure (O 120 dB)
(C), thickbilled murre (D), northern fulmar (E) and blalggged kittiwake (F) in the Tallurutiup Imanga
National Marine Conservation Area (TINMCA). Cells that were not surveyed eravharine wildlife

were absent within the study area during surveys are goeyoeHalliday et al. 2023).

Underwater noise can affect marine animals by impacting their ability to hear important sounds
(acoustic masking), causing them to change thehabiour, affecting their physiology,

damaging their hearing (temporary and permanent threshold shifts), or causing death. In the
Arctic, studieson the effects ofinderwater noishave focused on modelling acoustic masking,
changes in behaviour, and onyplology. No studies in the Arctic have demonstrated permanent
hearing damage or death caused by noise. Typical behavioural reactions to underwater noise

(0]

include flee responses, aptir e dat or Afreezeo reactions, chang

andpossibly cessation of foraging (Halliday et al. 2020
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A recent study on bowheachales (Balaena mysticetygrom the Berin@jChukchi Beaufort

population (Martin et al. 2023) found no evidence of behavioural reactions to vessels, but this
was based on relatively large distances (> 20 km) and coarse position data for bowheads.
However, a study on belugas usinghegresolution tags was able to show that belugas

increased their swim speed in response to vessels at distances > 50 km, with a larger reaction as
vessels came closer to the whale (Martin et al. 2022). This suggests that belugas may be more
sensitive to essel noise than bowheads over these large distances, but it also highlights the need
for using high resolution tags. Another recent study of belugas demonstrated a reduction in
beluga vocalizations detected on acoustic recorders when vessels travélied wih of those
recorders, and InuvialuftraditionalKnowledge suggests that this is related to an avoidance
reaction by belugas (Halliday et al. 2019). These two studies on beluga both suggest a sensitivity
to vessel noise, reacting at distances fgohd visual range, and to low amplitude noise near
ambient levels.

A recent study investigated stress level in narwhals from time periods with different amounts of
shipping traffic(Watt et al. 2024). Narwhals were found to have higher stress level (cortisol

stress hormone in blubber) in recent years compared to yearsnafse from shipping traffic

was lower. The study also concludes that the narwhals were exposed to multiples stressors such
are killer whale predation and environmental changes in addition to increased noise, which
highlights the importance of developitapl to measure and assess cumulative impacts.

Boat traffic and tourism has increased in the Churchill estuary located on the summering grounds
of the Western Hudson Bay beluga populatBelugas seemed to change their grouping pattern

in the presencefdoats. Theigroup sizes were larger in the presence of boats than when boats
were not present (Westdal et al. 202Z3)e distribution of belugas did not seem to be affected by
the presence afoise generatingiotorboats and Zodiacs, however belugas seesttracted to

kayaks and avoided paddleboards (Ausen et al. 2022). Overall, the exposure of the Western
Hudson Bay beluga population to large vessels was low and concentrated around the Churchill
harbour (Pirdia et al. 2018). The impact of the interantof belugas and bat this locations

still not well understood but appears to be specific to the context of the interactions and the
composition of the groups.

Continued study and exchange of knowledge on vessel noise exposure and impacts on marine
wildlife is needed Several knowledge holders, suahinuit share concerns about ship source
noise causing habitat abandonment that would have multiple implications for subsistence
hunting, livelihoods, food security, and health (Kochanowicz et al. 202a&yldition, Inuit from

Pond Inlet have noticed a displacamhof narwhals that could be associated to an increase in
shipping traffic and associated noise in Eclipse Sound.

29



4.0 Structure of the Arctic OceanEcosystem

The following sections provide the ecosystem context for understanding how the Canadian
Arctic Ocean works. Such context is needed to both detect and explain observed changes. The
physical (Section 4.1) and chemical (Section 4.2) components of the marine ecosystem create
dynamic habitats for all biotd:hese bottorup components also affect food ve€Bections £,

4.3), with current evidence of shifting energgthways and prey distributions that influence
predators (Case Sties 3 and 4)The structure and function of Canadian Arctic Ocean

ecosystems vary across spatial scales and here we describe known linkages between habitat types
and marine life (Section 4.4, Case Studiend6). Additionally, the Arctic functions differently

over time, on multiple temporal scales (i.e., days to decades). Here we only discuss the seasonal
scale (Section 4.5), illustrating that an annual Arctic cycle is better understood from an
ecosysteneventsperspective rather thgoreconceived ideas about seasons

4.1 Where Life Lives: The Ocean Environment of the Arctic
4.1.1 Oceanographic Bundaries of the Arctic

The edge of sea ice at its maximum extent in late March provides the simplest delineation of the
marine Arctic. This boundary also approximates the mamirextent of cold, low salinity Arctic

Surface Water at this season. It encompasses the deep central basins of the Arctic Ocean, the
shallow continental shelves that surround it and lobes that extend southward into the Pacific and
Atlantic Oceans. Thelohen Canadadés domain pushes as far s

4.1.2 TheSubmarine Landscape

Ocean waters are stacked in laysursh that the vertical structureafean waters is typically

characterized by having th@west densityseawateat the surface anuighest density seawater

at the seabed. Because energy is required to lift denser water back towards the surface, ridges on
the seabed tend to block seawalewfand valleys tend to channel it. The submarine landscape

thereby constrains how seawater can move, making knowledge of that landscape critical to
understanding the ocean environment. Such topographic constraints on ocean currents influence

the propertis of seawater and planktonic life found in particular areas of the Arctic. Those
properties of particular relevance to the oce
dissolved oxygerdissolved nutrientand acidity Specific associations of theatributes define

water masses in the Arctic.

Oceanographers commonly use conines that connect points of constant depth to map the
landscape of the seabed. Contours crowd together where the seabed slopes steeply, at the edge of
the continental shiefor example; they encircle isolated areas of deep water known as basins and
isolated areas of shallow water known as banks; they form a distinctive pattern at sills, the

marine equivalent of mountain passes, which separate shallower areas when \oegemnal

heading and deeper areas when viewed along one at right angles to it. It is easiest for deep ocean
waters to cross between basins at sills.
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The Canadian Arctic region encompasses two deep basing®mrerawre (°¢), Grams salt perkg.

2
1

I Canada Basin and Baffin Bayseparated by arbad, °|It= Arotio Water]
shallow continental sheifthe Canadian Polar Shélf .

which acts as a sill betwedme Pacific and Arctic. A [ l

broad and relatively deep sill in the southeast separatesm: B

Baffin Bay from a third basin, the Labrador Basin.
Hudson Bay and James Bay occ@pyappreciable
fraction of the Canadian Polar Shelf.

