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for thePacific, Atlanticand Arctic @ears. The State of the Ocean ecosystem 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 knowledge to describe our current (primarily within the last five years), collective
understanding of the state of tepansive 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 function.

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

This reportdescribes the State of thectic Ocean,
specifically the Canadiafrctic region. But what do we
mean by State and how have we assessed it? In an
ecological context, state can be defined as the set of
abiotic and biotic conditions observed for a focal
ecasystem or component thereof. Inherently connectg
to a description of conditiois the assessment of
variability. Are abiotic and biotic conditions stable or
changing (i.e.trends) relative to a point in time or an
assessed average condition? To scieallff identify
thechange of an ecosystem state, statistical analyseg
supported by adequate and appropriate data are nee

I n the Arcti c, the Abur

State: the characteristics used to
describe the status of an ecosystem
a particular domain in space and tim
For deterministic systems, the state
the values of variables used to
describe the system, and for stocltas
systems it could refer wither the
probability distribution of these state
variables or realized vala®f the
state variables. In practice, definition
of system state include both the mez
and variabilityof systemsRatajczak
et al. 2018.
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change is a challenge given the paucity of adequate daissanultiple spatiabnd temporal

scales.

r ecos

The measurement of mean conditions from which to assess change is complicated by the
variation of environmental conditions over tiff®ection5). The most obvious manifestations of
variability are the dramatiseasonatlifferences btween 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 variatiojrespectivelyAn average
condition is comparatively easy tleterminefiobservations are continuoustime. Howevey
many annuallyepeated oceanbserving campaigns are seasonally biased and|srextt
spanningperhaps a few weeks in summiEpnetheless, if observations have been repeated at the
same time ithe annual cycle we can use them to describe a state, at that particular 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 domduas shiftedrom year to year
limit our capability to provide a reliable descriptiohmean conditions and ultimately ecosystem

State.



Reliably distinguishing progressive change from the influences of cyclic variability is a daunting
challenge in dataparse regias like the Canadian Arctic. There are 4 milllan? of ocean in
Canadabd6s Arctic, an area equal to 41% of Cana
greatly over this are@ase Study 1the domain over which any particular sebbgervations is
representative or relevaistan important concern of this report. The domain size varies with the
variablesof interest, its depth and the geographic feature (shelf, slope, basin, strait, etc.) with

which it is associated.

With full acknowledgement adata and knowledge deficiencies, environmental variability, and
challenges of scope, we report on the status of the Arctic Ocean by presenting, 1) statistically
significantmeans andrends for ecosystem components for whattequate datexist and 2)

cumrent knowledge of the structure and function of the Arctic Ocean based on recent scientific
studies and collections t¢riuit knowledge We report on current knowledge relevant to the past
five years.Current conditions are described within key themes @ity habitat linkages,
seasonality, biodiversity, ecosystem variability, connectivity @astal ecosystem processes.

1.2Boundaries of the Arctic OceanReport

Canadian Arctic Region
GREENLAND

North Water Polynya

RN K i "

&

Eclipse
Sou

Baffin Island

R £

BEAUFORT GYRE “.ﬂ"

2. QUEBEC

Anguniaqvia nigiqy!
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Marine Protected
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NORTHWEST

YUKON /S)b s,’e/e TERRITORIES

Figure 1. Boundary of the Canadian Arctic Ocean region and aedaenced within the State of the
Arctic Ocean report.

This report focusson an immense area @6° N, Figure J thatincludes the five Aric marine
bioregions DFO 2009 classified by DFO for use in conservatiganning Case Study
describes uniguieatures and challenges of this expansive geographical area. In this report,
marine habita and species atke primary focus although relevant knowledge associated with
anadromouspecies is also included (e.g., d)awe present current knowledge fraach of



the five bioregions and information is unavoidablygi®ed towards more accessibdgions

and focal areas within therbocations referred to in the Key Messages are identifiédgare 1

Ecosystem status for coastal regiansl the locationoc€fanadadés Ar ctarec communi
included in &ction7. The coastal data agenerally collected within 5 km of shore, inshore of

the 20 m isobath. The data and knadgle from Arctic coastal areas arten generated through
communitybased monitoring anihis is the area most informed lryuit knowledge.

This report highlights that the Canadian Arctic region is connected to the Pacific and Atlantic
Oceans and functions within a larger Ardistem (Figure 2 However, trends and conditions
within the Caadian Arctic region are not necessarily the same as other Arctic regions.

The anadian Arctic regididescribed hereidoes not delineateoundariegor the newDFO

Arctic Region.Theterm6 Canadi an Ar ct i ¢ r e dorthiswéporwkidhl ect s t
includesa portion of theArtic Oceanas well as th€anadian Polar Shelf, Baffin Bay atige

HudsonBay complex

’

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



CASE STUDY 1: :KDW{V 6R 6b&HRLCaaadian Arctic Region?

The Arctic Ocean is the smallest ocean, with less

than 1% of the total volume of the Wabdlds

oceans. Unlike other Oceans, the Arctic Ocean is a

semienclosed ocean surrounded by land masses,

with only a few connections to the northern

Pacific and Atlantic Oceans. The Arctic Ocean is

disproportionally affected by river runoff

compared to other oceans, as it received @%

of global river runoff on its wide continental

shelves. As a result,éhe are strong shelfasin

gradients in term of biogeochemical properties,

impacting the distribution and abundance of

marine resourcesll eMdenced in the Canadian

Arctic region (Monier et al. 2014; Coupel et al.

2015;Ardyna et al. 2017). The Arctic @an also

Figure 3. Global perspective of thanadan  differs from other oceans in terms of extreme

Arctic region(sourceMODIS). seasonality, alternating from several months of
24-h darkness in wintdo 24-h daylight in

summer and from extreme cold temperatures in winter to above zero in summer, influenced by

latitudinal gradiats.

The Canadian Arctic is a physically diverse aadtregion (Table 1). The region spans more

than 30 degrees of latitude, fraauthern James Bg§91°N) t o Canadads Excl usi
Zone (EZZ) off Alert, Nunavut (88¥). The Canadian Arcticegionencompasssa wide range

of ecosystems, including a wide productive shelf subject to targeinputs (i.e., Mackenzie

shelf), the oligotrophic Arctic Basin, a series of passages around islands, with narrow straits, sills
and shallow waters (i.e., CanadiArchipelago), a relatively smaleepBasin (Bdfin Bay), and

a semienclosed sa (Hudson Bay). The residence time of surface waters (top few hundred
meters) in the Canadian Arctiegion is rather sho(Rudels 1986jrom the entrance of Pacific
watersinto the Beaufort Sea to their exit throuBhffin Bayandsouth to the Labrador Sea.

During this transition timejutrients available in the watsustain the entire marine ecosystem,

from small algae pito the highest trophic lew®lOne of the key feates of the Arctic Oceasea

ice, is ubiquitous withinthe Canadian Arcticegion, despité h e r wideilatitndtha spread.
Importantly, sea icplays a key role in the biodiversity, ecologyndbiochemical cyclesf the
Canadian Arcticegion, ands fundamental téndigenous culture

Species that inhabibhe Canadian Arcticagion have adaptéd and benefiedfrom the presence

of sea iceSome species are also specially adapted to the extreme seasonality of thé-oegion.
exampleanincrea® in photoprotective pigments is a key physiological adaption for
phytoplankton exposed to continuous summer daylight (Neukermans et al. Rgr6Huring

the dark periodlife thrives (Berge et al. 200®arnis et al. 2017). During summer, many species
of birds and marine mammals migrate to @anadiarArctic to feed on abundant marine
resourcesind to breedHauser et al. 204].



Table 1. Physical €atures of the Canadian Arctegion.

Ocean Area of the Canadian Arctic region | Almost 4 million kni, equivalent to 41% of
Canadads | and mass
Canadian Ocean area overlying continenta| 3.2 million kn?, excluding islands

shelf

Coastline (mainland) >176 000 km(Yukon to Labrador)
representing 0% of all Canadianoasts

Communities 58 communities >70 000 peoplethe majority
of whom are Inuit

Islands 94 major islands (>130 kinhand ca. 36 470

minor islands together representing a total
area of 1.4 million krh Baffin Island is 18X
larger than Vancouver Island.

Land-fast ice Canadan Archipelago hosts the broadest
expanse of landiast ice found in the Arctic.
Multi-year ice(MY1) In summer 1.12 million ki(value from 2015

excluding the northern boundary of the
Canadian Archipelago,) of MY resides in tf
Canadian Arctic region, peesenting ca 30%
of the total MY1 area in the entire Arctic
Ocean.

The Arctic is undergoing dramatic and fundamental changes associated with the warming
climate and increased economic development. Arguably one of the most dramatic ananges
many Arctc regionss the rapid decline in sea ideoth in terms of se&@e extent and typend

seaice cover duration, triggering cascading impacts throughout the food Betlifes have
differed regionallyacross the Canadian Arctiegion (e.g., Howell et aR008) statistically
significant declining trendm the annual minimum of s@ae extentwhich occurs in Septemher
have been observedati regions over the 1968 to 2015 period, ranging from a 3% decrease per
decade in the Kane Baginorth of BaffinBay)to a 17% decrease per decade in the Northern
Labrador SegEnvironment and Climate Change Canada 20Q6jrent regional seiee trends

are described i®ection5.2.

In the Canadian Arctic region thesee nowlonger periods of open watdrongeropenwater

seasons shift the balance of primary producers towards pelagic production in open waters
(Ardyna et al. 2014). Changes in light transmission through thinner ice cover can also augment
the potential for productive undece phytoplanktorblooms (Arigo et al. 2012Assmy et al.
2017;Johnsen et al. 2018), modifying the location, timing, and predictability of primary

resources for grazers and fisheries resources. Changes in the distribution and abundance of key
species, range extensioasd cascadm effects on species interactidmsve occurreat different
locations across the Canadian Arctic regibhese changes modify the architecture of Arctic

marine ecosystemand therefore requirdistributed ocean observatori@sd comprehensive
monitoringto inform adaptive resource management and conservation actions.



2.0 Key Messages

Arctic surface air temperatusince themid-1960shas riserat double the global mean rate in
response to anthropogenic production of carbon dicamtkeother greenhougassesThe

Ar ct i-adapied marime ecosystem is responding to numerous environmental changes, in
particular decreases in the extent and thickness of seand&hanges in seasonal duration
Climate variability and change haakeadyaffected Arcticecosystem#o a significant extent,
bothdirectly and indirectlyand will continue to do so for the foreseeable future

Functioning as part of the Arctic Ocean system, the Canadian Arctic region experiences the same
drivers and stressors as the broa&ketic, but the responses to these factors vary geographically
(between the central Arctic Ocean and the Barents Sea for example). Therefore, trends and
generalizations from other Arctic Ocegagions daot necessarilgescribe the state of the

Canadian Actic region

Our knowledge of ecological chargeithin the Canadian Arctic region over the last decade is

built uponindigenousand scientific sourceall reveal wide variations in conditions from year
to-year, decad#¢o-decade, and among areas witlime Canadian Arctic regioithe wide range

of natural variability in Arctic marine environmemestricts our ability to identify change in

physical, chemical or biological components of the ecosydtatural variability also

complicates our understandinf the mechanisms of change. Whereas ocean monitoring has
been a solid el ement of ocean management in
decades, this has not been so in the Canadian Arctic regidnhus a comprehensive

assessment of ecadgm status and trends is challenging.

Our Key Messages for the status of the Canadian Arctic region fall into two categories: 1)
knowledge of baselines for biodiversity, habitat use, ecologicalpaté,sand ecosystem
connectivities 2) observed changen Arctic ecosystems that are cascading effects of changes in
sea ice. The first category reflects the reality that a comprehensive baseline of ecosystem
structure, food web linkages, ecosystgmcesses, and system variabiliie$acking in most of

the Canadian Arctic region. The second category reflects how the majority of documented
ecosystem changes are linked to chamgsea ice.

Key Messages for advancements in baseline understanding

X The ongoing collective efforts of scientists and Indigemmaples have yet to produce
holistic knowledge adequate for management of ecosysteshchanges in the Canadian
Arctic region. Baseline knowledge is patchy across the Canadian Arctic and intermittent over
time. Inuit knowledgewhich, provides the longesperspective over timés generally
constrained to coastal areas.

Biodiversity

x Knowledge of the biodiversity of key ecosystem components, i.eas®eciated algae,
benthic invertebrates, and marine fishes, has expanded in recent years but itis not y
spatially,and even less temporally (intaad interannually), comprehensive. Local
assessments have facilitated the identification of unique benthic habitats and regions (e.g.,



Churchill estuary) vul neviashipserdierdactore w s peci es
Information is also accumulating on the capacity of Arctic species to adapt to change,
allowing the resiliencef Canadian Arctic marine ecosystems to be assessed.

Coastal Ecosystems

X New information is emerging from communityased monitoringn nearshore movements
and distributions of anadromous and coastal fishes in the Beaufort Sea, Kitikmeot area of the
central Nunavut, and in Baffin Bay and adjacent fiords. The occurrence and abundance of
Pacific salmor{Oncorhynchuspp.)are also beintracked at their northern distributional
extremes in the western Canadian Arctic.

x Communitybased monitoring is expanding the window of seasonal observations for coastal
ecosystems. Attention was focused on spekiesc Char(Salvelinus alpinusand béuga
(Delphinapterus leucgsimportant to communities, and has recently expanded to include
environmental observationiswuit knowledgealsoinformsthe selection of measurements
(e.g., indicators of beluga health and condition intlestern Canadian Atic) to be used in
monitoring programs.

Habitat

X Strong associations of marine (offshore) fishes with water depth have been identified in the
Beaufort Sea and Baffin Bay, with some speageg.( Arctic CodBoreogadus said3)
preferring trangion zonesdetween water massesdicating that changes in water column
structure represent changes in habitat availability for multiple species.

Connectivity
X Sustained observations now show that the Pacific inflow to the ArcttbeBering Strait
has become ore acidic, highlighting the connectivity of stressors between oceans.

x Telemetry studies of numerous mobile marine predatorsresealed thelynamics of
energy flow within the Canadian Arctimcludingdistinct ecosystem hot spots in summer
autumn vesuswinter-spring. Such data revethle dynamics of energy floand the space
time connectivitie®f habitats that should guide conservation efforts.

X Tracking of migratory and highly mobile species (ebgluga,Greenland Halibut
(Reinhardtius hippoglossdeg, herringgulls (Larus argentatuy identifies where and when
erergy moves ito and out of the Canadian Arctic region. Migratory strategies and routes
differ among individuals and species. Knowledge of these differences in connectivity
contributes tassessing the effects of environmental change and human activities in both
Arctic breeding/feeding and remote wintering grounds.

x Knowledge of marine fish movemar@nd genetic separation is informing management
strategies for harvested species (€&geenland Halibut, redfishéSebastespp.) and
conservation strategies for rare species amslapopulations (e.gwolffishes(Anarhichas
spp.). In contrast to other taxa, the movement patterns of most marine fishes in the Canadian
Arctic arenotdirectly affected by sea ice, thegspondo water temperature and the
distributions of other species.



Variability

x Detecting change in the environment and ecosystems of the Canadian Arctic region is
hamperd by large variations from ye#&n-year and decaet®-decades well as by spatial
variabilities Data streams of at least-28ar duration are typically required to discriminate
variability from change at a useful level of confidence. Such lengthy databases are generally
not available, thus appropriatenfpterm monitoring programs are required.

X The submerged layer of PacHierivedwater, centered at abol50-m depth in the
Canadian Arctic region is the primary source of nutrients supporting marine productivity.
Primary productivity is facilitated wdre this layer rises closer to the sunlit zone. During the
last 15 years, this layer has been pushed deeper in the central Beaufort Sea, whereas over the
shallow Beaufort shelf and slope it has been forced upward. The response of primary
producers to chamg in nutrient supply is both local and regional, witissibleincreases in
primary production on the continental shelf of the Beaufort Sea.

Key messages for ecosystem response to the changing cryosphere:
How is the ice system changing?