1,000
1,000

The glacial history of the Canadian Polar Shelf has left it_}|
littered with islandsomprising the Canadian Arctic
Archipelagoandwith basinschannels and sills. The mosg

1,500
1,500

Atlantic Water

obvious sills lie along the mthwestern rim of the Bt Barents Sea I

Canadian Polar Shelf and cluster near its centre; the =] 1<

intervening basins are as deep as 800 m. The sills risedo | 1 &

within 300-400 m of the sea surface in the nentest and s} 1s

much higher near the centre, within280 m of the <1 I

surface. Een preliminary seabed surveys are lacking over| ]

wide areas of the Canadian Arctic region, particularly in gf IE

remote icebound northern areas and in the-sleare ! {°

estuaries, bays, and fjords important to people whose | Centuries-old Water ]

livelihood comes from the sea. The lack obd seabed g IE

maps restricts scientists®d /° t o

Canadian Arctic marine ecosystems and their [ ]

vulnerability. gl Ig

4.1.3 Seawater 8urces Figure 10. Depth variation in the
temperature and salinity of seawater ii

There are three main contributors of water to the the Canada Basin of tifectic. Domains

Canadian Arctic region, the North Pacific and the North ©f the principal water masses are shoy

Atlantic that contribute seawat@nd the atmosphere that

contributedresh water as snowfall, rainfall and inflow from rivers. These waters are
distinguishable in three characteristicsalinity, temperature and dissolved nutriensghich in
addition to dissolved oxygen and acidity are key elements of marine habiteyafettors in
determining with organisms thrive where.

Arctic Water(Figure 10)is a mixture of Pacific, Atlantic and fresh waters, modified in the Arctic
by physical, chemicahnd biological processes. Arctic sea ice is a frozen version of Arctic
Water. Water from the Atlantic has high salinity (3438.95) and relatively high temperature (0

unde

3 °C) yearround. There are three variants of Atlantic Water in the Canada Basin: a warm layer

entering via Fram Strait and a colder layer entering via the Bageat, refreshed every few

decades, and a dense layer at the bottom of the basin that has been trapped for several centuries.
A fourth variant enters the Canadian Arctic region waters via Baffin Bay but does not reach the

Canada Basin. Water from the Pactias moderate salinity (333), lower in summer than in
winter, is warm (near 3C) in summer and cold (neél.5°C) in winter and has high

concentrations of dissolved nutrients (nitrate, phosphate, silicate). Fresh water has a salinity of
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zero, a tempature that varies with source and season frelf) @C and is relatively low in
dissolved nutrierst

At the low temperatures of the Arctic, salinity is the main factor controlling water defisgy.
increase in density.é., salinity) with depth reflects a decreasing proportion of fresh water
relative to standard seawater. Arctic Water with the grediiesion by fresh water (lowest
salinity) floats on the top; Atlantic Water with the least dilution (highest salinity) sinks down
deep; Pacific Water slips lmetween. It is the shallowow density cap of ice, Arctic wateand
Pacific water that make therctic so different from the Atlantic.

The thickness of each layer depends on ho
much of each type is present and on ocear
circulation. Dilution of the Arctic Ocean by
fresh water is weak overabut relatively
strong in the uppermost 250 m. Acctvater
occupying the top 50 m or so is the most
diluted but least abundant of the freshened
water masses. Pacific water is less diluted,
more abundant and dominant between 70
250 m in the Canadian Arctic region.
Atlantic water is least diluted and by ftae
dominant water mass, filling the basins fror,
about 300 m depth to the seabed at more t
4000 m. Mixing creates depth zones with
properties transitional between water types

Phytoplankton at the base of the food web
needdissolved nutrients and light in the
same place to thrive. Tl n6s r et |
initiates planktonic growth in spring, but
continual replenishment of nutrients is
necessary to sustain primary production.

Nutrients are plent

surface Pacific layer but must bexedinto

theeuphoticzone where photosghesis  Figure 11. Presence of seawater types in tieadian
occurs. This uplift is driven by the kinetic  Arctic region: Pacific water in green, Atlantic water
energy of storms and tides, but only in Fram Strait and the Barents Sea in red, and via Ba

certain places under special conditions.  Bay in yellow. Arctic water covers the entire area
except for eastern Baffin Bay (no green underlay).

Where elevated terrain rises above the layePacific nutrients are not readiailable in the white
of nutrientrich Pacific water, it can restrict areason southern parts of the Canadian polar shel

the nutrient supply to bass beyond it. It is

likely that this mechanism operates in Coronation Gulf, Dease Strait and Queen Maud Gulf, for

example, where bounding sills rise ta-3® m depth and only nutriepbor surface water can
enter fromoutside under normal conditians
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Froma broader perspective, the depths of sills that can block possible paths of flow control the
presence of each seawater type at locatiorssa the Canadian Polar Shéligurell displays

the areas of the Canadian Arctic region that are accessible to each seawater type, combining
knowledgeoft he depth of occurrence of each type wit
Pacific or Atlantic water cannty be present at a location of interest if there is a path to the

Arctic from that ocean that is everywhere at least as deep as the shallowest depth of occurrence

of thatwatertype.The areassolated from nutrientich Pacific Water are of particular interest.

4.1.4 Seawater Mvement

The implications of watemass distribution
are more easily seen in combinatigith
knowledgeof how water actually moves. A
discussion is complicated by the variation c
current speed and direction with depth, ice
cover.tides, storns, seasos yeas and
decade. Information is sparse. A schematic
of the average circulation of surface waters
of the Canadian Arctic region is shown in
Figurel2

In geneal, prevailing winds in the Baffin
Basin maintain a counterclockwise gyre the
brings Atlantic water up the Greenland side]
and takes it southeast along the eastern sic
of the Canadian Polar Shellindsin the
Canada Basin maintain a clockwise gyre th
moves surface water slowly soutlest along
the Arctic side of the Canadian Polar Shelf
and more rapidly westward across the 4
southern Beaufort. Some of the flow on the SN,
Arctic side, responding to a drop in sea levi
of about 15 cm towards Baffin Bay, leaves Figure 12. Schematic view of surface water moveme

the gyre to cross the Canadian Polar Shelf within the Canadian Arctic region. Arrows represent

and joirsthe Baffin Current that takes it to average direction of currents without regard to the sj

the Atlantic. This picture is complicated by of flow. Data modified fronarctic average water currents-

the numerous islands on the polar shelf, ~anadaca

which in combination with EarthosrdsthetArtici on al
if it hugs land on its right side. Atlantic water from Baffin Bay also floods the basins on the

eastern side of the Canadian pahelf.

The submerged pathways followkyd Pacific and Atlantic water within the Arctic Ocean are not

well known. Howeer, observations have reveakedurrent flowing beneath the surface counter
clockwise along the Beaufort continental slope and into the deep basins of the western Canadian
Polar Shelf simply by following their steeply sloping sidEse Atlantc component is too dense

to move eastward and may remain in the deep western basins for decades. Because of sills, the
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Canadian Arctic througHow is comprised only of Arctic Surface and Pacific Waters. The latter
bring nutriens to feed marine ecosystemof the Baffin coast, Hudson Bay and &t&antic
Canadaegion. Part of the southbound Baffin Current enters Hudsoral®ayg the northern side
of HudsonStraitand joins the counterclockwise circulation of local river inflow around the bay
to exit alongthe southern side of Hudson Strait.

4.1.5 Sea te

Extensive ice cover during at least part of the year is a defining characteristic of the Canadian
Arctic region. The ice forms by freezing seaw
north, seade grows to more than two meters in thickness by early June. Near the southern limit

in James Bay, winterdéds growth is only about 1

Freezing seawater is only the beginning of sea ice. The forces of wind and tide move the ice

against shorelines cdng it to fracture and stack into thick sinuous piles (ridges). These can

attain10m t hi cknesses even very early in winter ar
stacking of ice briefly creates space for-fcee leads elsewhere. Drifting sea icefack ice)

becomes a chaotic landscape of ridges and floes of widely varying thickness as winter continues.

Pack ice gets stronger as it gets thicker with time during winter. Where coastlines or islands
provide shelter, it may become strong enough to regdbtices of wind and current, so that it
stops fracturing and drifting and is held fast, formiiasf ice.The channels among islands on the
Canadian Polar Shelf are unique in harbouring vast expanses of fast ice every winter.

Air temperature rises withtrengthening spring sunshine as the polar night fades, causing ice

growth to slow. With temperature neae@C, t he Sunds radiation is ab
snow, forming ponds that trap the Sund6s heat
August, much of the level (thinnesgasonal icen the southern part of the Canadian Arctic has

melted. Further north where the ice is thicker, summer is too short for all the ice to melt. When

open areas start freezing here in late August, new ice algs seezing onto the bottom of last
winterdos floes that stildl remain. OyearPet ober
category. If they survive a second summer, they beaddher multi -year ice Most of the

Ar c t i c-yearicerasidein the Canadian Arctic region. The combined areas of first, second
andmultty ear i ce define the minimum extent of ice

Ice is the surface of the sea where it is present and moves generally as described for surface
currents, excdpvhere the ice is fastike currents, the drift of ice varies greatly over time

(hours, days, seasons, years). Indsed ice greatly enhances our knowledge of surface currents
because its movements can be readily tracked from space. Ice both enters and leaves the
Canadian Polar shelf on all sides as winds change. In the west however, ice is more likely to
move from theCanada Basin onto the shelf north of Parry Channel and is more likely to move

off shelf into the Canada Basin to its south. On the eastern side, ice generally moves off the shelf
into Baffin Bay via Smith and Jones Sounds, whereas it commonly drifts ssizuece into

Lancaster Sound and Hudson Strait before crossing the channel and coming back out along the
other side. Ice circulates counterclockwise around Hudson Bay; the small area of ice which does
not melt within the bay exits via Hudson Strait.
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Sea iceexerts a strong influence on all
aspects of Arctic marine ecosystems. It is
itself a habitat (substrate) for lifelnuit and
sealife (e.g.bacteria, phytoplankton,
zooplankton, fish, seals, walruSdobenus
rosmaru$, birds, whales, foxes, polar bears
Its presence reduces the penetration of
sunlight into ocean water. Its roughness he
mix dissolved nutrients upward into the
euphoticzone when moving, but it creates a
layer of brackish surface water that impede
that mixing when thawing. Its solidity
provides support for bears, foxesd birds
but at the same time impedes easy access
marine food sources. Its presence protects
marine mammals from marine predators bt
may also isolate these same creatures fror
needed air. The edge of fast ice in wirdad
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Figure 13. Seaice coverage of the Canadian Arctic regi
near the time of maximum extent. Red denotes an almi
complete cover of pack ice and grey a complete cover

spring (the floe edge) allows, with favourablefast ice. The information depicted is the median value «
wind, the formation of polynyas (areas of thirthe climatological period 1992020. Illustration courtesy

ice or open water) which foster blooms of  of the Canadian Ice Service.
plankton early in spring and provide
sanctuary for creatures needing both ocear”
and atmosphere to survive.

Thescope of ecosystemelevant sedce
metrics embraces far more attributes than t
much discussed yearly minimum ice extent
However the seasonal variation of ice exter
within the Canadian Arcticegion fFigurel3
andFigurel4) does provide a useful
overview. The extent of ice in late winter
coinades with the domain of Arctic Surface
Water depicted ifrigure12, and therefore
with the Canadian Arctic region as we have
defined it.

Figurel3andFigurel4 provide no
information on the thickness of sea ice,
which varies greatly across the region and
among seasons. Howeydris useful to
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Figure 14. Seaice coverage of the Canadian Arctic regic
near the time of minimum extent. The information depic
¢ ) ’ - ) is the median value over the climatological period 1991
identify the geographic regions most likely t@2020. jiiustration courtesy of the Canadian Ice Service,
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harbor thin ice and very thick ice. In

MEDIAN CF ICE
CONCENTRATION
MEDIANE DE LA
CONCENTRATION DES GLACES

Legend / Légende

e

o Scale { Echelle

o a0 60

T

s

JUN 11/ 11 JUIN
1991 - 2020

winter thin ice is most common near
the ice edge bounding temperate seas
and in polynyas. Polynyas exist
despite cold atmospheric conditions
because ices physically moved

from the freezing area by wind and

7= because the rate of freezing itself can

be reduced by upwelling of warmer
ocean water. Ice that is very thick on
average is most likely to be multi
year ice, which can be detected fairly
reliably by stellite radar during the
cold months.
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Figure 15. Locations of polynyas (blugreen areas bounded ' earlysummer(Figure15) is a good
red) in the Canadian Arctic region, evident as areas of light gyrrogag for mapping the larger

ice in early summer. Large polynyas exist in the Beaufeat S
(Bathurst Polynya), northern Baffin Bay (North Water), nort
western Foxe BasjiHudson Bayand Hudson Strait. Smaller
polynyas occur in Penny Strait, Cardigan Strait and Cumbe

Sound. lllustration courtesy of the Canadian Ice Service,
https://icewebl.cis.ec.gc.ca/30Atlas/pagel.xhtml
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Arctic polynyas. Thin ice that may
have completely covered polynyas six
weeks earlier has melted by this time,
and waters exposed by later
movements of the ice will not have
refrozen. Therés also a myriad of
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smaller polynyas, genaity in
channels with strong tidal currents
that cannot be mapped on this scale.

Figure 16displays the occurrence
frequency of multiyear ice at a
concentration of 4 tenths or more
based on data from the most recent
30-year climate interval, 1992020.
The areas coloured purple, blaad
black have been dominated by old ice
for at least 20 of the 30 years
analyzed. These include the Beaufort
Sea south to 73\ and most of the
north-western Canadian polar shelf.