X ViewingtheAct i ¢ as a whole, the area of sea ice ¢
40% in the |l ast 20 years, affecting Theot h t he
mean thickness of the mix of muitear and seasonal ice that comprises the pot lpas
decreased because much of the thicketli-year icehas been replaced Bgasonal ice.

Xx The area of ice at winterodés end hadrcttecr ease
seas (Okhotsk, Bering, Labrador, Greenland, Barents) and bayso(&Bisgfin, St
Lawrence).

X In the Canadian Arctic, ice thicknesses on the northern portion of the polar shelf appear little
changed from the 1970&Ithough much thick old sea ice has disappeared from the central
Arctic Ocean, prevailing wind continuesgack the remainder into Canadian waters of the
eastern Canada Basin and the northern polar shelf. Its persistence is enabling theo$arvival
unique iceassociated ecosystem in Canadian Arctic.

x Changes in the seasonal $e@zone have varied acrosg tanadian Arctic region.
Generally, ice clears earlier (i.ece melt and break up) in summer and returns later in the
fall. The general outcome is thenlgthening of thepenwater period.

X There are very few data on seasonal ice thickness, butdmaliry records of coastal fast ice
and theonly long record of seasonal pack ice (28 years in the southern Beaufort Sea) suggest
it may have decreased, but less than 10 cm per deoag®ared to a 40 cm per decade loss
in the Canada Basiover 11 years (2@2017) This suggests that ice on the continental
shelves is responding differently to climate change than is old ice over the deep Arctic Ocean
basin.



X Nunavutinuit knowledge documents changes in the locations of floe edges in the Baffin
region duringhe last 10 yeargdowever, because the character and stability of fast ice is
strongly affected by the varying effects of storms, tidal currents, oceanj@ahdanow
accumulation, it is difficult to establish at this time that observed changes cesstégime
change.

X Melting of icerich coastal terraimprimarily in the western Canadian Arctis,accelerating
the collapse o$horelinesand accelerating coastal erosion, thereby changing coastal habitats
and turbidity, and making terrestrial carbatessible to marine food webs.

Changes in sea ice affect the timing of eventshich can have consequences throught
food webs.

X Observed changes in the ice seamanshiftingthe timing of peak primary production (i.e.,
blooms) and altemg nutrient d/namics, thereby affecting the foundation of the oceanic food
web.Changes in nutrients and blooms, and folamvimplications for zooplankton grazers
and larval fishes, dependent on coordinated feeding with the blooms, have not been
monitored over time.

x Over the last 25 years, a shrinking ice season in Hudson Strait has allowed beluga to migrate
into Hudson Bay earlier and leave later, thereby spending more time in their summering
grounds.

X The migration of Arctic Char to marine waters in the westerra@ian Arctic is occurring
earlier in the yeadue toearlier ice breakip along the coast. This allows the fish to feed
longer in the marine system wiplositiveconsequences for life history and population
dynamics.

X A key ecosystem change associated w#hice variability is the increased use of different
forage fish species, e.g., Capdvallotus villosu$ and Sandance(Ammodytespp.) by
predatory fisksand marine mammals.

X As a result of an increasing opeter period, the Cumberland Sound®&iem has
undergone a distinct transition in pathways of energy flow and trophic roles for marine
predators. These foedeb changes include a greater use of phytoplankton rather than ice
algae based energy sources.

x Changes and variability in sea ice bded to a decrease in prey quality and availability for
some specieseducingtheir body condition. One example is terrestrial foraging of polar
beargUrsus maritimuyon marine bird eggs rathdran ice obligate seapecies.

X Biotracer studies revettie use of multiple food webs in the diets of key species. Ice algae is
an importantdiet subsidy for species from multiple trophic levels and the use of terrestrial
carbon by marine species is documented in the western Arctic.



Changes in sea ice influerehabitat directly (i.e., as a platform) and indirectly by affecting
the structure and stability of the water column.

X With extremely early ice breakup, ringed s€&lasa hispidaare not able to complete their
moult (loss and rgrowth of body hair) pr@isposing the seals to disease. Also, high ocean
temperatures may cause hyperthermia in seals resulting in unusual behaviour that results in a
higher risk of polar bear predation. For example, an anomalously warm year in 2010 resulted
in poor ringed sealddy condition in Hudson Bay with reduced ovulation, pup survival,
abundance and greater stress in the following years.

x Satellite data indicate that, from an annual perspective, greater surface area of open water
across the Canadian Arctic region is le@plio increased rates of primary productivity.
However, decreasing trends in primary production have been observed in some(eegions
North Water)dueto different factors affecting nutrient availability in surface waters.

X Seasonal movements by Greserd Halibut have been observed in Cumberland Sound and
Scott Inlet, with individuals moving into shallower water (i.e., moving from habitats at
depths of 801400 m to 4086600m habitats) each fall when lafiadt ice extends over the
shallower habitats. Thigsh are not directly interacting with the sea ice but are responding to
changes within the water column or the distributions of other species.

X Thinner sea ice and an increase in melt pondragecarereating surface water habitat
suitable (i.e., suf@iient light available) for an increase in undtes phytoplankton blooms.
This shit in the timing/location oblooms has implications for nutrient availability for
summer primary production and will alter how energy is transferred through marine food
webs

Changes in sea ice affect aess for biota and humans to iceovered areas and affect aess,
at a larger scale, to icdree areas.

x Polar bear population declines in Hudson Bay are driven by reductionsisesedent that
reducethe availabilityof sealsresulting in a decline ibearbody condition. More time on
shore also has a negatieffecton nesting behaviour of common eid(Somateria
mollissimg due to egg predation tyears. However, thnegativeeffecton eiders is
expected to be tdet by better feeding conditions created by less sea ice.

X Seaice reductions in the eastern Canadian Arctic have resulted in grepterateand
temporal access foiller whales(Orcinus orcg to Canadian Arctic marine mammal prey
(e.g., bowhea@Balaena mysticetysnarwhal(Monodon monocergsbeluga, seals). Sece
declines in the Arctic region are also allowingesies such asahp sealgPagophilus
groenlandicuyto move northwardpo feed in areas that were previously unavailable due to
sea iceThese, and other iaelatedchanges in geographical distributioase altering
competitionand predationand causinghifts in migratios and distributios of endemic
Arctic speciesprimarily in the eastern Canadian Arctic.
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x For all coastal Arcticommunitieshumanaccess to sea ice is critical for hunting and other
land use activities, includingubsistence antbmmercial fishing. Changing sea ice has
become a serious issa#fectingsafety,travel,food securityandcoss for Indigenous
peoples.

X The extended ic&ree season is enabling an increase in marine traffic within the Canadian
Arctic region, especially by cruise ships and pleasure craft. The increased frequency and
longerseason of shipping is projected to produce noisier marine emamsin some
locations, increase the risk of invasive species and potentially lead to increased
environmental harmCommercial offshore fisheries may benefit from longer epater
seasons, increasing fishing seasons in currently fished areas and creatiogportunities
in areas that were not historically open long enough to be of interest.
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3.0 Stressors of Arctic Ocean ecosystems

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

or stressors(anthropogenibased) orthe system. Many would argue that the greatest
anthropogenic stressor affecting the Canadian Arctic is climate change. Climate change brings
about efécts that extend outside the realm of natural variability with respect to both temporal
(e.g, seasonal, annual, decadal) and spatial, (ecal, regional, parArctic) scales. The power

and challenge of climate change is that it encompasses multigélearin different domains

(e.g, atmospheric, physical, chemical, habitat, etc.) and it is directly or indirectly linked to all
other anthropogenic stressors of the marine environment. This interconnectedness represents a
serious challenge for ocean aedource management as Arctic scientific bmut knowledge
combined continues to be insufficient to 1) distinguish natural variability from clidraten

changs, and 2) adequately address the nature, @dglitive, synergistic) and outcomes of
individual andcumulative effect®f climate change and other stressors

Climate changeftects in the Canadian Arctare ultimately linked to rapidly increasingpbal

air temperaturewith the oceans absorbing ca. 93% of the energy imbalance credbtexrl by
arthropogenic release of greenhouse gasseéieal. 2019). ThereforethedM | d6s oceans
are warming, especially surface layer waters, affecting ocean oxygen concentrations, the severity
of storms, sea levedndthe hydrological cycleWarmingis amplifiedin the Arcticas air

temperatures are increasiagdoublethe globalrates. From 2014 to present, mean annual Arctic

air temperatures (measurements from land stations north of 60°N) have exoeated

temperatures recorded in the Arcdioce 1900. Sallite derived sea surface temperatures

indicate thathe temperature of the sea surface iAfiee areas of the Arctiin the month of

August has risen in some areasrapidly asl°C per decade since 198ie to a combination of

factors including ddiming seaice extent, increased solar absorption and increasezbntal

transport of ocean heat (Osborne et al. 2018).

The 40year satellite record of seee extentfor the Arctic as a wholprovides a baseline (1978
2010) from which a rapid decline summerSeptember monthly averagictic sea ice has

been detected (128 per decadd-igure 43. Extreme losses of Arcteummer se#&e extent
occurred in 2007 and 2012 but consistent, below average conditions have continued in recent
years(Figure 4). Losses angariability of summer sea ice apeimarily accounted for by the
East Siberian, Chukchi, Beaufort, Laptev and Kara E&&ageve and Notz 2018%ea ice is
becoming younger andn averagehinner across the Arctiand the Canadianigth Arctic
harbours a substantial fraction of remaining thick rggtir ice The overallloss of old, thick ice

is striking.In April 2018, only 2% of winter sea ice, excluding that over the Canadian Polar
Shelf, was estimated to be older than 5 yeaymparedo ca. 30% in 1984Figure 4b). The loss

of thick ice is compensated by an increase in-fiestr sea ice representing a more fragile and
mobile ice cover for the ArctiSeaice loss is now edent in all seasons and the opeater
season continues tongthen(Figure 4¢. In 2016/2017 freezap was 17 days later than average,
at a papArctic scale. Paffrctic seaice loss, in all seasons, is significantlyrrelated withotal
anthropogenic Ceemissions (Stroeve and t&d2018). The anthropogenicallyiven (stresso)
loss of sea ice is also amplified by climate variabilsiver). Together theynodify
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atmospheric and ocean forcgwn seade thereby indirectly causimgductiors in seaice extent,
concentration and thickness.
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Figure 4. ParArctic seaice trends showing)aeaice extent anomalies in March and September relative
to averages conditis in the period 1981 to 2010, the decline in thick, mukyear sea icéexcluding

the Canadian Polar Shelading to a timner, younger Arctic sedace cover, and)cearlier meltonset and
later freezeup trends(19292017)(sources. Perovich et al. 201&troeve and Notz 2018).

The largescale drivers and stressors of the Arctic system interact with additional streskaors wit
the Canadian Arctic region (e.gable2). These stressors vary among areas and differ in their
manageability. Some stressors may be reasonably addressed with proper management and/or
stewardship (e.g., sustabia fisheriesinvasive speciesSection3.1) whereas others (e.g.,
microplastics) are pervasive and possibly adveZsse studies 2, 3, and 4 provide stressors
related informatiompertaining to ocean acidificatipolimate warming and environmental noise

in the Canadian Arctic. Table 2 provides details on some other local (e.g., commercial fisheries)
and transboundary (e.g., contaminants, microplastics shippinystressors potentially

affecting Arctic ecosystems.
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Table 2. The status okomedirect anthropogenistressaog relevant to marine ecosystems in the Canadian

Arctic.
Stressor Current status Recent references
Shipping -Distance traveled by vessels tripled from 1990 to 2015 with | Pizzolato et al.

pleasure/tourist vessels repretseg thefastesigrowing vessel
type

-Pond Inlet, Baker Lake, Cambridge Bay, and Chesterfield Inle
have experienced the largest increases in shipplirig @hurchill
and Resolute hadecreased vessel activity

-In some regions, increased shipping is signifigactirrelated
with redudions in sedce concentrations

-Management efforts @, shipping corridors) ongoing

2016;Dawson et
al. 2018 Halliday
et al. 2018Hauser
et al. 2018PAME
2019

Microplastics

-Present in Canadian Arctic watetslow concentrations relative t
other Arctic regions (i.e0-5 g km?).

-Plastic particles are concentrated in Arctic sea ice

-Multiple research programs are currently focused on Arctic
microplasic presence and foedeb dfects

Obbard et al.
2014;Cozar et al.
2017 Peeken et al
2018 Barrows et
al. 2018 Osborne
et al. 2018

Contaminants

-Despite international regulations, legacy persistent organic
pollutants continue to be found imet Arctic in apex predators (€.¢
polar bears, belugas)

-Climate change influences contaminant concentrations in high
trophic level species by affecting fate and transport pathways
oceanographic currents) and by altering fa@is (i.e.food web
length, guild) thus affecting bioaccumulation and biomagnificat
processes of contaminants such as mercury and persistent org
pollutants. Results vary regionally and between/within species
-Chemicals of emerging concern are found in Arctic waters anc
biota, many of which are not included in a regulatory systein
requireongoing monitoring

Loseto et al. 2015
AMAP 2017;
AMAP 2018;
Brown TM et al.
2018;Daugaard
Petersen et al.
2018 Letcher et
al. 2018 Noédl et
al. 2018 Smythe
et al. 2018

Hydrocarbon
development

-In 2016 a joint CanaddS statement issuednaoratorium (drilling
ban) for the Arctic offshore, to be tested every five years throu
science based review. Existing rights were not affected by the
moratorium. Alaskan watergere subsequenthg-openedn 2017
for development

-Indigenous and Northne Affairs Canada and Natural Resourceg
Canada began a consultation process in 2017 regarding-tenge
oi l and gas interests in Can
-There is currently ca. 27 000 Kand 2 250 krhof exploration
and significant discovery licencegspectively, in the Canadian
Arctic, the majority residing in the Inuvialuit Settlement Region

Fishing

-The largest ground fish fishery @anada is located in the Arctic
(Davis Strait and Baffin Bgy

-Between 2006 and 2014 Nunavut commercial fishéne®ased
in total value from 38 to 86 million CAD. In 2017 the commerci
fishery value was estimated at $174M ($102M for the Greenlat
Halibut fishery and $72M for the northern shrimp fishery)

Integrated
Fisheries
Management Plan
(IFMP),
unpublished da

Subsistence
harvesting

-Subsistencéarvesting hasden an element of Arctic marine
ecosystems for millennia and is rtbbught to benore stressing

today than it has been in earlier times
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3.1 Modelling and Risk Assessment for Speciestroductions in the Arctic

Non-native species introductions are emerging threat for the Arctand the Arctic Councihas
recommended strategies for limig risks (CAFF and PAME 20173hipping is the primary

vector responsible for the majority of marine introlons through movement of large
communities of organisms in ballast water or biofouling on the outer surfaces of vessels (Ruiz
and Carlton 2003) and is of particular concern in a warming and increasingly accesstlsle Ar
(Dawson et al. 201&oldsmit etal. 2018).In vast and often remote areas such as the Arctic
where there are limited resources and information, modelling and risk assessment approaches are
a valuable means of identifying potential risks and prioritizing introduction pathways, species,
and geographic areas faranagement and/or monitorirlg.the Canadian Arctijavhere there are
limited known introductions of marine invasive species (Goldsmit et al. 2019a), these methods
have been used to assess shipping pathways and associated ineasegedroncern for the
region (Chan et aR012 Goldsmit et al. 2018, 2019201%D).

Relative risks of different shipping pathways (e.g., international vevghm Canada only) for
introducing nomnative species to Arctic ports for bataor hull fouling-mediated invasions

have been compared using vessel arrival/ballashdrge datéFigure5), environmental
compatibility between source and Arctic ports and numbers of high impaaadigenous

species known &m ecoregions of connected ports (Chan et al. 2012). This assessment enabled
identification of higher risk ports which have subsequently been targeted for-igiidaseline
surveysand implementation of communibyased ronitoring (Goldsmit et al. 2014;acoursere-
Roussektal. 2018) (Case StudhB).
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Figure 5. Total annual vessel arrivals (a) and ballast dischangedbrected fomid-ocean exchange
between 2005 an2008 for the @nadian Arctic (gurce: Chan et al. 2012).