Figure 16. Regions of heavy ice in the Canadian Arctic

~ % Old ice has been less common in the

region. The map displays the frequency of occurrence of ¢ Southern and eastern parts of the
ice at 410 tenths coverage on this date in terms of the
fraction of years in the 3@ear climate interval. Illustration

courtesy of the Canadian IcerSice,

https://icewebl.cis.ec.gc.ca/30Atlas/pagel.xhtml
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Foxe Basin.
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Because sea ice influences marine life and human activity in sowaysy the scope of
ecosystenrelevant seéce characteristics embraces far more attributes than those presented
here. Some others are: the distribution of ice presence by thickness; the presence, size and
fractional area covered by ice ridges above anovbéte sea surface; the presence, thickness
and drifting of snow; the date of freeap; the dates of brealkp for fast ice and of ice clearance
for pack ice, etc. Moreover, the percentiles and extreme values of these attributes may be as
relevant as, omore so, than the averages.

4.1.6 Tides

Tides are the regular variations of sea level
controlled by the positions of the Sun and the
Moon, their gravitational pullsand the rotation of
the Earth. Solar and lunar gravity create seawate
bulges that movaround the Earth as it rotates
beneath them. There are many tidal components
whose periods are clustered in bands. The half
daily and daily bands contain the largest tides.

Irregularities in the depth and shape of the ocear
basins modify the bulges, duet the differences
between high and low tidéstidal ranges are
larger in some areas than in others. In the Arctic,
seasonal changes in the ice cover also change tt
range and arrival time of the tide.

The rapid movement of the tidal bulgesseaiwater
around the Earth creates tidal currents. These flcéﬁy\
back and forth over the same intervals as the sea

level changes that drive them. Héily tides Figure 17. Areas with strong tidal currents
alternately expose and flood the intigtal habitat Within the Canadian Arctic region. Flows are
at the coast by changing sea level four tireach most energetic in areas coloured red, less sc
day. The width of the intetidal zone depends ~ those .COIOU!re? yellow. Data COTDUted by the
upon the tidal range and the slope of the shoreliyg)ia;ﬁ;;'g? 2Pd|ct|on Model V0.7.1

T narrow on steep shores. Tides in winter raise Ehttp://www.bié.qc.éa/science/research
lower sea ice near shorelin@saintaining cracks recherche/ocean/webtide/inder.php.
between ground ice (nearshore) and floating ice
(deeper water) that provide breathing opportunities for seals and hunting opportunities for polar
bears.

The flow of tidal currents over the seabed and under the ice generates swirls and eddies in the
water that can mix possibly warmer and more nutniesht water upward to the surfafidughes

et al. 2018) The effect increases dramatically as tidal current strengthens. Upward mixing of
nutrients can restore the productive capacity otthfghoticzone in summer and sustain

biological hotspots. An upward ring of heat can reduce the thickness of winter ice (create
small polynyas), providing better wintertime habitat for walrus and seals and facilitating earlier
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breakup in spring. However, both of these ecological benefits are dependent upon the
occurrencef both strong tidal action and of warm water and nutrients at déptrents are
strongest in narrow, shallow channels where the tidal range and/or timing of high and low tides
differs markedly from end tend.Figure 17depictsareas of the Canadian Aicregion where

tidal currents are strong.

4.2 Overview of Nutrients, the Building Blocks for Ecosystem Productivity

Nutrients such as nitrogen and phosphorous are essential for the growth of primary producers
that form the foundation of marine food wehksing light as an energy source, primary

producers assimilate nutrients and carbon to grow and produce the organic matter that sustains
food webs. In marine waters, nitrogen and phosphorous are required by primary producers
associated with sea ice (i.ee or sympagic algae) and by those growing in the water column
(i.e., phytoplankton and macroalgae). In addition, in Canadian Arctic waters the nutrient silicon
is needed by diatoms to form their intricate glies cell walls Figure 18§.

150°W 120'W 90'W

Bering Juatt&  Canada Basin Canadian Arctic Archipelago BaffinBay o 22090
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Figure 18. Photos show the intricate silicdrased cell walls of diatoms found in the Canadian Arctic

(source: Giesbrecht et al. 2Q2thotos: Beth Caissie, U.S. Geological Sujy&ampling transect line (a)

and vertical sectionfailicon concentrations (b) across the Alaskan and Canadian Arctic. Note that the

depth scale has been modified to emphasize detail in the upper water column.

T
6000

The diatoms are an important group of microscopic algae that consigatecantly to primary
productivity, including sea ice, undiere, and operwater phytoplankton blooms (Matthes et al.

2021, Croteau et al. 2022). The distribution of silicon to support diatom growth has been mapped
alonga section of the Canadian Arcf{iGiesbrecht et al. 202Fjgure 18a,h Silicon

concentrations are closely related to watasses andre influenced by both the dissolution of
biogenic silica (e.g., breakdown of diatom cells), and the biological uptake of silicon in surface
waters. InBaffin Bay, high concentrations of silicon in deep waters are caused entirely by the
dissolution of microscopic cells that have been exported to the bottom in this productive region,
specifically the North WateiSgction 6.1Case Study.2).

Most oceait surface waters in the Canadian Arctic are depleted in nitlogemd-summey
specifically nitrate Figure19). Dead algae and other particulate matter generally sink, thereby
removing nutrients from the surface water. Consequently, primary production, occurring in the
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eyhoticlayer (ca. upper 100 wf the water column) where light levels are sufficient to support
net growth, must rely on a resupply of nutrients to grow once surface nitrogen is depleted. New
nitrogen sources can include rivers or the bacteediated fixation of atmospheric nitroggas

(von Friesen and Riemann 2020). However, the most important resupply of nutrients occurs via
the upward vertical flux (i.e., mixing) of nutrients from below the euphotic layer.

Figure 19. Summer surface nitrate concentrations (UM) in Aratiters Canadian surface waters
are largely depleted in nitrogenrihg summer (shades of yellow), limiting the growth of
phytoplankton (source: Randelhoff et al. 2020a).

In waters of the Canadian Arctic, the different salinityhef ocean layers (Section 4.1.3),

stabilizes the water column and opposes the mixing needed to bring rrthentaters from the
subsurface into the sunlit euphotic layer. Recent work has identified that the annual inventory of
nitrate, available for pmary producers is largely determined by the strength of stratification and
by bathymetryasboth factorgirectly control the amount of vertical mixing between the
subsurface and euphotic layer (Randelhoff et al. 2020a). Even though Arctic nitrateafiixes

on average, one to two orders of magnitude smaller than fluxes in other oceans, the spatial
patterns of nitrate in the upper ocean in the Ar¢igyrel9) are linked to vertical mixing.
Consequently, measurements of water column structure and the potential for vertical mixing can
support annual estimates of new primary production.