Speies distribution modelling has predidithe extent of suitable habitat in the Canadian Arctic
under current and future climatic conditions for potential-shgaliated benthic invertebrate

invaders known to be present in connegeds (Goldsmiet al.2018, 2019b)These methods

have shown the Beaufort Sea and Hudson Bay regions to be particularly vulnerable, with suitable
habitat predicted for three of eight species evaluated under current cond@olasmit et al.

2018, 2019bjFigure 6) Species idntified as high risk have been presented in educational
workshops and included in watch lists as part of outreach materials that are now being circulated
to Indigenouscommunities Case 8udy 18).

15



180°00" 180°0'0"

T T
Amphibalanus improvisus " Botrylloides violaceus * "
Bay Barnacle . - Violet tunicate *
- v R \ R
. Ny " e
2k 4 3 S
e 3
AU _ AU
HS: +29% h By | i +17.0% N B
Caprella mutica K | Carcinus maenas ,"_
Japanese skeleton shrimp Greencrab -~
S . D
= .M{{ ..o . »
il PN K- '
i ' AU AU
f g < s
HS: +12.6% . % J »?, HS: +18.6% -y f‘,
Littorina littorea K Membranipora membranaced '
P Periwinkle . Lacy Crust bryozoan"
2 VI
it e o
g i L, “
8 q e
»
1 - Ph “/
- +15.69 : el P
HS: +15.6% s i \ Jxﬁ,
Mya arenaria K Paralithodes camtschaticus
- Soft shell clam _ ~ Red king crab
/ e ) '
-, 3, S iy
4 = N 0¥ 4
gl o 4 ? 2 | A
3 l’w?‘i*;--..\;\‘ \,m,.\.)“
» U
g 87 | us:
1 M J}G, HS: -0.1% '
100°0'0"'W 60°0'0"W 100°0'0'W
Present
Future

Present + future

Figure 6. Predicted suitable habitat under present and future environmental conditions for eight |
IAS in the Canadian Arctic. The percentage change in suitable habitat (HS) between present an
(2050) is indicated in the lowdgft corner of each panel (soureeodified fromGoldsmit et al. 2018).

16



CASE STUDY 2: Ocean Acidification in the Canadian Arctic

The concentration afarbon dioxide (Cg) in the atmospherie increasing. Consequently the
planetis warming and thehemtcal compositiorof the ocearis changing CO; dissolves in the
surface ocean and forms carbonic acid, which in turn dexsemean pH (measure of acidity,

lower pH being more acidic) and also the carbonate ionXC&ncentration, a building block

of shells and skeletons of marine organisms made of calcium carbonates(@s3© organisms
are call ed 0 c a.lOcearfayidifinaton ceferg ta the dearease n pH and
carbonate ion concentrations due to the increase in dissolverelé@sedy human activities
(anthropogenic Cg¢) in the ocean. Global oceans have absorbed about a quarter of anthropogenic
COz since he start of the Industrial Revolution and consequently the surface acidity has
increased by about 30%. Cagshells and skeletons are more soluble at lower temperatures and
the solubility of gases, including GQs higher in cold water than in warm wat€éhus, although
ocean acidification is a global threat, fhadar oceans angarticularly vulnerable. Additionally,

large amounts of fresater from rivers, seasonal ice melt and glacial meltwater in the Arctic
Ocean has little bufferg capacity andhatually reduces the pH and carbonate ion concentration
of Arctic waters. Decreasing ice cover enhances the uptake of atmosphgria@@r

accelerating Arctic acidification.

The first observations of surface ocean waters being corrosive to calcifgagsms, indicated

by the saturation state of Ca€0q) , wer e reported in 2008 for
Kawai et al. 2009) and in 2005 for the Canadratar Shel{Chierici and Fransson 2009ince
that time there is growing evidence of increasing acidification in Canadian Arctic v&itetges
have found that corrosive conditions can occur in regions of glacier and freshwater influence,
e.g., fjords (Cumberland Sound, Turk et al. 2016) and in Hudson Bay (AZetsuet al. 2014,
Burt et al. 2016). In the Beaufort Sea the Mackenzie River cordgglsignificantly to surface
freshening. However, caysive waters on the Mackenzieetf occur in lower water layers of
Pacific-origin (Cross et al. 2018Vol et al. 2018). The acidification of Pacific halocline waters is
a relatively recent phenomenon appng over a period df0 years (1975 to 1985) and is
suggested to persiat the shelfbreak for an estimated 80% of the year (Cross et al. 2018).
Acidified conditions in deeper waters adjacent to the Mackesheikappeared between 1990
and 2010 (Milleret al. 2014AMAP 2018b), although it is not known if these conditions persist.
Cana Basin surface waters have become more acidic since Egfi8¢ 53 whereasn Davis
Strait(Figure 64 corrosive watersarur inthe Arctic outflow, with no evidenténd.

The volume of corrose water in the Arctic is incregg with time (Miller et al. P14;Qi et al.
2017),reducing the suitable habitat for calcifying organisms (Steiner et al. 2015). The negative
effects of ocean acidification on nealcifying organisms, including physiological, reproductive
and immune systemand behavioural changehave been reported other oceans. Our
knowledge obiological responses to ocean acidification in polar oceans is limited at present.
recent study found that snhaklagicsea snails (pteropodsimacina helicind collected in 2014

and 2017 from Cape Bathurst and embayments in the Amundsen Gulf had high levels of shell
dissolution due to acidifiedvaters A. Niemi, unpublished dajdFigure 7) To our knowledge

this is the first direct evidence of ocearidification impacts in Canadian Arctic waters

However, manytherstudies and assessmeatdiological effectsare underway (AMAP

2018b).
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Figure 7. Scanning electron microscopaages of Beaufort Sea sea snhail shells showing evidence of
damae due to Ocean Acidificationtfpto creditNinaBe dnar ge k) .

Ocean acidification in the Canadian Arctic evolves along its flow pathwane Pacific Water
thatflows into the Arctic through Bring Strait inherently contains high €fbom organic

carbon decomposition carried by the global circulation. This water is further aclayfied
Mackenzie River runoffdjecomposition of terrestrial organic mattgaice meltwater, primary
productivity an the shelvesCO, uptake by surface water@nd upwelling of deefAtlantic)
corrosive waters on the Beaufort Shelf and in the Canada Basin. This corrosive water travels
through the Canadian Arctic Archipelago, flows out to Baffin Bagl can be traced dostream
to theLabrador ShelfAzetsuScott et al. 2010yamamoteKawai et al. 2013). Since regional
variability is large and temporal changes are fast in the Arctic (e.g., Tynan et al. 2016),
coordinated efforts to study ocean acidification are requinetliding a large area survey and
long-term monitoring in critical regions, to protect, mitigate and adapt to the future effects of
acidification.
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CASE STUDY 3: The Changing Soundscape of the Arctic

The soundscape is the combination of soundsctrabe perceived by an animal in an
environment. Is the soundscagfehe Canadian Arctigetting noisier? To answer this question
we need to consider two sources: natural or ambient noise anthatEnoise. In the Arctic
Ocean ambient noise is made thysgical (i.e., wind, precipitation, sea ice) and biologiea
marine mammals and fish sourcs.

Marine animals produce under water sound for several reasons including communication and
navigation. Some fish species produce courtship and spawoungsduringhe mating season.
The baleen whead(Balaena mysticetysvhale makes long complex songs from late Ajaril
Novemberconcentrated between Bix to 5kHz (Delarue €al. 2009)as well & a more simple

call at <500Hz (e.qg., Blackwell et al. 2013). Bowhead sounds measured near Alaska could be
detected up to 40 km away depending on the noise condifasli et al. 2014Bonnel et al.
2014)and an incredible 130 km away in Greenland (Tervo et al. 2012). Sounds from Arctic
toothed whales, narwh@ilonodonmonocerokand belugdDelphinapterus leucasdo not

travel nealy as far (e.g., <5 km) and these whagtesduce echolocation clicks, whistle and pulse
soundgor communicationThere are also several seal species in the Arctic which produce
underwater gunds associated with reproduction and territoriality. Their sounds are mostly heard
during mating seasons. Walrus produce clicks, rasps,-idgetbne and grunts. Vocalizations
recorded as part of ambient soundmtoring near Sachs Harbour (Northwé&stritorieg in

2015 and 2016Halliday et al. 201B(Figure 8)and near Hall Beach (Nunayum 20122013
(Marcoux et al. 2017) documesata strong connection between the vocalizat@immultiple

species and sea ice, reflecting mtgpn and habitat ugghenologies
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Figure 8. Seasonal pattern of marine mammal vocalizations near Sachs Harbour, NT relsgaedo
concentrationsspurce Halliday et al. 208).
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Sea ice generates different frequencies of ambient noise agdspwoacks, and pushes together
into ridges (Kinda et al. 2015).Uping the openwaterperiod ambient noisés generally

positively related to the sea state. In the Ardimonger windsncrease noise although it is
strongly modulated by ice conditiofissley et al. 2017)The ambient noise of wind can mask
(interfere with or block the signate vocalizations of marine mammals (e.g., beluga and
bowhead whales), however, increased ice concentrations may decreasekimg eféect
(Halliday et al. 2@8). The level of ambient noise and interactions withalizations may be
affected by climata@riven changes in sea ice and wind.

Human activities such as shipping, seismic exploration, extraction, construction and demolition,
military operationgsonar)andice-breakingalso produce underwater soundsry loud sounds

such as seismic and air guns could have serious effects during migoatemtially leading to
entrapmenand may inhibit the calls ofdwheads (Blackwell et al. 201Beide Jgrgensen &tl.
2013). In a noise modelling exercise, it was deterrdittett marine mammals in the Western
Canadian Arctic could be affextby the noise of a tanker at about 50 km awaybleaking is

also a noisy type of shipping and is aboutdBlouder during Acking and ramming iee

breaking tharmuringopenwater transit (Roth et al. 201BAME 2019). With a decrease in sea

ice and a lengthening of the shipping season, shipping traffic is increasing in the Arctic Ocean
(Dawson et al. 2018A lengthening shipping season and increased vesset tnadfy result in a
noisier soundscape for marine mammals during different life events including migrations.
Aulanier et al(2017)calculated changes in ambient noise related with-éoldrincrease in

shipping traffic in four different Arctic regions (Amundsen G#lbxe Basin, Hudson Strait and
Lancaster Sound). They concluded that under-ddieinscenario, shipping noise will beme the
dominantcontributor of ambient noise in these regions. This contribution would be a significant
change since under the currenipging intensity, shipping noise only contributes to ambient
noise intermittentlyHowever, a significant increase in the amount of -d@ped export from

active mines in th€anadiarArctic has been proposed (Baffinland 2018).

Man-made noie can be prokimatic because the souindquencies overlap with biological
vocalizatiors, thereby potentially affecting marine mammal behaviour and communication
(PAME 2019). Manmade noise can maskimal calls as well as reduce their communication
space (Pine et al028). For example, it was calculated that the noise emitted by-@neaker
would mask beluga communication within-I4 km of the shigErbe and Farmer 2000)he
impact of underwater noise on marine mammals and fishes in the Canadiarhésdiieen
recently summarized in the Underwater Noise in the Arctic: A State of Knowledge Report
produced by PAME (PAME 2019). Impacts vamyongspecies and depend on the activities of
the individuals at the time of the disturbance (e.g., foraging oratimgy). Recent telemetry
research fronResolute Bay, Nunavuipund that bottArctic Cod (Boreogadus saidaand
ShorthornSculpin (Myoxocephalus scorpiysltered their home range and movement in the
presence of vessels, even when the vessels were statjtvaamova 2016lvanova et al2018.

As vessel traffic increases in the Canadian Arctic reguamk is ongoing to understand the
effects on the soundscape (Aulareerl. 2017) as well as how to best mitigate shipping effects
by considerations of shgpeed (Pine et al. 2018) and gusitioningof Arctic shipping routes
(Halliday et al. 2017).

20



CASE STUDY 4: An Extreme Warm Event in Hudson Bay and Ringed Seal
Response

One of the main story lines of climate change |
the loss of sea ice in Polae§ions, particularly —li
as it relates to critical habitat loss for mammal -
Over the last B decades, marine mammals
studied in the Beaufort Sea have responded
differently to changes in the extent and
persistence of sea ice. The condition of young
bowhead whles(Balaena mysticetysmproved % v
over time, whereas ringestals Pusa hispida e
and belugdDelphinapterus leucasxperienced
declines in condition (Harwood et al. 2@)5
Questions remain, howevavith respect to the
actual causes of these divergesgponses and
whatsuch responsesean for a given species
or marine ecosystenA recent studyn the
CanadiarArctic focused on demographic changes (@igruption to reproductionpWw pup
survival, high mortality) of ringed seéfigure9) populationgelated to environmental stressors.

Figure 9. Ringed Seal on sea i¢surce: NOAA
Seal Survey, public domain, via Wikimedia
Commons.

Seasonality of sea ice is critical for ringaehls Section 4.5)They require seae in the spring
when they moltan extended time period during which they shed tleeiahd skin and grow a

new coatand reproducdn the icefreesummer season, ringed sefalisage in open water and

build up their fat stores. During winter, they give birth and nursereuteatricted to smaller

ranges While they are weladapted to the seasoityabf sea ice, sea ice is declining in response
to warming. Ferguson et al. (2017) examined ringed seals in Hudson Bay, one of the
southernmost reaches of their distributias well as the extent of sea ice. The area goes through
a complete cycle dteloss and rdormation Figurel0).

7 s Figure 10. Seaice concentratioeach day of th
|~ e year from 20022013in Hudson BayThe
| — 2 various colars represent different years. 50%

— 2008

208 concentration is shown by the dotted horizor

— 2 line and is considered the breakgdor seaice

— 2013 preakup (<50%) and freezep (>50%). Note
grey (2010 lavest concentration to left) and
purple (2011 lowest concentration to right) ye

(source: Ferguson et al. 2017

Ice Concentration

Day of the Year

By analyzing sea ice and climate data it was evident that sea ice is gradually breaking up earlier
and freezing up laten Hudson Bay, indicatinthat the ice season is gettisigorter. Between
1979 and 2014, there was no relationship between any of the climate indices and the dates of
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breakup or freezeup. What this means is that the shontg of the sedce season is noelated
to natural climate patterns, but instéiely a direct result of humaimduced climate change.
The longest icdree season occurred in 2010 with ice braplarriving in May and not freezing
again until Janary of 2011 [Figure10).
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Figure 11. @ Annual ovulation ate each year (note 2011 low),Annual percentage of pups in the
harvest (a represtation of pup recruitmentiote recent declining trend)), elationship between seal
body condtion and year (note decline)) telationship between cortisol (stress) level and year (note
increase over timgyource: Ferguson et al. 2017

By examining body conditim reproductive condition, pup recruitment, and stress fewel

1425 seals harvested as part of Inuit subsistence hunting in Hudson Bay between 2003,and 2013
it was found that ringed seal body condition declined from 55% blubber mass in 2004 to only
40%in 2012, with the caveat that it did increase ag: |
to 48% in 2013. The decline in body condition was
related to the increased period of open water (short
seaice season). Cortisol concentration (a measure
stress) inaased over time in ringed sedls2010,
cortisol levels were high and showed high variability
Ovulation rates were low the following year (2011),
likely attributable to the high stress ringexhls
experienced in 2010~gurell).

What might thismean and the bigger pictur@&fis

study showed declining ringed seal bodwdition is Figure 12. Ringed seal pup ésirce: Shawr
concurrent with se&e decline, one of the many Dahle, NOAA, Polar Ecosystems Progra
consequences of climate change. In addition, the slresearch cruise, public domain, via

documents a relationship between the 2010 climatiiwvikimedia Commonys

event and ringd seal demographic changes, as body

conditions were reduced, seals were stressed, and ovulation in seals decreased, leading to fewer
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pups(Figurel12) in the following yearsThis climatic event is linked to laregealeclimatic
patterngndicating that climateontrolled cycles will continue to impact body condition and seal
demographicdn Hudson Bay, seal condition showed some recovery in the years following
2010. However, the 2010 cohort will be few in number duecextreme conditions of 2010.

What is the mechanism by which ringedIdsady condition was reduced and stress increased by
seaice loss (owother factors)? The longer operater period of 2010 may have affected the
ringed seal s awelasthsabundance and gistributiom of she g@regher

sea temperatures late into the fall may have resulted in hyperthermia in fat seals and seals
hauling out on shoreline$he seals also showed evidencawbmalous lethargisehaviour

which may imicate disease/illness, possibly a consequence of disrupted midiiess may

havein turn increaseétheir risk ofpredation by polar bearsl(sus maritimuy(Figurel13). The
mechanism behindeclining seabody condiion with longer operwater periodis notyetwell
understood.

According tolong-termatmospheric patterns, episodic events such as the one in 2010 are
expected to occur every I years but be unpredictable. It is the combination of climate
changedriven gradual sei&e loss and these unpredictable episodic events that is most likely to
have major implications for ringed seal body conditiod averthe longterm their abundance

and distribution.

This research provides more information on what maypeated in the future, bu¢liable
prediction of the future is still elusive. Further research will be required to determine the
mechanism behind body condition declines wgitiaice loss, how seal populations will adapt to
climate change, and hative lager ecosystems will aldme affected.

Figure 13. Polar bear eating a seal caught on land north of Churchill in October 2010 during the unusual
year when ringed seals crawled out of the wigitéine vicinity ofpolar bears awaitmthe return of sei@e
(photocredit Daryl Hedman).

23



4.0 Structure of the Arctic Ocean ecosystem

The following sections providihe ecosystem context for understanding how the Canadian
Arctic Ocean works. Such context is needed to both detect andneaip&rvectchanges. The
physical Section 41) and chemicalSection 42) components of the marine ecosystem create
dynamic haldats for all biota. There is reingle food web foCanadian Arcti©©cean
ecosystermand recent resech has shown that sorfe®d webs are being modified as species
respond to changing habatnd prey $ection 43, CaseStudies 6 and)7 The structure and
function of Canadian Arctic Oceaecosysteravary across spatial scales and here we describe
known linkages between habitgpés and marine lif€Section 4, Case Studies 8 and 9).
Additionally, the Arctic functions differently over time, on multiple temporal scales (i.e., days to
decades). Here we only discuss the seasonal (8=d&on 4.5)illustrating that an annual Arct
cycle is better understood from an evemesspective rather than a calendar.
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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 providesipéest delineation of the

marine Arctic. This boundary also approximates the maximum extent 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 sumdut and lobes that extend southward into the Pacific and
AtlanticOceansThe | obe i n Canadads domain pushes as

4.1.2 TheSubmarine Landscape

Ocean waters are stacked in layers with those of lowest density at the surfaaesaraf th

highest at the seabed. Because energy is required to lift denser water back towards the surface,
ridges on the seabed tend to block seawater flow and valleys tend to channel it. The submarine
landscape thereby constrains how seawater can move,griadawledge of that landscape

critical to understanding the ocean environment. Such topographic constraints on ocean currents
influence the properties of seawater and planktonic life found in particular areas of the Arctic.

Those properties of particul&#d evance to the oceands ecol ogy a
salinity, dissolved oxygemlissolved nutrientand acidity Specific associations of these

attributes define water masses in the Arctic.

Oceanographers commonly use conies that connect pois of constant depth to map the

landscape of the seabed. Contours crowd together where the seabed slopes steeply, at the edge of
the continental shelf for example; they encircle isolated areas of deep water known as basins and
isolated areas of shallow tea known as banks; they form a distinctive pattern at sills, the

marine equivalent of mountain passes, which separate shallower areas when viewed along one
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.

The Canadian Arctic region encompasses two deep laS€lasada Basin and Baffin Bay

separated by a broad, shallow continental sh#die Canadian Polar Shélfwhich acts as a sill
betweerthe Pacific and Arctt. A broad and relatively deep sill in the southeast separates Baffin
Bay from a third basin, the Labrador Basin. Hudson Bay and James Bay occupy an appreciable
fraction of the Canadian Polar Shelf.

The glacial history of the Canadian Polar Shelf hastléftered with islandsomprising the

Canadian Arctic Archipelagavith channels and sills. The most obvious sills line along the
northwestern rim of the Canadian Polar Shelf and cluster near its centre; the intervening basins

are as deep as 800 mhesills rise to within 308400 m of the sea surface in the nentést and

much higher near the centre, within-280 m of the surface. Even preliminary seabed surveys

are lacking over wide areas of the Canadian Arctic region, particularly in remote icebound

northern areas and in the nefiore estuaries, bays, and fjords important to people whose

|l iveli hood comes from the sea. The | ack of go
understand Canadian Arctic marine ecosystems and their vulnerability.
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4.1.3 Seawater 8urces

There are three main contributors of water to the Canadian Arctic region, the North Pacific and
the North Atlantic that contribute seawater and the atmosphere that contributes fresh water as
snowfall, rainfall and inflow from riversThese waters are distinguishable in three characteristics
T salinity, temperature and dissolved nutrientghich in addition tadissolved oxygen and

acidity are key elements afarinehabitat and key factors in determining what organisms thrive
where.

Water from the Atlantic has high salinity (3438.95) Temperature (°C) Grams salt per kg
. . _ -2 0 2 4 31 33 35
and relatively high temperature-8e C) -roynel a r i , T

(Figurel4). Thereare three variants of Atlantic Water in :
the Canada Basin: a warm layer entering via FramautSt
and a colder layer entering via the Barents Sea, refreshed I

every few decades, and a dense layer at the bottom of tigq Atlantic Water
basin that has been trapped for several centuries. A fourttf

variant enters the Canadian Arctic region waters via I :
Baffin Bay but doesat reach the Canada Basin. Water f 1
from the Pacific has moderate salinity {33), lower in | ]
summer than in winter, s}

andcold(neatl . 5¢C) i n winter and ]
concentrations of dissolved nutrients (nitrate, phosphateg | ]
silicate) Fresh water has a salinity of zero, a temperature | 1

that varies with source and seasonfrob0 e C an ¢ | Atlantic Water
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relatively low in dissolved nutriestArctic Water is a Barents Sea

(0]
s | ]
mixture of Pacific, Atlantic and fresh waters, modified irf §-: 1<
the Arctic by physical, chemicahd biological processes§ 3 1
Arctic sea ice is a frozen version of Arctic Water. [ ]
At the low temperatures of the Arctic, salinity is the main | 1
factor controlling water density. Fresh water of lowest [ :
salinity floats on the top, Atlantic Water of highest - 1
salinity sinks down deep and Pacific Water slips in | ]

between. It is the shallow cap of ice, Arctic water and s Centuries-old Water
Pacific water that make the Arctic so different from the
Atlantic.
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The thickness of each layer depends on how much of
each type is present and on oceaoutation. Fresh water
is scarce overall but concentrated in the uppermost 50
150 m.Pacific water is more abundant and dominant
between 50 and 250 m in the Canadian Arctic region. Figure 14. Depth variation in the _
Atlantic water is by far the dominant water mass, filling{€émperature and salinity of seawater ir
the basins fromkout 306m depth to the seabed. Mixingt"€ Canada Basin of the Arctic. Domal
creates depth zones with properties transitional betweeOf the principal water masses are shov
water types.
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Phytoplankton at the base of the food web need
dissolved nutrients and light in the same place t«
thrive. The Sunodés ret.
growth in spring, but continual replenishment of
nutrients is necessary to sustain primary
producti on. Nutrients
subsurface Pacific layer but must bexedinto

the photic zone where photosynthesis occurs. T
uplift is driven by the kinetic energy of storms ar{
tides, but only in certain places under special
conditions.

Where elevated terrain rises above the layer of
nutrientrich Pacific water, it can restrict the
nutrient supply to basins beyond it. It is likely the
this mechanism operates in Coronation Gulf,
Dease Strait and Queen Maud Gulf, for example
where bounding sills rise to 43 m depth and
only nutrientpoor surface water can enter from
outside under normal conditians

From a broader perspective, the demthsills that
can block possible paths of flow control the
presence of each seawater type at locatiorssa
the Canadian Polar Shefigurel5displays the
areas of the Canadian Arctic region that are

accessibled each seawater type, combining Figure 15. Presence of seawater types in the Cana
knowledgeof the depth of occurrence of each tyEarcic region: Pacific water in green, Atlantic water \
with knowledge of the FramStraitandthe Barents Sea in @l via Baffin P & ¢
or Atlantic water can only be present at a locatioBay in yellow. Arctic water covers the entire area

of interest if there is a path to the Arctic from thaexcept for eastern Baffin Bay (no green underlay).
ocean that is evewhere at least as deep as the Pacific nutrients are not readily available in the whi
shallowest depth of occurrence of that typee areas orsouthern parts of the Canadian polar shelf.
areadsolated from nutrientich Pacific Water are

of particular interest.

4.1.4 Seawater Mvement

The implications of watemass distribution are more easily seen in contlmnavith knowledge

of how water actually moves. A discussion is complicated by the variation of current speed and
direction with depth, ice covetide, storm, season, year athecade. Information is sparse. A
schematic of the average circulation of scefavaters of the Canadian Arctic region is shown in
Figurel6.
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In general, prevailing winds in the Baffin
Basin maintain a count@tockwise gyre

that brings Atlantic water up the Greenlan¢—
side and takes it sowghst along the easterr §
sideof the Canadiafolar Shelf Those in

the Canada Basin maintain a clockwise gy
that moves surface water slowly soutbst
alongthe Arctic side of the Canadian Polal
Shelfand more rapidly westward across thb&
southern Beaufor Some of the flow on the
Arctic side, responding to a drop in sea
level of about 15 cm towards Baffin Bay,
leaves the gyre to crofise Canadian Polar i
Shelfand join the Baffin Current that takes
it to the Atlantic. This picture is
complicated by the nuemous islands on the
polar shelf, which in combination with
Earthoés rotation al
move towards the Arctic if it hugs land on
its right side. Atlantic water from Baffin
Bay also floods the basins on the eastern
side of the Canadian [aov shelf.

The submerged pathways followed by

Pacific and Atlantic water within the Arctic % D2
Ocean are not well known. Howey /= = 2=
observations have revealadurrent Figure 16. Schematic view of surface water movem
flowing beneath the surface counter within the Canadian Arctic region. Arrows represen
clockwise along the Beaufort continental the average direction of currents without regard to-
slope and intehe deep basins of the speed of flow.

western Canadian Polar Shelf simply by following their steeply sloping SilesAtlantic
component is too dense to move eastward and may remain in the deep western basins for
decades. Because of sills, the Canadian Arctic thrdloghis comprised only of Arctic Surface

and Pacific Waters. The latter bring nutritat feed marine ecosystems of the Baffin coast,
Hudson Bay and the Maritimes region of Canada. Part of the southbound Baffin Current enters
Hudson Bayalong the northerside ofHudsonStraitand joins the counteslockwise circulation

of local river inflow around the bay to exit along the southern side of Hudson Strait.

4.1.5 Sea te

Extensive ice cover during at least part of the year is a defining characteristicCainhaian

Arctic region. The ice forms by freezing seawater during cold wineeawt h e r . Il n Canada
north, sea icegrows to more than twmetersn thicknessby early June. Near the southern limit

in James Bay wintmetetbs growth is about 1
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Freezng seawater isnly the beginning ofea iceThe forces of wind and tide move the ice

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

attain 10m thicknessseven very early in winter and 30 mormorebpwier 6 s end. The
stacking of ice briefly creates space for-icee leads elsewherBrifting sea ice ¢r pack ice)

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

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

Air temperature rises with strengthening sunshstha polar night fades, causing ice growth to
slow. With temperature near 0eC, the Sunbs r
ponds that trap the Sundés heat and promote d
of the level (thiner) seasonal icén the southern part of the Canadian Arctic has melted. Further
north where the ice is thicker, summer is too short for all thiviogelt.\WWhen open areas start

freezing here in late August, new ice also starts freezing onto the bdttomoa st wi nt er 6 s
that still remain. On October 1 these rejuvenating floes enter the sgeantte category. If

they survive a second summer, they becofdeor multi-yearice Most of the Arcti
year ice resides in the Canadian Arctic regibme combined areas of first, second and multi

year i1ice define the minimum extent of ice cov

a
e

Ice is the surface of the sea where it is present and moves generally as described for surface
currens, except wherghe iceis fast. As dacurrens, the drift of ice varies greatly over time

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

off shelf into the Canada Basin to its south. On the eastern side, ice generally mtvesoé!f

into Baffin Bay via Smith and Jones Sounds, whereas it commonly drifts some distance into
Lancaster Sound and Hudson Strait before crossing the channel and coming back out along the
other side. Ice circulates counter clockwise around HudsontBatyice which does not melt

within the bay exits via Hudson Strait.

Sea ice exerts a strong influence on all aspects of Arctic marine ecosystems. It ih#békHta
(substrate) for lif¢ bacteria, phytoplankton, zooplankton, fish, seals, wg@adebenus

rosmaru3, birds, whales, foxes, polar bears and Inuit. Its presence reduces the penetration of
sunlight into ocean water. Its roughness helps mix dissolved nutrients upward into the photic
zone when moving, but it creates a layer of brackish seivaater that impedes that mixing

when thawing. Its solidity provides support for bears, foxes and birds but at the same time
impedes easy access to marine food sources. Its presence protects marine mammals from marine
predators but may also isolate theame creatures from needsd The edge of fast ice in

winter and spring (the floe edge) allows, with favourable wind, the formation of polynyas (areas
of thin ice or open water) which foster blooms of plankton early in spring and provide sanctuary
for creatures needing both ocean and atmosphere to survive.
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The scope of ecosystem
relevant sedce metrics
embraces far more attributes
than the much discussed yearl
minimum ice extent. However
the seasonal variation of ice 3
extent within the Canadian \
Arctic region Eigures 17 and
18) does provide a useful

APR 01/01 AVR
1981- 2010

overview. The extent of ice in e XK
late winter coincides with the concelmaion o uaces A
domain of Arctic Surface e oo

Water depicted ifrigure 15 =t

and therefore with the i
Canadian Arctic region as we - e or s |
have defined it. —" S S A SR

Canad

Figures 17 and 1provide no Eigure 17. S_eaice coverage of the Canadian Arctic region near 1

time of maximum extent. Red denotes an almost complete cove
. . . ack ice and grey a complete cover of fast ice. The information
Séa ICE, Wh'Ch.VaneS greatly (Fj)epicted is thg m}:-:‘dian vglue over the clin@gizal period 1981
across the region _ar_mlnong 2010. lllustration courtesy of the Canadian Ice Service.
season However itis useful  hps://icewebl.cis.ec.gc.ca/30Atlas/pagel.xhtml
to identify the geographic
regions most likely to harbor
thin ice and very thick ice. In
winter thin ice is most common
near thdce edge bounding
temperat seas and in polynyas.
Polynyasexistdespite cold
atmospheric conditions becaus
ice is physically moved from
the freezing area by wind and
because the rate of freezing

information on the thickness o

SEP17/17SEP |
1981- 2010

MEDIAN OF ICE

itself can be reduced by il

upwellingof warmer ocean -
water.lce that is very thick on
average is most likely to be
multi-year ice, which can be
detected fairly reliably by
satellite radar during the cold
months.

Scale / Echelle NUMBER OF YEARS
[

w0 s

Canadid

Figure 18. Seaice coverage of the Catian Arctic region near tr
] ) _time of minimum extent. The information depicted is the medi:
The median concentration of icévalue over thelimatologicalperiod 19812010. lllustration
within the Canadian Arctic couresy of the Canadian Ice Service,

region in early summef(gure https://icewebl.cis.ec.gc.ca/30Atlas/pagel.xhtml

19) is a goodsurrogate for
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Figure 19. Locations of polynyas (blugreen areas bounded by r
in the Canadian Arctic region, evident as areas of light sea ice
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early summer. Large polynyas exist in the Beaubea (Bathurst
Polynya), northern Baffin Bay (North Water), nomtlestern Foxe

Basin and Hudson Bay and Hudson Strait. Smaller polynyas o
in Penny Strait, Cardigan Strait and Cumberland Sound. Illustr

courtesy of the Canadian Ice Seryice
https://icewebl.cis.ec.gc.ca/30Atlas/pagel.xhtml
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Figure 20. Regions of heavy ice in the Canadian Arctic region.