Many factors can influence the vertical mixing of nutrients &eddepth at which they are

available. In Hudson Bay, mixing and nutrient availability can change seasonally in coastal and
estuarine areas due to changes in river flow, sea ice formation (i.e., brine rejection) and melt, as
well as summer storms (Eastwoeidal. 2020 Dmitrenko et al2021). In fall, atmospheric

cooling and to a lesser extent widdven turbulence in Hudson Bay supports convective mixing
that breaks down surface stratification allowing nutrients to be accessed in surface waters. With
this injection of nutrients intde euphotic zone, a fall phytoplankton bloom can occur (Barbedo
et al. 2022).

In the Canadian Beaufort Sea, stratification is strong and turbulence in the water column is weak
yet variable (Scheifele et al. 2021). Consequently, the small number of &trbalgnt mixing
events that do occur within the water column (e.g., eddies) are disproportionately important for
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nutrient fluxes, relative to other ocean areas. On the Beaufort Shelf, water movement across the
seabed towards the coast has significamityaased in the last 25 yeassd section 5.2.2)

leading to enhanced upwelling that raises nutnigit Pacific water into the euphotic zone.

Offshore in the Canada Basin, changes in freshwater input and the mixing of that freshwater, as
well as changem heat contenor the surface wateés reducing vertical mixing in summer,

affecting stratification and consequently nutrient access over the seasonal cycle (Rosenblum et

al. 2022 seeCase Studyl1).

4.3 Overview of Arctic Food Webs

Understanding keyiikages within and among food webs is critical for managing the Canadian
Arctic region at a species and ecosystem level. Food webs illustrate the flow of energy and
matter among producers and consumers in a system. They are often compartmentalized by
trophic levels, identifying pathways by which matter and energy are used, transferred, modified
andrecycled Figure20). As in any food web, the highest biomass of organisms in Arctic marine
food webs is represented by small, often unobserved, sietiezl species. For example, on the
Mackenzieshelf the bianass of phytoplankton > 5 pum in size is estimated to bg &1,

whereas beluga biomassaistimated ab.03 g n? (Hoover et al. 2024).
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Figure 20. Schematic of feeding linkages and trophic levels for 33 functional greeresentetly an
ecosystem model constructed for the Canadian Beaufort Sea shelf. Feeding linkages are shown in grey
lines and trophic levels are indicated by horizontal axes-tMjghic level biota such as Arctic Cod,
macraezooplanktonand large copepods (circled in red) have a disproportionately large impact on the
food webas conduits for the bottowmrp transfer of energy to higher trophic level species. Primary
producers (greeboxes) are some of the smallest organisms in marine commumitiespresent the

majority of biomass and fuel the rest of the food \rabdified front Hoover et al. 2024).

Primary production fuelling Arctic marine food webs is dominated by pelagic\wpter
phytoplankton and, to a lesser extent, ice al@aea panArctic scaleloss ofsea icded toan
increase in nutrient input and opeter primary production during the 192018 peiod, but
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Canadian waters experienced more conservative increases compared to those observed for other
Arctic regions(Arrigo and van Dijken 2015; Lewis et al. 2020; Fegyal. 2021)Eventhough

the relative contributioof ice algae can b&mall it is important to sustaining organisms at all

levels of the food web (Amiraux et al. 2@2Koch et al. 2023). This is because, 1) ice algae

provide a seasonally early, abuntand localized food source utilized by pelagic grazers, 2) ice
algae provide essential fatty acids for the reproductive success of pivotal zooplankton and

benthic invertebrate species, and 3) ice algae are large cells and form aggregates that can rapidly
sink to the seafloor where they provide a fresh food source for benthic species (Renaud et al.
2007; Boetius et al. 2013; Yundauarin et al. 2020; Amiraux et al. 2021). In some areas,
decadalscale declines in saee extent are reflected in the conttilon of seaice derived carbon

to the diet of higher trophic level consumers, although not everywhere (Yurkowski et al. 2020
Case Study )3 At a panArctic scalea potential decline in saee derived carbon ay be offset

by an increase ifirst-year icehabitat for sea ice algaas thickmulti-yearice is replaced by

thinner first year ice, which transmits more light poimaryproduction (Lim et al. 2022).

Coastal benthic ecosystems dominated by macrophytes such as kelp and seagrass may be
overlooked contributors to the flow of carbon and energy in Arctic ecosystems, especially in
coastal areas. Total standing stock of kelp in the Eastern Canadian Arctic may be upwards of
94.9 £ 16 Tg C (Castro de la Guardia et al. 2023) with an estimatedmary production of
19.667.8 g C m%' 1 The bulk of primary production by kelps and seagrasses is exported to
adjacent ecosystems where it may support and subsidize recipient food webs through a detrital
pathway (Cebrian 1999; KrumharasidScheiblng 2012).

Carbon fixed in the ice and water column is incorporated into the food web by primary
consumers such as zooplankton, amphipods, and heterotrophic bacteria which perform essential
transformations of carbon and other nutrients to make energyldediehigher trophic levels.
Mid-trophic level pelagic biota like ArctiCod (Boreogadus saidaand lipidrich zooplankton,
including CalanushyperboreusandCalanusglacialis, have an outsized effect on Arctic food

webs because they are essential preyifgher trophic level species including other fish,

seabirds, and marine mammals. Such forage spa@easitical conduits both for transferring

energy vertically among trophic levels, and for controlling processes that connect the pelagic,
benthic, andeaice associated compartments of the food vigdirtBéat et al. 2022Sora et al.

2023 Pedro et al. 2023). Consequently, even though iconicthagiic level animals are often
targeted for conservatiotgking an ecosystem approach that considetsoglhic levels and
managesnid-trophic levelforage speciewill be critical for success. Pelagic grazing can limit

the export of fresh pelagic production to the benthos (Forest et al. 2010), but can also facilitate
pelagicbenthic coupling through vertical migrations and the production cffaking particles

such as fecal pellets, moults, and carcasses (Sallon et al. 2011; Darnis et al. 2012; Turner 2015).

When organic matter produced in #gphoticzone reaches the seaflobenthic invertebrates

play a critical role in remineralization (i.e., breakdown aradsformation) othat materiabnd

in nutrient cycling/regeneration (Link et al. 2@ 3liatta and Snelgrove 2021a,hey thus

play a critical role in transferringarbon and nutrients to higher trophic levels in the pelagic food
web including marinenammals and bird&enthic invertebrates in the Canadian Arctic show
flexibility in the use of diverse dietary carbon sources (terrestrial, pelagic, arcesdaived),
which vary in availability across vertical and geographic gradients (Makela efl@h [20Stasko

et al. 2018; Yund&uarin et al. 2020; Amiraux et al. 20238gdiment oxygen demand and
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nutrient fluxes that are indicative of organic matter remineralization and ecosystem functioning
vary spatially across the Canadian Arctiad cann pat be explained by (1) the rate at which
fresh food (organic carbon) is supplied to the seafloor from the surface [Bgergéois et al.
2017;Link et al. 2013a b; Miatta and Snelgrove 2021a), andi{@)acteristics of the

macrofaunal assemblage its@ifgher remineralization associated wiiigh diversity/abundance

or the presence of a few key sperlask et al. 2013b; Miatta and Snelgrove 202})an the
CanadiarArctic, benthic food webs are comparable in complexity and structure to thibee in
pelagic compartment (Amiraux et al. 2023a,b).