Canadd

map displays the frequepof occurrence of old icet &-10 tenths

coverage on this date in terms of the fraction of years in thye&0
climate interval. lllustration courtesy of the Canadian Ice Servic

https://icewebl.cis.ec.gc.ca/30Atlaagel.xhtml
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mapping the larger 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.
There are also myriad smaller
polynyss, generally in channels
with strong tidalcurrents that
cannot be mapped on this scale.

Figure 20displays the
occurrence frequency of multi
year ice at a concentration of 4
tenths or more, based on data
from the most recent 3@ear
climate interval, 181-2010.

The areas coloured purple, blue
and black have been dominated
by old ice for at least 20 of the
30 years analyzed. These
include the Beaufort Sesouth

to 73°N and most of the western
Canadian polar shelf. Old ice
has been less common in the
soutkern and eastern parts of the
Canadian polar shelf, and has
had negligible presence in
Hudson Bay and Foxe Basin.

Because sea ice influences
marine life and human activity
in so many ways, the scope of
ecosystenrelevant sedce
characteristics embraces fa
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 and below the
sea surface; the presence,
thickness and drifting of snow;
the dae of freezeup;thedates

of breakup for fast ice and of ice



clearance for pack ice, etc. Moreover, the percentiles and extreme values of these attributes may
be aselevant asor more sgthan the averages.

4.1.6 Tides

Tides are the regular variationssea level

controlled by the positions of the Sand the
Moon, their gravitational pulls and the rotation d "%
the Earth. Solar and lunar gravity create seawa
bulges that move around the Earth as it rotates
beneath them. There are many tidal component
whose periods are clustered in bands. The half
daily and daily bands contain the largest tides.

Irregularities in the depth and shape of the oced®
basins modify the bulges, so that the difference
between high and low tidéstidal ranges are
larger insome areas than in others. In the Arctic
seasonal changes in the ice cover also change
range and arrival time of the tide.

The rapid movement of the tidal bulges of
seawatearound the Earthreates tidal currents.
These flow back and forth ovdrd same intervals
as the sedevel changes that drive them. Half
daily tides alternately expose and flood the intel
tidal habitat at the coast by changing sea level gigyre 21. Areas with strong tidal currents
four times each day. The width of the intifal  \ithin the Canadian Arctic region. Flows are
zone depends upon the tidal range andskbyge  most energetic in areas coloured red, less so
of the shoreliné narrow on steep shores. Tidesthose coloured yellowData computed by the
in winter raise and lower sea ice near shore]ineWebTide Tidal Prediction Model VO.T.
maintaining cracks between ground ice (Dunphy et al. 2005,

(nearshore) and floating ice (deeper water) thaihttp://www.bio.gc.ca/science/research
provide breathing opportunities for seals and '€cherche/ocean/webtide/inder.phy.

hunting opportutties 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 nutiigtt water upward to the surface. The

effect increases dramatically as tidal cutrgnengthens. Upward mixing of nutrients can restore

the productive capacity of the photic zone in summer and sustain biological hotspots. An upward
mixing of heat can reduce the thickness of winter ice (create small polynyas), providing better
wintertimehabitat for walrus and seals and facilitating earlier breakup in spring. However, both

of these ecological benefits are dependent upon the occurrence of both strong tidal action and of
warm water and nutrients at dep@urrents are strongest in narrolwaow channels where the

tidal range and/or timing of high and low tides differs markedly from end toFégate21

depicts areas of the Canadian Arctic region where tidal currents are strong.
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CASE STUDY 5: Nunavut Community Observations of Coastal Se#ce
Change

Coastal communities in Nunavut frequently utilize and rely upon the sea ice that occupies their
coasts for the better part of the year. Data on the location, quality, and use of the sea ice in these
communities is recorded by the Nunavut Coastal Resource Inventory (NCRI), a project run by
the Department of Environment, Government of Nunavut. The project involves interviewing
elders and active hunters and fishers who have intimate knowledge about ib®Aaeetn from

having spent the majority of their lives relying upon it for survival. In the NCRI interviews,
information about the sea ice is gathered through participatory mapping of the floe edge, travel
routes, hunting locations, and seasonal camp$ttaticipants indicate whether observations are
present (within the last 10 years) or from the past (more than 10 years ago) and note whether
things have generally stayed the same or if
Collective observatianfrom across Nunavut indicate that the location, timing, and quality of sea
ice has changed significantly in recent years, which has impacted the way coastal communities
interact with it.

Within the last few decades, some coastal communities have ¢esisao traditional hunting

grounds and travel routesi@ to changes in the locatidfigure22) and quality of sea ice. In

Resolute Bay, hunting grounds on Somerset Island have been inaccessible within the past few
years because the sea ice no longer reaches the island. Additionally, elders remember travelling
to Baffin Island over the sea ice a decade ago but can no kdogerdue to reductions in siea

extent. In Coral Harbour, the floe edgestieeercloser toshore tharbefore making it impossible

in recent years to travel via sea ice to mainland Nunavut where the community used to hunt
caribou(Rangifer tarandus The communities of Arviat, Whaledve, and Hall Beach have als
experienced reductions in se& extent with the floe edge being closer to the coast in the past
decade thaduring thepre-settlement era.

The timing of seace formation and brealdp has been noticeably altey@dth the majority of

coastal communities in Nunavut having observedseéa ice forming later and/or melting earlier
than it used to a decade ago. In Cape Dorset, the ice used to be frozen and safe to travel on in
November but in recent years it doed become safe to use until December. In Cambridge Bay,
ice formation haveen delayed by up to two months. In the spring, the ice starts to thaw much
earlier than in the past and breaks up much more quickly because the ice is thinner than it was a
decade ago. In Hall Beach, the sea ice forms up to one month later than theighast decade.

In Pond Inlet, the ice takes up to three months longer to form properly and is thinner at its
maximum compared to in the past. To the east of the commanhBytton Point, the ice does

nat form until February which is much later tharrmal, causing disruptions in the traditional

seal harvest in that area. In addition, elders from Pond Inlet recount stories of travel from
mainland Nunavut by dog team over the sea ice in July which is no longer possible because the
sea ice breaks up apprmately ane month earlier than it did before
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Legend

Past

Present

Figure 22. Community descriptiosof floe edge locationduring late winter/early sprinig Nunavut

Blue lines represent past (>10 yeags) locations of théloe edgeBlue polygns represent locations of

solid, traversable sea ice in the past. Red lines represent present (within the last 10 years) locations of the
floe edge

The quality of sea ice has also changed within the past few decades. In Cape Dorset, the ice near
the floeedge(Figure22) where hunters frequent during the winter months is much thinner than it

used to be, with many ets within the sea ice that dotrfeceeze over at all anymore. These

changes in the quality of the Sea pose a severe hazard to community members, demonstrated

by the fact that several snowmobiles have broken through the ice in recent years. In Pond Inlet,

Ki mmi rut and Cape Dorset, the ice has been de
in recent years. The majority of communities in Nunavut have expressed that the sea ice is more
hazardous compared to in the past, being thinner, less sturdy and increasingly dangerous.

The nformation collatedhere isfrom the Nunavut Coastal Resoutosentory:
Www.gov.nu.ca/environment/information/nunaaaastalresourcenventory
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4.2 Overview of Nutrients, the Building Blocks for Ecosystem m@ductivity

Nutrients such as nitrogen and phosphorous are the fundamental building blocks of life. Their
availability determines the overall biological productivity of seasonallyrexe areas in the

Canadian Ardt (Tremblay and Gagnon 2009)/hile nitrogen and pisphorous are required by

all algae, a specific group of algae typically associated with productive food webs, the diatoms,
also require silicon to build their outer shell. Using light as an energy source, microscopic algae
in the water column and sea @gsimilate nutrients and carbon to grow and produce the organic
matter that sustains the food web

Surface waters of the Canadian Arctic are affected by a chronic and severe deficiency in nitrogen
with respect to other nutrients (Tremblay et al. 2015& Uiderlying causes of this imbalance in

the nutrient mix are remote and thus treate8antion6. Another major factor explaining the

relatively low availability of nitrogen and to a lesser extent other nutrients in surface waters is

the strong verticadtratification driven by the presence of low salinity water on top of relatively
salty deep waterSectiond.1.3). This layering stabilizes the water column and opposes the

mixing needed to bring nutrienich waters from the subsuriato the sunlit lger Figure23).

0 -
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Depth (m)
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Silicic acid (mmol m3)
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Figure 23. Distribution of silicic acid, an essential nutrient for diatom growth, along a-shedktransect

in DolphinandUnion Strait(red box in insert)in the Beaufort Sea at the end the summer 2017. The high
concentrations of silicic acid at miepth indicate the presence of Pacific Waters and the low
concentrations at surface indicate depletion from phytoplankton uftakesect locatiois thered box

in inset (source: C. Michel, unpublished data)

Because primary producers require light to produce organic matter, they are constrained to the
euphotic zone (approximately top 100 nHese the penetration of sunlight is sufficient to
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support net growth. This cetraint partly isolates the algae from the deep nutrient reservoir and
generally maintains low levels of productivity across the Canadian Arctic (Tremblay et al. 2012).
Time-series of observations in the coastal Beaufort Sea and in northern Baffin Balydetbhat

net primary production is affected by changes in stratification and that the response can be
positive or negative depending on regional settings (Bergeron and TremblayBzi4 £t al.

2017 (Section5.0, Case Stud).

The disconnect betwedight and nutrients also favors the establishment of subsurface layers of
maximum phytoplankton biomass that contribute substantially to annual primary production
(Martin et al. 2010, 2012, 2013). Incidentally, these structures pose a particular chahenge
attempting to estimate productivity and its temporal change from space, since satellites do not
Aseed the subsurface maxi mum of al gal bi omass
susceptible to the depth at which the stratification (or the @éddegins. Where the halocline

is relatively deep, light penetration may be insufficient to support significant algal growth
(McLaughlinandCarmack 2010). Conversely, the halocline and the nutrients it confaie|

at the edge of shallow continensilelves, supportingigh productivity in thesuphotic zone
(Tremblay et al. 2014). The halocline is particularly rich in nutriants especially silicate
(Figure23), to the extenthat concentrations in the i7ZZ200m depth range are much higher than
those observed below in the underlying Atlantic layer or anywhere in the water column in the
Atlantic sector of the Arctic. This unique feature is tied to the strong connection between the
Canadian Arctic and the Pacifidcean, which is gdored in more detail isection6. Changes in

the remote processes that fuel this subsurface nutrient maximum as well as in the local or
regional forcings affecting the position of its upper edge could potentially have strong
repercussins on biological productivity.

Warming and recent increases in the freshwater content of surface waters in Hudson Bay (J. E
unpublished data) and in thee Beaufort Gyre of the Canada Ba@ivang et al2018)

presumably have a negative impact onigalnutrient supply by strengthening the stability of

the uppemwater column, whereas upwellinggormdriven mixing events and shelfbreaksyn
increase nutrient availability at specific places and timéise Canadian Arcticegion (e.g.

Mundy et al.2009 Tremblay et al2011, 20142015) The physical impact of ice loss on upward
nutrient supplyis also subject to uncertainties, since it may enhance or mitigate upwelling and
mixing depending on conditions. Models addressing nutrient supply in thie &cean struggle

to capture the interplay between freshwater loading, horizontal nutrient supply and the impact of
changing ice and atmospheric conditions on the average and episodic components of vertical
nutrient supply.

On the Canadian Beaufort Shepisodic increases in upward nutrient supply and biological
production have been caused by tbhsifive impact okasterly winds on upwelling (Mundy al.

2009; Tremblay et al. 201 Kirillov et al. 2016)and on reductions in regional ice covey

contrast, a decline in the nutrient concentration of surface waters offshore in the central Beaufort
Sea has been observed (Li et al. 2009) and is predicted by some numerical models
(Vancoppenolle et al. 2013), leading to a shift away from diatoms and temaittersized
phytoplankton (Li et al2009) that is consistent with greater stratification (Pefedtaiz and

Woodgate 2015). In this setting, previously overlooked nitrogen inputs such as bacterial nitrogen
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fixation (Blais et al. 2012; Sipler et al. PD) and atmospheric deposition may play an
increasingly important role in supporting very modest primary production in surface waters.

4.3 Overview of Arctic Food Webs

L]

Food webs illustrate the flow of U‘ 4 "»"' 4 e
energy and matter within a system. . WY
They are oftemompartmentalized by — L iﬁ- s Gt )
trophic levels, identifying pathwa by il o &

o D

hé 5 " - \
Bowhead whale ? o
Marine birds

which matter and energy ansed,
modified and recycledrigure24). As in
anyfood web, thénighest biomass of
organismsn Arctic marinefood wels is
represented by small, often unobsed,
singlecelled specied-or example, o the
Mackenzie Belf the biomass of 1
phytoplankton >5 um in size is estimatec

_to be2.5g nv, whereas éluga l?lomassFigure 24. Ecopath flow diagram of Curebland sound

is 0.03 g nf (C. Hoover, unpublished  gcosystem model. The size of nodes (circles) show the relat
datg. The smallest organissrfunction biomass and size and color of connecting lines shows the st
within the microbial food webRigure of trophic flows between functional grou@image provided by
25), carrying out essential Y. Janjua.

transformations of carbon anchet nutrients. Phytoplanktonaskey pathway out of the

microbial loop(Figure25) and isessential for sustaining Arctic food welBecause they have
short generation times€., reproduce or replicate within days), organisms within the microbial
food webrespond rapidly to the environmearid are consequenty earlyindicator of change

that may carrytltrough multiple trophic levels.
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Figure 25. Overview of the microbial and classical food webs that function in different types of Arctic
food websConnections between the microbial and clzdiood web are shown.
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Inuit knowledge provides informatiamm classical food webs as they encomgassomic,
subsistence and culturally relevant specWatf et al. 2016Loseto et al. 2018 Staskoet al.

2018 Yurkowski et al. 2018). Key species fiie transfer of energy to Arctic fishes and marine
mammals includ€alanus copepods and Arcti€od (Majewskietal. 2015 Smootand Hopcroft
2017). Despite commonality of key species, food webs are not uniform across the Canadian
Arctic regionas speciesomposition and linkages can vary basec@a (i.e., western or eastern
Arctic), habitat type (next section), def#hg., shelf or offshore basirgnd physical processes
(e.g, polynyas, Cas&tudy8). There havalready been trophic shifts in food vediCase Studies
6 and 7 related to dynamic environmental chasged research continuestietter understand
how the presence of new species or expanding rg@ges Studyl4) will affect food websn

the Canadian Arctic regiofRecent studiesave alsadocumentedhatkey species can rely on
morethan ondood web (e.g.GreenlandHalibut, Giraldoet al. 2018 polar kears, Brown et al.

TA 2018). Thereforeunderstanding key linkag within andamongfood webss critical for
managing th&€anadiamrctic regionat a species and ecosystem level. It should also be noted
that inmanyregions of the Canadian Arctic, food web structure and function remains largely
unknown.
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CASE STUDY 6: Changing Food Webs in Cumberland Sound

Opportunistic predators, such as
beluga whaleselphinapterus
leucag, ringed sealsRusa hispida
Greenland HalibutReinhardtius
hippoglossoidgs and Arctic Char
(Salvelinus alpinusconsume a
wide variety of fish and
invertebrate species. Therefore,
their diets can reflect changing
species assemblages lower in the

) 1990 - 2002

N
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19%
(3-33)

19%

a

food web (Lowry et al. 1980;

(47-71)

59%

Bowering and Lilly 1982; Dempson
et al.2002; Loseto et al. 2009;
Giraldo et al. 2018). In Cumberland
Sound, Nunavut, recent increases in
the availability of Capelin

(Mallotus villosu$ is chamging the
selection of prey by important
marine predators.