Changes to one compartment of a food web can cascade across multiple trophic levels. Changes
that cascade from upp#ophic level predators to lower tropHevel species are terméap-

down effects wheeas those that have the opposite result are telotéoim-up effects Arctic
ecosystems are disproportionately affected by botiprmather than topown effects (Hoover et

al. 2021h Sora et al. 2022edro et al. 2023), underscoring the importance af@mwental

conditions thatletermine trophic processes at the base of the food web. Case Studies 3 and 4
examine the implications of botteap effects for Arctic predatoksa shifting balancedetween
theavailability of seaice associated and op®raterprimary productionandthe effect of

environmental conditionand prey distributions on foraging behaviours

It should be noted th#lhe majority of scientific information on diets and food web strugture

the Canadian Arctics discrete in space and timengertermdatatrends, such as those

highlighted in Case Studidsand10, are rareutside ofinuit Knowledgeheld for coastalrad
sustenancepeciege.g.,BretonHoneyman et al. 201&ienri et al. 2020Falardeau et al. 2022

In many regions, food web structure and function remain largely unknown. Where sufficient data
on species occurrences and abundances exist, ecosystem modelling approaches (e.g., Ecopath,
Ecosim, Ecological Network Analysis) can fill knowledge gaps regarti@gtructure and

function of an ecosystem (e.g., direct feeding linkages, biomass flows, andegbselestem

indices such asnergetic transfer efficiency). The performance of ecosystem models is
dependent, however, on the amount and quality of infoomavailableas demonstrated for the
Canadian Beaufort S€bloover et al. 202b). Approaches for incorporatinguit Knowledgein
ecosystem modekre still being developed (Pedro et al. 2023).
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TOOLBOX: Using traits to synthesize complexity inzooplankton food
webs

There is clear value to the vast body of research targetingy@alanusspecies of

zooplanktonn the Canadian Arctiduthow do we learmbout the ecosystem roles of the other
298+ species? Cl assi f yailngg rzoouoppsloa ntkhtaotn |iunmpo sipfe
on functional characteristics can be useful to study zooplankton in the face of high diversity
(Figure21). Even broad categorizations can reveal important biological processes, such as the
effect of zooplankton on carbon cycling in a food web. For example, a common functional group
classification system is to characterize Arctic zooplankton according to how they feed:

herbivores, omnivores, and carnivores. Herbivores are the main conduit for conversion and
transfer of primary production up the food chain, omnivores feed on both phytoplankton and

other zooplankton and regulate the abundance of both, whereas carnivorous zooplankton such as
chaetognaths (arrow worms) significantly regulate the abundance of other zooplankton. All of
these functional groups play a role in nutrient and carbon cyclmigthe specific trophic

relationships between them can modulate energetic transfer efficiency to higher trophic levels
(SaintBéat et al. 2020).

Ecological function

Feeding Growth and reproduction Survival
= [ Body size )
% [ Volume to biomass ratio )
g ( Offspring size and ] [ Defenses J
S number [ Transparency )
= Food particle size
range ( Bioluminescence )
- ( Mixotrophy ) (Maximum growth rate ) (" Starvation tolerance )
RS} = " "
2 [ Stoichiometric Requirements/Content ] [ Basal metabolic rate )
2 g [ Feeding efficiency/ ]
> 2 clearance rate [ Longevity J
a 0O i
5 (Fecal pellet production )
= - ( Feedingmode ) ( Escape responses )
S | (Motility (pattern, speed) )~~~ """ T ]
L @ e e =
®« {0 ( Vertical migration )
> [ Sexual/asexual ]
I3 reproduction
£ [ Reproduction ]
° frequency ,
= . . Resting stages/
(_ Size at maturation ) dormancy

Figure 21. Examples of functional traits commonly used to describe zooplankton. Traits are divic
according to their type classification in rows (morphological, physiological, behavioural, or life
history) and the ecological functions that they influence in colyfersling, growth and reproductior
and survival). Traits that transcend many functions and influence other traits are indicated in bo
(body size and matility) (source: Litchman et al. 2013).

43



Functional trait approaches paired with ecosystem network modelling demonttedtbd
effectof zooplankton functional groswn carbon cycling can be partially dependent on the
primary production regimef an ecosysterfsee also Case Studg; Sant-Béat et al. 2022).
These results address the potential for herbivorous zooplankaolapo tochanging conditions
such aghe potential foa mismatch between thening of spring bloom andhe presence of
zooplankton grazers.

Functional trait analys is also being coupled with new photographic sampling approaches that
use artificial intelligencéo classify imagesThis approach was applied to assess morphological
traits (e.g., body size and shape, transparency, appendage locatiooplahkton along the iee
edge in Baffin Bay. Large adult copepods were associated wittoiared waters, whereas
smaller, actively feeding copepods were associated with open waters where phytoplankton
concentrations were higher (Vilgrain et2021). Athough this observation may not be
surprising, it demonstratesathautomating the analysis of large image datasetgreatly

improve the efficiency oihvestigaitons ofvariation in zooplankton distributions and community
composition. Optical approaché&ave further promise in being able to provide fine scale (1 m)
resolution on the vertical distribution of-o@curring zooplankton species that would otherwise
be nearly impossible to achieve with traditional net sampling (Schmid and Fortier 2019).
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CASE STUDY 3 Temporal Variation in the Utilization of Carbon Derived
from SealceAlgaeAcross the Arctic Food Web

Arctic marine environmestareprimarily fueled bytwo distinct sources adrganiccarbon,
specificallythe sea ice algal blooosuallyfollowed by, or now concurrent wittthe more
pronounced phytoplankton bloom (Leu et al. 2015; Wassmann and Riegstad @9 algaeand
pelagicphytoplankton cells not consumed in the surface layer canasihie seaflon During
that time, ®w-sinking pelagic phytoplanktogells can undrgo significant microbial
degradation and transformati@ikellogg et al. 2011)In contrast, ice algagan be relatively well
preserved in the sediments because (a) they form aggregatgstlike matrix (exopolymers)
that can sink rapidly, minimizingxposure time tsunlight and bacteria in the uppeater
columnthat contribute talegradation, (b) bacteria attached to ice atgareoften be rendered
inactive or dead bgalinity- and lightinduced stress in the upper water column priin&ing,
and (c)bactericidal compoundsre produceads a result of that streaadlimit colonizationof

ice algal celldby -
benthicbacteria(Figure

22; Renaud et ak007; ' May June

Amiraux et al. 2020; 4 o

Rontani et al. 2022)
Consequently, ice algae
can bea higher quality
food source for some
benthic consumersue e 4
to its relative intact

state in sediments and
unigue nutritional
profiles (Amiraux et al.
2021, 2022. While

certain taxonomic and _ b fi
consumer groups are aggregates
more dependent on ice
algae than others
(YundaGuarin et al.
2020; Amiraux et al.
2023a), high