Stabl e G oaip,els
chemical tracers that provide time
integrated information on habitat
use and diet, have revealed diet
changes for a marine predator
assemblage consisting of bgéu
whales, ringed seals, Greenland
Halibut and Arctic Char over a 22
year period (1990 to 2012).
Specifically, a decreasing temporal
trend T abriddkohi
beluga whales has occurred
indicating a shift to consuming
more pelagic/phytoplanktonic
associated and lower trophic level
prey (Marcoux et al. 2012). Bayesia
mixing model analysis revealed an
increase in the consumption of
forage fish by beluga whales with a
concomitant decline in consumption
of GreenlandHalibut (Yurkowski et

2005 - 2012

35%
(3-56)

(b)

A

t ¢t

48% || 49%
(34-60)

(39-58)

14%
(0-31)

42%
(27-63)

e

95%
(87-100)

A

T
™

e

Figure 26. Feeding relationships of beluga whales (grey)
ringed seals (pink), Greenlakthlibut (green) and Arctic
Char (blue) in Cumberland Sound, determined by stable
isotope mixing models. Prey species are squid (purple),
shrimp (blue) and forage fisgdllow, Arctic Cod diring
19902002 and Arctic Cod/&pelin during20052012)
(source:Yurkowski et al. 2018).

al. 2017, 2018(Figure26). In turn, theproportionof GreenlandHalibut in beluga whale diet has
decreased, which in theory, could correspond to decreased stability in the Cumberland Sound
food web (Yurkowski et al. 2017). Moreer; consumption of forage fish also increased over
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time for ringed seals, Greenlahilibutand Arctic Char, suggesting diet flexibility among these
predators and climatdriven food web changes associated with the increasing availability of
Capelin (Yurkavski et al. 2018Figure27). With the observed changes in diets, the predator
assemblage in Cumberland Sound now péagimilar foodweb role, consuming only pelagic
based resources, rather than a mixture of bettni pelagic prey (Yurkowski et al. 2018).
Furthermore, the summertime Cumberland Sound food web is quickly transitioning from a
sympagic (iceassociated) carbeamssociated system to a more phytoplankton cadssociated
system (BrowrTA et al. 2014, 2017a). This transitioning along with its associated food web re
structuring will persist and probably intensify in the futasesedce coverage continues to
decline leading to continued change in the structure, function and resilietice Guniberland
Sound ecosystem
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Figure 27. Isotopic niche sizes of beluga, ringed se@leenland Halibut and Arctich@ar during 1990
2002 (solid lines; (a))rad 20%-2012 (dashed lines; (b))old black line represents the communi
metric of total area. Panels (c), (d), (e) and (f) represent isotopic niche shifts for each predator
both time periods. Symbols and ellipses are cetmged by species siiflar to Figure 26 (source:
Yurkowski et al.2018).
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CASE STUDY 7: The Changing Sea Ice Ecosystem

There are two main types of sea ice in the Arctic Ocean-y@sstice, defined as sea ice that
goes through a complete annual cycle of growth and melt, is the dominant ice type omCanadi
Arctic shelves. Multiyear ice that undergoes repeated cycles of growth and melt, surviving at
least two summer melt periods, is typically found over the central Arctic basimnahd

northern and western parts of the Canadian Polar.Stedf is chaging. The accelerated losk o
sea ice, both in terms of s&® extent and duration, and the rapid decline of multiyear ice are
dramatically reshaping the Arctic Ocean and its food webs. Loss of the perearmaler is

shifting Arctic seace conditiors towards a seasonal ice cover. This is consequential for ice
associated marine mammals such as seals and polafBesars maritimu} that use the stable

and reliable multiyear ice platform for resting, feeding and birthing. Multiyear ice also pravides
more stable environment than fiygtar ice for the growth of ice algae, with potential
consequencdsr the biodiversity anthe vulnerability of ice algal production to-going

climate changel@ngeet al. 2019. Our current knowledgef diological pocesses associated

with Arctic multiyear ice is limited, both temporally and spatially, and is largely biased towards
accessible ice types. This leads to potential underestimations of the pradattivity of the
multiyearice ecosystem, as suggestedhmy/recent evidence thatick hummocks may be more
productive than generally assumed (Lange et al. 2017). Major knowledge gaps still remain
regarding the role of sea ice, in particular that of multiyear ice, on the diversity, productivity and
food webtransfers in the marine Arctiché&re is a pressing need for repeated observational
measurements of physical, biochemical and ecologicalesses associated with the-gea
ecosystem, throughout the annual cycle.

The northern part of the Canadian Polkael® north of Ellesmere Islandnd adjacent waters of

the Arctic Ocean between northernGleea nd and M& Gé anlyregior@xpected to |
retainold multiyear ican the Arctic Oceanln an otherwise icéree Arctic Ocean in summer,
thisregion will constitute a refuge for ieassociated spaxs and for unique biodiversity

requiring a better understanding of the structure and function of its ecosystem and the monitoring
ofongoi ng changes. DFO6s Mul t i diastkeiexplorestreer y Ar ct
productivity and biodiversity of the multiyear ice habitat and its connectivity to the marine food
web, as well asto upstream (Beaufort) and downstream (Baffin Bay) ecosystems. Early and
unexpected findings from MAP Last Ice include aabundance of benthos, indicating

significant productivity export to the ocean floor, and the presence of walruses near the
northernmost tip of Ellesmere Island, documenting an extension of their known distribution

range in western Baffin Bay(irkowskietal. 20193

Concomitant witlthe replacement of multiyear by firgear ice, the Arctic is also experiemng a

shift towards longer opewater seasons and open areas in regions that were previously ice
coveral. Seasonal sea ice is extendirggn the conihental shelves towards the central basins.
These new dynamics cause dramatic alterations in the structure and functioning of the marine
ecosystem, which is transitimig from iceassociated to opemater marine food webs. In the
changing Arctic cryospherencreased melt pond cover also modifies light transmission through
the sedce, allowing more light to reach the water column and favouring the development of
under ice blooms (Horvat et al. 2017). Changes in primary producer communities have wide
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rangirg implications, many yet to be understood, for the productivity and food web transfers that
support Arctic marine resources.

There is now clear evidence demonstrating the fundamental roleadsoeiated production (ice
algae) in Arctic pelagic and bdmt¢ food webs, inluding in the Canadian Arctiegion(Brown

TA et al. 2014a, 2014b, 2017a, 2017b; Roy et al. 20Bamarker studies using fatty acids and
ice-specific highlybranched isoprenoids, following from the precursor work of Belt et al. (2007)
and Sgreide et al. (2010), demon®tithe importance of spring sez production for benthic
species in Eclipse SounB.(Kohlbach unpublished dajaand for ringed sealfusa hispida

and beluga whalg®elphinapterus leucgsn Cumberland Sound (Bwn TA et al. 2014b,

20173. The dependence of importantditéonal harvest species on siea algal production in

the Arctic Ocean (Kohlbach et &016) (Figure 28) and in the Canadian Arcigionraises
important questions with regards to the sustalitg of marine food webs under reduced ice
cover.

Figure 28. Proportional contribution of ice algand phytoplanktoiproduced carbon to the carbon
budget of undeice fauna species in the central Arctic Ocean during late sunitelative proportions
are derived from bulkand compoungpecific stable isotope analysis of fatty acid marksyarce:
Kohlbach et al. 2016
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4.4 Habitat Linkages

This section provides current knowledge and trends for how Arctic marine lifeosia®d with
different habitats. Key marine habitats include the benthos (ocean floor), sea ice of different
kinds, and the highly dynamic water column itsdlhese habitats can vary between coastal,
shelf, and deeper slope/basin arddm following settonsand Case Studies identify species
responses tohanging habitats arekplainhow one habitat can affect the structure and
functioning of another habitat.

4.4.1. Seate

Sea ice is both a structuring element and a unique habitat, central to tisé\ydased

productivity of Arcticmarine ecosystems (Michel 20Iuhm et al. 2017). The uniqand

wide ranging physiachemical conditions in sea ice create a variety of habitats for over 2000
species of small plants and animals associated with theeséa ia platform, it is essential
habitat for large organisms, including polar bearssaads (Case Studidsand9, Appendix A.
Seaice isalso a critical travel link and harvesting platform aa&lsuchis integral to the lives
and livelihoods ofruit living in the Canadian Arctic (i.elnuit Nunangat) (Archer et al. 20,17
Ford et al. 2017Fawcettet al. 2018) (Case Studby.

The different sedce habitats vary in space and time. Small species inhabit the brine channel
network within the sedace melt pands that form at the ice surface, and the undersurface of the ice
at the icewater interface. Spatial scales range from themsidoometer scale relevant to brine
channels to meters and kilometers for snow drift pat@nddeadsTemporal scalesange from

minutes to hours relevant to mixing, day to seasons for solar conditions, and years to decades for
climatic and baskwide oceanographic forcings. The productive microbial communities found in
the sea ice are critical to Arctic marine food wehd higher trophic levels.

Seaice primary production comprises a strong element of seasonality as photosynthetic activity
depends on the return ofrdight during the Arctic springfter the dark winter perio&éction

4.5). In the Canadian Arctic, theeelogy and production dynamics in sea ice have been primarily
studied in landfast sea ice (¢.@alindo et al. 2015, 201 Campbell et al. 2016, 201@nd, to a

lesser extent, in pack ice (e.Biwosz et al. 2013; Poulin et al. 2014; NieandMichel 2015;

Aslam et al. 2016).

Ice algal species are adapted to the lightranident conditions of the seéee environment.

Pennate diatomlargely dominate landfast s communities in the Canadian Arctic during
spring although other groups may dominatderrparticular conditions (e,g&campbell et al.

2016). The widespread chaiorming diatomNitzschia frigida typically the dominant species
during the productive spring ieagal bloom, is considered a sentinel species for seasonal Arctic
sea ice (R-UaGska et al. 2009) Melosiraaraiearea c ¢ u mu |
also observed throughout the Arctiidure29). This gecies forms meter long strands that

attach to the undersurface of the ice. The contributidv. @frcticacolonies to Arctic production

is not well understoodue, in part, to its high patchiness.cBet studies show that this iaégal
species can be Hity productive and that fresh aggregates can sink to depth in the central Arctic
basins, providing a food source for benthic organisms (Boetius et al. R01&)cticacolonies
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have been observed in the Canadian Archipelago, howtbediactors determing its
occurrence and abundance have not yet been elucidated (Poulin et al. 2014).

Differences in species compositiexist between the various siea habitats (Deming 2007
Bowman et al. 2012). Important differences betweenyesir and multiyear icare linked to
selective pressure during repeated medfiteeze cycles. The habitability of brine chelnspace,

which depends on seee temperature and salinity, is also considered a key factor for differences
between old multiyear ice layers and fiygtar ice. Multiyear sea ice is considered a repository

for biodiversity, supported by evidence of diverse microbial communities in different ice layers

Figure 29. Microscopic images of arborescent colonies of the pennate diitaschia frigida(a) and

the centric diatonMelosira arctica(b) (photo credit: MichePoulin). Samples collected during DFO sea
ice program BIOTA (Biological Impacts of Trends in the Arctic) and Canadian Arctic Archipelago
studies (C. Michel, Program &d).

and with respect toicrobial diversity not observed in firgear ice (Bowman et al. 201Ratam

et al. 2014). By providing a relatively stable habitat over multiple years, multiyear ice can sustain
biodiversity through years of succession, whetbadiversity associated with firgear ice

depends on the species present in the water at the time of ice formation (Niemi et al. 2011). In
addition, the high spatial heterogeneity in multiyear ice environments, from thick hummocks to
refrozen leads, pxides a diversity of habitats for undiee fauna. There is recent evidence of a
reduction of iceassociated amphipod species due to the dramatic change from multiyear to first
year icenear the North Pol@Velnikov et al. 2017).

Overall, the contributin of ice algae to total primary production (ice + water column) is not
necessarilyproportional tatheir importance for pelagic and benthic food webs, especially on
continental shelves where phytoplankton production can account for the bulk afyprim
production. This is because, iEe algae provide a seasonally early, abundant localized food
souce utilized by pelagic grazers), i2ze algae provide essential fatty acids for the reproductive
success of pivotal zooplankton specaa®d3) ice algae artarge cells, also forming aggregates,
favouring rapid sinking to the seafloor where they provide a fresh food source for benthic
speciesas observed on the Canadian Beaufort shelf and in the eAstbipelago (Renaud et

al. 2007;D. Kohlbach unpublishd datg.
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As a structural elemendea ice affects access, both the timing gpatialextent, to other habitats
such as theeafloor This interaction between habitats has been changing in recent decades and
can have profound impacts not only on ecosystas a whole, but also at the species and even
individual leves through itseffectson resource distribution and availability, with downstream
consequences for reproduction and population viability. Sea ice can play an important role in
driving reproduabn in marineliving bird species by impacting habitat availability, and

importantly resource availability.
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Figure 30. Median lay date of common eider
females in response to timing of ice break up, s|
by body condition at arrivakpurce JeanGagnon
et al. 2018. Rarinted with permission from
Springer Publishing).
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Figure 31. Average probability of female commc
eider ducklings returning to the breeding colony
adults in relation to their relative hatching date
within a given year, where relative hatch date 0
ice-free conditions (source: Love et al. 2010.
Reprinted with permission from Springer

Common eiderare a species of seaduck that
forages on benthic marine invertebrates (e.g.,
mussels, urchins), some fish species, and
copepods imarine environments. After
arriving on the breeding grounds, females must
forage intensively to accumulate a significant
amount of fat stores prior to initiating
reproduction to form their eggs and to
successfully complete their 2¥ay incubatio
period duing which they fast. Thereforgea

ice can often limit or constrain the ability of
females to reproduce, especially if they arrive
in already poor body condition.

Research at the nesting colony of common
eiders at East Bay in the Eastern Canadian
Arctic has shown that in years of later-ice
breakup, fewer females are likely to breed and
overall, females lay their clutches later (Jean
Gagnon et al2018). Additionally, females
arriving in poorbody condition (less than
2000q) are more strongly affected h late
ice-breakup thamrefemales that arrive in

good body condition (2000 g or heavier),
presumably because it is more challenging for
them to forage enough to get into reproductive
condition. These resul{&igure30)

demonstrate the importance of not only arrival
body condition, but also sea ice in driving the
timing of reproduction, with consequences for
reproductive success and output in common
eiders (Love et al. 201Mescamps et al.

2011).

Sea ice alsodseffectson common eider
reproductive output laten the breeding
seasonFemales that time the hatching of their

ducklings just prior to ice freeonditions in East Bay have the highest recruitment of those
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ducklings back into the populatighove et & 2010)(Figure 31) Within days of the eggs

hatching, females escort their ducklings to the ocean to begin feeding on their own on small
invertebrates in shallow waters. With less sea ice in the bay, and more available foraging habitat
for the ducklingsthey are able to begin foraging and preparing for the upcoming winter
immediately, increasing their probability of survival.

Sea ice can have significant effectsmarine birdst multiple life history stages arahn affect
individuals in diffeentways.The cumulative effects df) changes in ice cover ajindividual
abilities to best time their reproductiaran lead tdoroader scale effects on the recruitment of
ducklings Such &ects on recruitment may affettte persisence of the populatioitself.

4.4.2 Undekrlce

Owing to the strong light attenuation of the srio® coveras well as light absorption by ice
algae, the classic view is that little primary production takes place under the iceavéred
Arctic regions. There are earlgports of undeice phytoplankton blooms in Hudson Bay, the
Canadian Arctic Archipelago, and thedufort Sea (Michel et al. 1993; Fortier et al. 2002;
Mundy et al. 2009). However, it is the recent evidence of a massive-igedgrytoplankton
bloom in theChukch Sea (Arrigo et al. 2012, 201Ralmer et al. 2014) that has challenged our
current understanding of phytoplankton production in the Arctic. It is likely that doeler
phytoplankton blooms are more frequent than previously assumed, especiadyontext 6

the changing climatic and s&ze conditions (Fortier et al. 200Rjundy et al. 2014).

A recent modelling study showed a rapid increase in the likelihood and extent of conditions
suitable for undeice phytoplankton blooms over the past wearadesKigure32). Currently, as
much as 30% of the ArctiDceans considered suitable for undiee phytoplankton blooms in
July (Horvat et al. 2017). Thisstimatesuggest that major ecological shifts in Arcti@cean
primary productiorcould havealready takerplace and will continue in coming years as
significant thinning of the sei@e cover and extensive melt pds allow more light toeachthe
water column (Horvat et al. 2017).
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Figure 32. Estimates ofce-covered areas of the Arctic Ocean that are suitable for dcel®iooms
(source: Horvat et al. 2017)
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The bottom of the ice is also a safe haven and feeding location for fishes and invertebrates.
Juvenile Arctic Cod are closefssociated with the bottom ice during thecoeered period
(Kohlbach et al. 20173nd micro and macrsized zooplankton (e, gcopepods and amphipods)
also utilize this habitat. Thenderside of the sea ioeay function similar to the benthos, except
tha everything is upside dowit.is, howeverchallenging to access and adequately sample such
an environment. As such, direct measurements atédeottomfood web are limited and recent
trends forice-bottom @mmunities as a whokere not currently avible.

4.4.3 Water Column

Arctic phytoplankton communities exhibit high spatial variability linked to gradients of chemical
and physical (including ice) conditions from continental shelves to deep basins, and from inflow
to outflow shelves (sensu CarmacidaNVassmann 200§Section6). The development of
phytoplankton blooms is also tightly linked to seasonality as the dark winter period peeclud
photosynthetic activity§ection4.5). However, as soon as theresidficientlight reaching the

ocean surfacan February and March, small phytoplankton cells, espeditityomonas spp.

form the basef a late winter food web (Pedrddio et al.2015).

Nutrientrich Arctic shelves are typically more productive tla@edeep basins. In productive
regions of theCanadian Arctic, phytoplankton production is dominated by large cells such as
centric diatoms of genef@haetocerogndThalassiosiraandpennate diatoms groups such as
CylindrothecaandFragilariopsis (Ardyna et al. 2011). Dinoflagellates and haptopsytien
dominate the parts of the Arctic Ocean influenced by North Atlantic waters (Poulin et al. 2011).
Recently the haptophyfhaeocystisvas found to dominate the phytoplankton bloom observed
during the Green Edge projetittp://www.greenedgeproject.infa Baffin Bay. In contrast,

primary productivity over the deep basins is often limited by nutrients and light as strong surface
stratification isolates the surface layer from nutriecih deep watersral variable ice cover
influences light conditions. As a consequence, oligotrophic conditions tend to prevail offshore,
favouring smaksized phytoplankton such as the prasinophiytiesomonassp.(Zhanget al.

2015).

On Canadian shelves, primary prodcare influenced by oceanographic conditions which are
linked to local and regional influences from water mass distribution, mixing and upwelling,
combined with climatic influences and coasiakan interactions in the nearshore. These
processes and theaving role of sea ice in the changing Arctic ecosystem are discussed in
other Sections.

Oceanographic conditions also influence the distribution of zooplankton within the water
column. The vertical distribution of zooplankton species is influenced lar weahperature and
salinity in both the Canadian Beaufort Sea and Baffin Bay (Kjellerup et al. 2015; Smoot and
Hopcroft 2017), with distinct community assemblages in different water masses. Zooplankton
community assemblages in the Canadiactic also varyamong habitat typesvith different
communities documented for Beaufort shelf affdshelf habitats (Darnis et al. 28)) and

across geographical regions (i.e., Labrador Sea to eastern Canadian Arctic Archipelago,
Pomerleau et al. 2011). Some but notappepod zooplankton species (eMetridia longain

Baffin Bay, Kjellerup et al. 2015) have been documented to undergo diel vertical migrations in
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the Canadian Arctic. These daily migrations involve upward movements at night to feed with a
return to dept during the day to avoid visual predators including marine birds arekfishis
movement can be important for energy transfer within the water column and to higher trophic
levels.

Water column habitats available to Arctic fishes vary substantivelyresiect to salinity and
temperature (i.e., highly variable with large ranges closer to shore and less so away from shore
lines), key factors that affect occupancy by different species and thus local diversity. Spatial
habitats are linked with deptielated zones including sea ice (surface), water column (pelagic)
with varying subdivisions by depth, and bottom (benthic) areas with varying substrate types.
Fish associations with benthic habitats may also include general bottom association in the lower
watercolumn (epibenthic), direct association on the bottom (benthic) or within the substrate in
some cases (infaunal) (e.g., some eelpouts in soft bottoms, wolffishes in crevices in hard
bottom). There aralsolongitudinal and latitudinal spatial variatiomshabitats which, with

historical factors such as colonization sources, routes and timing, have determined to a great
degree the present diversity in marine fishes (Coad and Reist 2018).

The vast majority of Arctic marine fisdpeciesare benthic in genal habitat usage as larger
juveniles and adults (although several have pelagic eggs and larval forms) (Chernova 2011;
Christiansen and Reist 2013; Coad and Reist 2018). Relatively few species use pelagic habitats
primarily and, if so, tend to use upperamgt waters. Fishes primarily associated with pelagic
habitats include many anadromous species, particularly the salmonids (e.g., chars, ciscoes), as
well as the clupeids (herrings). These generalizations are somewhat artificial, thus exceptions
occur.Forexample, Greenland Halibate generally assumed to be benthic in association,
however, they feed off the bottom in the lower to twiaker areas of the water column as well
(Giraldo et al. 2018). Arctic Cod are generally assumed to be closely assodthtedanice,

however, they often form large pelagic schools, aggregations waepiths of the water catun,

and epibenthic associations

In the Beaufort Sea, the diversity, distributions, and habitat associations of offshore fishes was
surveyed as the Miame Fishes Project by DFO between 2012 and 2014, in partnership with
Inuvialuit and the federally administered Beaufort Regionaifénmental Assessment (BREA
MFP) (Majewski et al. 2016). Benthic trawl surveys conducted betwed®@8m depths on the
Canadian Beaufort Shelf and slope collected 34 species, accounting for approximately 44%
(34/77) of the marine and anadromous fish species present in the Inuvialuit Settlement Region.
The BREAMFP work is similar to multspecies surveys in the western BeauSea in Alaska
where 32 species were recorded between depths of 40 amd d7@he narrower Alaskan
continental shelf and slope (Rand and Logerwell 2010). The majority of species caught during
the BREAMFP were relatively rare, with only eighpeciesontributing >1% to the total
abundancéased catclperunit-effort.

The habitats of marine fishes can be described by many diffeegables including physical,
chemical and biological variables. Depth, salinity, temperature, oxygen, suspendedhgiilorop
benthic chlorophyll, and sediment grain size were examined singularly and in combination as
explanatory variables for observed fish community structure. Fish community structure in the
Canadian Beaufort Sea was most strongly correlated with wattr, @epol assemblages were
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generally delineated into depth ranges coinciding with distinct wadss habitats as illustrated
in Figure33 (Majewskiet al. 2017).

Significant differences in the fish communities freast to west on the continental shelf and
slope were not detected, and the species composition of the assemblages on the Canadian
Beaufort Shelf (<200n depth) do not appear to have changed substantially relative to previous
work between 2006 and 2009 (Majski et al. 2013).

These findings point towards a highly structured ecosystem, from the perspective of the fishes,
likely in response to differences in the characteristics among the water masses and associated
physical drivers. Accordingly, this relatisiip can be used to predict the potential significance

of habitats and communities for conservation and management actions.
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Figure 33. Marine fish assemblages and associated water mass habitats on the Canadian Beaufort Shelf
andslope. Percent similarity values indicate the relative importance of each species in characterizing an
assemblage. See Majewski et(@D17 for more detail.

4.4.4. TheSea HRoor

Benthic(sea floorhabitats and biodiversity have been assessed at poattdns across the
Canadian Arctic region with the highest level of sampling occurritiggBeaufort Sea and
Baffin Bay. Few historic researdiased studiesave been carried out Baffin Bay (e.g.,
MacLarenMarex1978), and if so, they were mostly bdson grab sampling. Over the last
decade, academiesearckbased mjects (e.g., Link et al. 201Roy et al. 201B6) and programs
(e.g., ArcticNet, CHONe) investigated benthos in parts of the region, nmestithe North
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Water(Case Study 8)Since 2004005,benthicbiodiversity and habitat use halveen assessed
annually by monitoring the bgatch of 1) the annual multspeciesdepthstratified bottom trawl
surveys implemented by DHOr Greenland Hlibut stock assessmerand?2) the Northern
ShrimpResearch Foundation (NSRF) and D&i@veysto monitor northern and striped shrimps
(Pandalus borealigsndP. montaguirespectively). Theesurveys provide distribution and
abundance information on invertebrate taxa collected in the trawls at differelstdév
taxonomic resolution (Siferd 2013)ue to thespatiattemporal extent and annual sampling
frequency, the database on invertebratedtghes compiled from the DFO Central and Arctic
Region MulttSpecies Stock Assessment Surveys (2004 to preseiné) msost relevant database
to establish a baseline of the current state of benthic species richness, abundance and biomass in
theBaffin Bay regionfrom whichto evaluate future trends in response to clintkiteen
oceanographic changes. In order to ¢wally attain a more thorough and systematic
identification of invertebrate bgatches and to develop regional reference keys, two photo
catalogues are currently in preparation for Baffin Bay and Hudson. Strait

Species richness of meggifauna (i.e., lae invertebrates living on the seafloor, mostly

sampled by trawls) from the databases of DFO Central and Arctic Region9gelties Stock
Assessment Survey (2004 to 2016) is showRiguire34. Due to the few samgdl stations for
macreinfauna (i.e., invertebrates > 5 mm in size and living mostly in the sediments, sampled
mostly by grabs and box corers), no relevant distribution patterns at the scale of Baffin Bay can
be made.

Benthic invertebrates inhabit the eatseafloor oBaffin Bay; it is not a desert. All stations
sampled in the region collected benthic invertebrates. Richness oicherntrtebrates is
dependant oseveral environmental variablésg., depth, substratéoy et al.2014), but is
also depndant orthe mesh size of trawls used. It is clear friéigure34 that the finer mesh size
(12.8 mm)of trawls used during thénemp surveysFigure34a) increases the richas of

benthic invertebrates that can be caught compared to theg(®awim)used for Greenland
Halibut surveg (Figure34b). Coral and sponge communities are particularly rich and abundant
in Baffin Baycompared tahe rest of the Canadian Arctic (Kenchington et al. 2&dl et al.
201%), however, extensive studies from other areas are requinedobserved benthos
biodiversity is typically ArctieAtlantic and highly comparable to other Are#dlantic seafloors.
However, feweboreal representatives are found in the coldad&én Western Baffin Bajan

in warmer ArctieAtlantic regions, such as in Southwestern Greenland, IcelantheBdrents
Sea (Jgrgensen et al. 2017).

The assumption of decreasing food syppkenthic biomass and density with depth is not
necessarily straightforward for the entire Canadian Arctic region, ntindateep Baffin Bay

Some areas harbong productive surface waters and strong pekhgiathic coupling, such as

the North Wateand in the outflow of Lancaster Sound, can support rich and abundant benthic
communities even at depths > 500 m (Roy et d420

50



10°W 10(2"W 90°W BO:W
!

70:W SO:W 50I°W 40:W 30°W

GREENLAND

75°N

60°N

70°N

65°N
55°N

Richness Depth (m)

e 1-9 [ 0-200 (shelf)
10-14 | 200-500 ¢ e
15-19 | 500-1000 - UINAVIK
£l o 20-52] 1000-2000 w
© | 2000-3000 A =
250 z
[ 3000-4000 i 3
T - T T - T
100°W 90°W 80°W 70°W

110°W  100°W 90:W BO:W

70:W B60°W 50:’W 40°W

& ‘\'i;’?‘s
-
Z.
o
=z
=Y
©
0Z
£
2
=
= o
i1 fred
o \
Richness Depth (m) -
o 1-9 [ |0-200 (shel) *
s 10-14 | 200-500
S 15-19 500-1000
g_, e 20-29[ | 1000-2000
[ 1 2000-3000 z
[ | 3000-4000 3
T - T em— — "
100°W 20°W 80°W 70°W 60°W

Figure 34. (a) Megaepifaunal richness associated to NSBFO Shrimp surveys using Campel@2.8
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of overlapping symbols.
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CASE STUDY 8: The North Water tSanctuary for High Productivity and
Associated Biodiversity

During the icecovered period, polynyas provide reliable areas of open water wiagiee

mammas and birdscancongregateluring winter The North Water in northern Baffin Bay

between Greenland and Canada is the largest and best characterized polynya in the Canadian
Arctic. The polynya owes its existence to an ice bridge typicallyifaynm Nares Strait, which
retains ice drifting from the Arctic Ocean, amdat combination of latent (windriven) and

sensible (oceawarming) heat processes.

Prior to the rapid Arctic seime changes of the past two decades, the North Water, alsm lasow
Pikialasorsuaq, was considered one of the most productive regions of the Arctic (Deming et al
2002). Pikialasorsuaq supports large populations of seabirds and marine mhotimals

summer and wintgiHeide Jergen®n et al. 2018), and human settlemeon adjacent coasts

dates back td,500years BP Jeppesen et al. 20l@emonstrating the importance and reliability

of this resourceThere are 14 species of seabirds that regularly use the polynya for breeding and
the most abundant is the little a(/le alle), with more than 30 million breety pairs Egevang

et al. 2003Davidson et al. 20)8Breeding colonies of hundreds of thousands of thit&d

murres Uria lomvia) and tens of thousands common ei@arhateria molissinjaare also found

in theregion Burnhamet al 2012 Merkel et al. 201% Marine mammals also depend on this
polynya as a refuge from ice cover and access tdlaiwvhals(Monodon monocergsbelugas
(Delphinapterus leucdsand bowhead whalg¢Balaena mysticetysre species thaegularly

frequent polynyas and leads during the winter period. In 2009 and 2010 it was estimated that
over 27,000 marine mammals inhabited the N@vgterin the month of May, including beluga
whales, narwhal, walry®©dobenus rosmarjisringed seafPusa hispidg, bearded seal

(Erignathus barbatus and polar bear@Jrsus maritimuy (Heide Jgrgensen et al. 204)3 In

April 2014, over 13,500 walrus, beluga, narwhal and bearded seals were seen in the region
(Heide-dgrgensen et al. 2016). Marine mamnaais seabirdsilso depend on other polynyas in

the Canadian Arctic in southern Baffin Bay, Hudson Strait and Cumberland Sound (Lewis et al.
2009 Watt et al. 2016, 203 Chambault et al. 2018).

The early opening of the North Water allows for the developmwieaiphytoplankton bloom
severaimonths earlier than in nearby io®vered waters of the Canadian Aipelago (Tremblay

et al. 2006aMichel et al. 2015). Efficient transfers to the pelagic ecosystem (Tremblay et al.
2006b) suppora locally highlyprodudive marine food wb. A recent timeseries analysiof

remote sensing estimates of phytoplankton biomass in the North Water over the past two decades
(1998 to 2014) shows a significant decline in the amplitude of the bloom, despite interannual
variability in the observational series (Marchese et al. 2017). The high interannual variability is
attributed to a fine balance between oceanographic and climatic forcings, with longer and shorter
blooms during years of low and high ice cqvespectively. The recédecline in phytoplankton
biomass ad production iglocumented bin situ measurements (Blais et al. 20{Figure35),

attributed to changing seee conditions and delayed formation or absence of the ice bridge in
Nares Strait.