Release of aggregated

- Transparent exopolymer particles

Figure 22. Conceptual drawing of processes in the upper water column that contribute to the prese
of sea ice algae in the sediment. Ice algae released to the water column during ice melt in May are
and can either sink quickly or remain suspended inveiter column as unaggregated cells. As melting
continues, cells suspended in the water column become stressed by the melting process, as they
exposed to high salinity and to low temperature and low irradiance conditions that prometelliged
degralation (photooxidation). The smallest cells undergo the greatest degree of photooxidation, pa
because they remain within the upper water column longer. In contrast, large, aggregated cells sin
quickly and are better preserved. Photooxidatioroéh large and small cells may also contribute to ¢
preservation in the sediment by producing bactericidal compounds that deter colonization of benth
bacteria édapted fromRontani et al. 201&ith permission from Elsevigr
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contributions of se&e derived carbon to benthic food webs have been consistently observed
across the Agtic from coastal ecosystems to the continental shelf to the deep sea (Roy et al.
201%; YundaGuarin et al. 2020; Amiraux et al. 2023a). However, little is known about the
seasonaliseof sea icederived carbon across consumieravrctic food wels, and hav the
contribution of sea icéerived carbon to benthic fauna has changed over multiple decades with
receding sea ice.

Highly branched isoprenasdHBI) are lipids produced bgliatons that can be used as source
specifictracerso assesthe carbon soges used bynarine consumeiin the Arctic. Certain HBI

lipids are only synthesized by se@ diatom species, whereas other HBIs are produced by
phytoplankton species (Belt et al. 2007; Brown et al. 2014a). Both proxies can be used together
to differentide how mucha consumeat anytrophic levelhas used food that is ultimately

supported byarbonfixed by pelagicversusseaice alga primary productior(Brown et al.
2014b).Recently,2300 samples from 159 species that spanned all trophic levels from
invertebrates, fishes, seabirds . -

and marine mammals revealed Jan-
that 96% of all individuals
investigated had iealgal HBI Feb-
signatures presefit

Figure23; Koch et al. 2023).  Marq
This includel those collected in
thewinter monthdong after the AP
sea ice algal bloom da
concludedsuggesting a

May-

mechanism for sea ice carbon Jun! o benthic
storage (i.e., a séae cabon © mixed
ibanko) and co j,. ogEes .
accessibility for Arctic o sympegic

consumers. Benthic heterotropt Aug-
(e.g., surface deposit feeders ar

bacteria) who feed on Sep1 =3
sedimentary stores of seze ! ol o
carbon on the seafloor are likely OCt; : MR B oé'airf
responsible fo .| : e

this carbon throughauhe year, NOV- ° ° ot ".@'
transferring it backip the food Decl *’ SR ]l o e

web to apex predators viathe ~€¢ 7o o e
reticulate trophic connections in o - 0 o
Arctic food webs. < " 0 N~ 2

iPOC (%)

Figure 23. Sea iceparticulate organic carbon (iPOCj @00%) content of Arctic consumers by month
for all individuals sampled between 198P219. Data points are individual samples and are colored to
represent habitat assignments that includes benthic, nektonic, mixed (benthic and pelagic foragers),
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pelagic, andywnpagic High use of sea ice particulate organic carbon was observed throughout the year
(source Koch et al. 2023

The reduction ofummerseaice extenin some regions adhe Canadian Arcti@ndthe

changing phenologgf sea icenasimplications for ecosystem functionitigrough its influence

on primary productivityThere is uncertainty regarding thdaptivecapacity ofanimalsthat
havelife histories and foraging behaviours that have evolved with the phenolocgraerived
primary producton. For exampleAtlantic walrus(Odobenus rosmarus rosmajysimarily feed
on bivalves at the seafladk significant decadascale decline of nearly 75 % in the contribution
of seaice carbon to benthivorous Atlantic walrus occurred in FoasiiB(midlatitude Arctic)
between 19822016 in association with an 18 % decline in-s@econcentratior{Figure24;
Yurkowski et al. 2020. In contrast, despite a similar percentage ofiseaeduction in Jones
Sound (high Arctic), Atlantic walrus maintained high utilization ofmeacarbon (986 in 196
and 89% in 2006).The trophic position of Atlantic walrus did not change significantly over time
in either location (Yurkowski et al. 2020)his suggestthere will be spatial variability in how
organisms respond timatedrivenchangesn the coupling of seace and benthic habitats, and
theassociate@lterations of carbon energy dynamatghe base of the food web

(a) (b
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1982 1988 1994 2000 2006 2012 2018 1982 1988 1994 2000 2006 2012 2018
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Figure 24. Temporal trends of seaicke r i ved c¢ ar b o¥Cend(phanylajaftie) measarednf U
Atlantic walrusfrom Jones Sound (a,c) and Foxe Basin (bitfEereis higher with greater use of s

derived carbonLocations ofJones Sound and Foxe Basin are indicated in red on the insetLinaps.
regressions (black line) with 95 confidence intervals (grey) were performed on mean annual values.
Error bars represent standard deviatsmufce: Yurkowski et al. 2020)

47



CASE STUDY 4: DeepDive for Dinner

Flexibility in diet and habitat use are cahsied fundamental variables that buffer Arctic marine
mammals against the bottemp impacts of climate change, allowing animals to adjust foraging
behaviours to meet energetic requirements in the face of changing prey distributions and
abundances (Laidre al. 2008).

For the first time, dive profiles were obtained by taggedtern Beaufort Sea (EB&glugas

over a whole year and characterized using time and depth metrics. Eight dive types were
identified for male beluga whales tagged in 2018 and ZBib@re25; Storrie et al20223). The
time-depth structures of dives revealed ysarnd foraging by EBS belugas, but with diverse
strategies dependiran region and season. Belugas made deep dives (~450 m) to the seafloor
during the summer whilst occupying the Beaufort Sea and Viscount Melville Sound and made
their deepest dives (~1000 m) along the Beaufort Slope in spring. In contrast, belugas made
shdlower dives (~50 m) through late fall and winter. Differences in the frequency and structures
of these dives alongside published studies on beluga diet and prey distribution (Quakenbush et
al. 2015; Choy et al. 2020; Majewski et al. 2013, 2017) provisightinto the energetic costs

and gains of foraging. Deeper and longer dives in summer are energetically costly, but likely
target lipidrich Arctic Cod. Shallow winter foraging is energetically cheaper but may be less
rewarding as dietary studisaggest that lower quality prey such as invertebrates are targeted at
this time (Quakenbush et al. 2015). The structure, frequency and association with environmental
variables supports the use of other dive types in recovery, transiting, and navigatigd thea

ice (Storrie et al. 202). The apparent flexibility in foraging strategies exhibited by EBS belugas
provides an important baseline to monitor potential alterations in foraging behaviour that may be
associated with environmental change and shiftrey assemblages.

Deep dives Intermediate dives Shallow dives

Dive type Deep Benthic Deep Pelagic Deep Pelagic Deep Pelagic Intermediate Intermediate  Shallow V (SV) Shallow W
(DB) V (DPV) W (DPW) Skew (DPS) Benthic (1B) Pelagic (IP) (sw)

Time 1 r
| \J \/ m \/ W
roposec ic (a) Pelagic ( . [a)F i a) Benthic (a) Recovery, 1) Transiting a) Tr ing
unctions foraging f h foraging with foraging resting recovery, re Y
Lt

Figure 25. Beluga dive types summarised by their #imensional profileswith time anddepth
indicated by the vertical and horizontal axes, respectifélg peculatedunctionof each dive typés
written underneath the dive profileith letters(a) to (c) denotingthelikelihood of the speculation being
correct,from highest to lowestspurce:Storrie et al. 2022 see referenc®r rationale behind proposed
functions).

A unique characteristic of high latitudes is the extreme seasonality of light cycles, meaning that
animals occupying these latitudes experience the midnight sun, polar night, and daily light/dark
cycles at different times of the year. Durig fperiod with 24our daylight belugas lacked diel
cycles in behaviour, making deep dives to the seafloor to forage or resting at irregular times over
a 24hour period (Storrie et al. 2022b). But as 8um began to set during fall, belugas started to
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exhbit distinct diel behavioural cycles. Belugas made progressively shallower dives between the
base of the thermocline and the surface during hours of darkness wisem tivas further below

the horizonand made deeper dives or rested during daylight hBuesbehavioural patterns,
however, were complex, and linked to seafloor depth as well as water column thermal structure.
Belugas ceased diel behavioural cycles in depths shallower than 700 m. Beluga dive depths were
likely linked to the distribution atheir prey, thusnformation on beluga diving behaviours

provides insight into diel vertical migrations of prey species in the understudied Central Arctic
Ocean region. Although day/night light cycles and the assodatedertical migration®f prey
canmodulate the behavioural cycles of a predator under certain conditions, complex interactions
of abiotic factors with light regime can alter these behavioural cycles. Therefore, the traditional
view of a tight, ubiquitous linkage between predator dive Wiehes and preyliel vertical
migrationsoversimplifies vertical predatgrey interactions.

Similar to beluga whales, the foraging behaviours of bowhead whales from the Eastern Canada
West Greenland (ECWG) population vary seasonally in depth sjpmet foraging, and with sea

ice cover (Fortune et al. 2023). In spring and summer, in@aiadian Arctic Archipelago

(CAA) andwesternBaffin Bay habitat, bowhead whales were found to conduct epipelagic

foraging dives < 200 m, presumably on surfaceegations of zooplankton, mysids,

euphausiids, and chaetognaths feeding near the surface (Fortune et al. 2020a,b, 2023). In winter,
bowhead whales conducted deeper mesopelagic dives to > 400 m, coinciding with deep
aggregations of higkenergy, diapausing@.e., period of suspended developmydiie stages of
Calanusspp. (Fortune et al. 2020a,b, 2023).

Bowhead whales use continuous ram filtration to forage on dense patches of zooplankton in the
water columnDuring a feeding dive, they can swimbving at \ery slow speeds<(1 m sb),

allowing them to feed continuousliitering ca.2000tonsof water and prey per di &imonet

al. 2009) Their diving behavior is characterized by three categories, includsigaged dives,

which are used to locate densécpas of zooplankton, and-éhaped and squashaped dives

used to target prey patch&owhead whalease different types of dives target dense patches

of zooplankton in the water columipased on thevertical distribution. Irspring and summer,
squae-shaped dives were the dominant dive shap€/(68 %), followed by tshaped (2022

%) and \tshaped (7.0 %; Fortune et al. 2020a; Pontbriand et al. 2023). In all seasons, bowhead
whales were found to select habitat with relatively highiseaover (65 ¥%and90 % sedce

cover in summer and winter, respectively) and spent only a small portion of their day foraging
(11-30 %; Fortune et al. 2020a, 2023).

Bowhead whales depend on consuming Hpath copepod species such@shyperboreusind

C. glacialis. However, zooplanktodistributions are sensitive to changes in temperature, salinity,
water current velocities, and sea ice cover (Oziel et al. 2020; Ershova et al. 2@2&)is

evidence for someedistribution ofCalanuslife stagesn thecentralArctic in response to the
location of the se&ce edgdErshova et al. 2021However, there iso current evidencen

Canadian waterfor largescale changes in distributioandshifting relative abundances of key
zooplankton speciessreportedfor some waters (i.e., Disko Bay) n€areenlandMgller and
Nielsen 2020)It thus remains unclear whethaswhead whales may face challenges in meeting
their energetic requiremerft®m copepodsPlasticity in dispersal and foraging behaviours may
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be keyto bowhead whale adaptatidrprey distributionghange in the futur@-ortune et al.
2023).

Figure 26. a) Locations at which 16 bowhead whales were tagged in Igloolik (white square) and
Pangnirtung (white triangle) i2012, 2013, and 2016. The shaded oceans areas represent the two main
habitats used by bowheads in the summer: the Canadian Arctic Archipelago in green and western Baffin
Bay in blue. Arrows represent general monthly movement patterns of whales aftetabgied)

Bowheads utilizing the Canadian Arctic Archipelago displayed a monthly increase in dive depth that
likely followed the seasonal downward migration of diapausing copepods (b), whereas individuals using
Baffin Bay exhibited more consistent foraginigeddepths between months (c). Total number of dives
detected is indicated for each month under thgix. For the map, Al: Admirlaty Inlet; CS: Cumberland
Sound, FB: Foxes Basin; FHS: Fury and Hecla Strait; GB: Gulf of Boothia, HS: Hudson Strait, LS:
Lancaster Sound; PRI: Prince Regent Inetugce:Pontbriand et al. 2023).

Moreover, the foraging dive depth of individual bowhead whatesdietary tracers measured in
their tissuewvaried between CAA andesternBaffin Bay regions. When individuals from the
CAA were pooled, they displayed a monthly increase in dive depth that likely followed the
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