Collectively, these results indicate that Pikialasorsuaq, a region long known for its recurrent and
predictable high productivity and abundance of marine resources, has been negatively impacted
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by climate change over the past decaw@reparatiorfor future changeghe Pikialasorsuaq
Commission(pikialasorsuag.ongs coordinating effortsn Nunavut and Northern Greenland to
recommend an Inuit strategy for safeguarding, monitoring and management of the health of
Pikialasorsuaq for futurgenerationsin 2017 the commission requestld creation of an Inuit
identified, Inuitmanaged protected area in the ecologically and culturally significanbfitea
North Water(Pikialasorsuaqg Commissi@917).An implementation framework for managent
options was developed in 2018.

700

100 - l Al% B
) 1 >5 pm
l :>2200pm £ m (0.7-5 um
1 5- pm
>5ym | O 525
o ~—
E 5
E’ E 350 4
= 50 5
s 2
S o
E 175
25 £
E
0 0 -
1999 2006 2007 2008 2010 2011 1999 2006 2007 2008 2010 2011
Year Year

Figure 35. Time seriesof sizefractionated chldrophylla (Chl a) biomass (a) and primary production (b)

from 1999 to 2011, during fall in Baffin Bay. Data were integrated over the euphodqdown to 0.2%
surface irradiance). In 1999 only two size fractions were measured. Values are mean £ 0.5 SE. In (b), the
production by large cells is 3.2 mg C?mi* for fall 2011 (source:Blais et al. 201).
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CASE STUDY9: $Q $SH[ 3UHRREPVINR td $¥aice Habitat Declines in
Western Hudson Bay

At a global scale habit&bss represents
one of the greatest threats to species
conservation and in the Arctic losigrm
declines in the spatiahd temporal
extent of sea ice apredicted tdhave
significant impacts on icebligate
marine mammal species. Almost two
decades ago research scientists began
seeing the impacts of climate change i
the Arcticds most
predator, the polar befdrsus
maritimug. At that timepolar bears were
begnning to bse body condition in
western Hudson Bayirelation to Figure 36. Polarbear on shoreline of Hudson Bay
reductions in se&e extent and the (photocredit Evan Rihardsoi.

availability of theirprimary prey, ice

breeding seals (Stirling et al. 1999). Similar trends in the body conditiangefd seal¢Pusa
hispidg in relation to sedce extent have now been observed udbbn Bay (Ferguson et al.
2017 (Case Study) indicating that sea ice may not only be influencing the availability of prey
but also the quality of prey being consumed. These important interspecifactiaas have

likely played an important role in the contimjebserved longerm declines in polar bear body
condition at the southern limit d¢iieir range (Obbard et al. 2Q1%ciullo et al. 2016).

Polar bear life history is intimately linked to theasee which provides a platform on which

polar bear hunt, travel, mate andhdBuring the springeriod polar bears prey heavilyap

young ringed seal pups that are naive and provide a high caloric food source. However, recent
evidence suggesthat ovuhation and thus ringed seal pupping rates may be infladdncéong

term variatios in the Arctic marine erivonment (Ferguson et al. 201 T)rther bringing into
guestion the role sea ice plays in the interspecific interactions between these two species.

As a result of reductions in se& extent Figure37), polar bears are now spending more time
on land and have begun to make use of alternative food resources. However, pdifar bear
history and physiology hawolved to make use oiplid rich marine mammal preyhus
terrestrial food resources, suchsaa bird eggs, are not expectednaintain polar bear body
condition in the facef long-term reductions in seiae extent (e.g., seaks) (Case StudyL3).
There is sane evidence to suggest that similaritged sealsGase Study), polar bear are
possiblybecoming more stressed in relation to kiegn reduction in the availability of prey
(ECCC unpublised data). Reductions in sieg extent are also predattto increase the number
of humanpolar bear interactions (Towns et al. 2Q@®)tentially infuencing individual survival.
What does all this mean for polar bear populations?
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Figure 37. (a) Longterm declines in the daté seaice breakup and (b) increases in tdearation of the
ice-free period in western Hudson Bay Canada. Data from the National Snow and |&xDizta
https://nsidc.org/data/NSIDG192).

In 2016 nn et al. published a lortgrm analysis of polar bear population demography in

western Hudson Bay examining individual variation in suvivaielation to changes in séee
dynamics. They found that survival of both youmgl adult female polar bearsaw/related to

changes in sei@ge dynamics that influendehe availability and quality of polar bear habitat. At

the same time they were able to document a 30% decline in the size of the western Hudson Bay
polar bear population from 198011 Figure38). Subsequent aerial surveys have confirmed the
population has declined to approximat842 bears (Dyck et al. 2017).
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Figure 38. Longterm declines in the size of the western Hudson Bay pelar population from 1987
2011 mediated by reductioirsthe availability of sea icgsource: Lunn et al. 20}6
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The mechanistic relationship between-smadynamics, polar bear body conditiamd

ultimately polar survival have now been observed elsesSimilar declining trends in body
condition initiallyobservedy Sirling et al. (1999) in western Hudson Bay have now been
documented in southern Hudson Bay (Obbard et al. 2016). More receagyiansurvey has

shown a ~ 17% declina the souther Hudson Bay polar bear population from 2201 6

(Obbard et al. 2018Froman energetics perspective these data collectively highlight the
importance of sea ice to polagarforaging ecology and the downstream demographic responses
that can result frortong-term declines in body condition. Similar responses in prey populations
(e.g, declines in ringed seal body condition leading to reduced survival) could have cascading
effects on the longerm persistence of this species across its range.
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4.5 A Yea in the Arctic +Arctic Seasonality

How seasons are described in the
Arctic depends on who you ask
and what ecosystem components
are being considere8or coastal
communities seasonality of the
Arctic Ocean is integral to daily
life. These communitiesleeply
rooted in Inuit culture and history,
rely on the Arctic Ocean for
subsistence, economic
opportunity, and as a way of life
(Figure39). The close relationship
between coastal communities in
Nunavut and seasdnzhanges in
the Arctic Ocean are reflected in
data from the Nunavut Coastal
Resource Inventory. The seasons
are often described in relation to
the harvest of animals and the
conditions associated with the use
and accessibility of certain hunting
grounds An example of Inuit

knowledge of arwhalnear the Figure39. Thel i t hograph titled
community ofPond Inlet is described depicts a year in the Arctic from the perspective of a coi
in Figure40. Theknowledgeof community(source: Nunavut Qajanartuk (Our Beautiful

inf | Land), Kenojuak Ashevak, 1990 Canadian Mumsei
occurrence informseasonal events History, CD 1996001, S9996)..

related to hunting, feeding/rearing ana
migration.

In the sumrer, a season defined by the absence of sea ice and the return of migrating animals,
accessibility to species on the sea bed, the shoreline, and in the water column is at its peak.
Summer s typically characteri zenmalgé$isk® boati ng
and aquatic plants are harvested in inlets and bays, invertebrates are collected on intertidal flats,
and birds and their eggs are harvested along the coast. Fall is defined by the formation of sea ice,
the shortening of daylight hours argbtreturn of snow. Fall is typically when migrating whales

and fishes are harvested as they begin their migsstibiooverwintering areas. Winter is

characterized by the presence of sea ice, the absence of samdytite harvest of winter
specialistsWinter travel is typically via snowmobile over the sea ice where mammals such as

seal, walrus, and polar bear are harvested. Spring is defined by the return of the sun and the slow
melt and eventual breakup of the sea ice. Spring is characterized bylithe@mbtcess hunting

grounds for longer periods of time, ice fishing, and the harvest of early migrants such as birds
and whales.
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Figure 40. Traditional knowledge ofarwhal occurrence near Pond Inlet (NU) collected in 2016 as |
of the Nunavut Coastal Inventory initiative. Numbers represent individual knowledge atatrgof
community members from Pond Inlet. Arrows indicadenmunity observethigration routesThe inset
Table summarizes key categories of community observations. Comments in full are recorded in t
Inlet Coastal Inventory report.

In recent years, elders and active hunters from across Nunavut have noticed major shifts in
seasonal patterrmg biota Participants in the Nunavut Coastal Resource Inventory have noted
that winters are rias cold and the timing of séze formation and breakup is altered by up to
several weeks. Many communities have also noted that the weather is now largely unpeedictabl
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throughout the year. Theskifts in seasonal conditions harede it difficult to safely access
traditional hunting grounds and hagkanged the waycoastal communities harvest local biota.

For life at thefoundation of thenarinefood wel the presece of snowcovered sea ice acts to

delay seasonal progression throughout the systéimthe maximum and minimum ice extent
occurring at or shortly after the equinox&his is very different than the midtitude North

Atlantic wherethe spring phytoplddion bloom occurs as surface waters stratify with solar

heating close to the vernal equinox, followed by consumption of surface nutrients and the decline
of the bloom. Subsequent surface mixing (algring fall) can lead to an autumnal equinox

bloom.

For primary producers ice-covered seas,seaice bloom does occur but it is largely limited to
the bottommostentimeersof theice. The iceassociated bloom progresses with the retdirn
sunlight, following the dark winter period. THisttomice alga bloom provides the first pulse

of energy to the Arctic ecosystem during spri@gow and ice thickness and ice type influences
the development and spatial variability of the&ssociated primary productioGontinued
springgrowth and accumulation ofgae in the ice bottom eventually results in nutrient demand
exceeding supply from the underlying water column, leading to nutrient limitation and bloom
termination. At the ice surface, melt onaltomarks a transition ttate spring with ensuing
bottomice melt causing the pabtoom biomass to slough from the ice bottom, where it
provides a pulse of organic matter to the pelagic (water column) and besat#flodr)
ecosystems.

As the snow cover melts, melt ponds appear on the ice surface greasing light

transmission to the undére environment while ice melt rapidly stratifies surface waters. These
conditions lead to commencement of a phytoplankton bloom close to the peak insolation of
summer solsticéAs previously discussed (Sectidrt.2), underice phytoplankton lmoms can
developunder the melting ice cover, possibly light limited relative to epater conditionsAs
seaice retreats, the ieedge bloom follows the spatial distribution of $es, with regional
differences. lis not yet known if this iceedge bloom is ubiquitous to the Canadian Aratigion

or if light or nutrients are limiting factors in some regioRkytoplankton growth rapidly

depletes surface nutrients as the ice progresses to bupakesulting in a subsurfacélorophyll
maximum as algae concentrate along the nutriclieg (lepth characterized byapid increase

in nutrient concentrations), balancing light from above with nutrient access from below. The
subsurface chlorophyll maximum persists during thenepater period until fall when the

rapidly decreasing solar angle induces light limitation. As air tempesataceease and surface
waters cool, strong fall storms can break down surface stratification and mix nutrients into the
surface, potentially leadg to a second pulse of surface primary production also referred to as
the fall phytoplankton bloorfArdynaet al. 2014)With the formation of new ice in the late fall,
there is a potential for a shdited period of ice algal growth that is terminatgdtbe onset of
polar darknessAlthough polar darkness inhibits photosynthetic processes, microbial
communities persist and remain active. The dark winter is not synonymous with an inactive
Arctic Ocean.

Zooplankton are present throughout the year ine@em Arctic waters. They reproduce in tune
with the ice algae and/or phytoplankton bloom so that young stages can feed in surface waters.
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Calanuszooplankton, the most important zooplankton griouihe Canadian Arctiwith respect

to biomass and energiansfer, efficiently graze iealgae and phytoplankton during the bloom
period rapdly building fatreserves that allow them to survive Aleeding periods (i.e.,

diapause) during winter. Many species of copepods undergo seasonal vertical migratibes and t
depths to which migration occurs is documented to be species speaifiexampleCalanus
hyperboreugsan migrate hundreds of tees to the deep Atlantic Layer the Canadian Beaufort
Sea(Darnis and Fortier 2014). Theasonal vertical migrationspresenta significant active
transport of carbon and lipidch resources to lower water column layers during the fall/winter
period (Darnis and Fortier 201 2yith overwintering adults returning to surface waters in
response to spring primary productivity

Seasonamovement®f fishesareexplicitly evident for anadromous species and also occur in

some marine specieAs rivers open in the springhar that have spent the winterfiash water

are able to migrate to nearshore marine habitats to foragleurant marine resources,

maximizing their opportunities for growth before they are forced to return in the fall. Nearshore
and shallow habitats that were scoured by ice during winter or the spring breakup are recolonized
by marine fishes and invertebrateapitalizing on the increased productivity. Even Greenland
Halibut, despite their deep water habitats, show seasonal movements in relation to sea ice, with
some moving between fiord habitats in the winter to deeper habitats, often along the shelf break,
in summexSection6.3).

Marine mammals fall under two broad categories; residents spend the entire year in the Arctic
whereas migrants only visit the Arctic in the months ofeJ8eptember. For most residents, the
seasons are marked by migrations relabehbitat preference and ngégppendixA), and
movementglepend onhte ice melt and freezagp datesvhich change annually.

There are three resident species of whales (narbvblalgaand bowheadvhales), and three

resident pinnipeds (ringed seals, foea seal¢Erignathus barbatus and walrus) that inhabit

the Arctic year round, while marotherspecies migrate to the Arctic in the summer months
(Appendix B. The resident cetaceans, such as narwhal and beluga, undergo seasonal migrations
to polynyasand moving sea ice in the winter (approximately December to March), and back to
estuaries, fiords and inlets in the summer (arriving on their summering grounds in July and
staying until approxnately SeptemberBowhead whales have a large summer distidibuand

exhibit directed seasonal movements into areas with unconsolidated pack ice ing¢he wint
(Chambault et al. 20)&Figure41). Some years, for reasons unknown, whales leave their
summering grounds late in teeason and if temperature and ice conditions change rapidly, can
become entrapped in the ice. It is unknown how common entrapment events are, but in 2008 and
2015 two large entrapment events of over 1000 and 600 narwhal occurred in the Eclipse Sound
stock It was deemed the whales were too far from open watescape the entrapment and

humane harvesof approximately 600 and 250 whales occusredpectivel{DFO 2018a).

Large entrapment events have potential to negatively impact narwhal stock abuhiieyce

increase in frequency (DFO 2018a).

The resident pinnipeds are present in the Arctic year round withuanpolar distribution

(Appendix B. Bearded seals generally prefer ice habitat that is in constant motion and produces
natural openings amareas of open water, such as leads, fractures, and polynyas for breathing,
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hauling out on the ice, and access to water for foraging (Cameron et al. 2010). To remain
associated with their preferred ice habitat, bearded seals generally move nortlsnrigtand
summer as the ice melts and move south in the fall as sea ice forms (Cameron et al. 2010).
Mature ringed seals tend to prefer landfast ice with stable ice, rough surface to allow wjnd drift
and relatively heavy snowfall to build lairs in wintethereasimmature ringed seals stagar to
polynyas and opewater leads or seasonally migrate to moving ice nedtdbedge Walrus

have a large distribution and there is limited evidence of concerted seasonal movements

(COSEWIC 2017).
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CASE STUDY 10: Changing Phytoplankton Phenology From Shelves to
Basins

The timing of events in the annual cycle (i.e., phenology) affects the functioning of the entire
marine ecosystenT.he spring to early summer phytoplankton bloom is often considered as the
single most important event in the seasonal cycleriaiaryproduction in the Arcticaside from
thebloom of ice algaeThe transfer of primary production from the sHoed phytoplankton
bloom to upper trophic levels depends not only on the temporalpatil coupling between
grazers and the timing of bloom occurrence, but also on the taxonomic composition of the
bloom. Inthe warming Arctic, earlier saae retreat and later freezg are changing the
phenologyof the phytoplankton bloom. Predictiofts a secod fall bloom due to longer open
water seasons (Kovacs and Michel 2011) are now documented throughout the Arctic and on
Canadan shelves (Ardyna et al. 20IMljchel et al. 2015).

The loss of thick multiyear ice and the overall thinning of isrsea ice is also cause for a
marked increase in the prevalence of light conditions conducive to-igedelooms. Over the
past deades, earlier and extensive $ea melt hagesulted inconditions suitable for the
development of undece blooms, suckthat nearly 30% of the ieeovered Arctic Ocean has
become favorable for undeice phytoplankton blooms in July (H@tet al. 2017). One of the
important consequences of undleg blooms is that they consume a substantial fraction of
surface nutrients dhe expense of primary production in the marginal ice zonenitpice
retreat (Palmer et a&2014). While both ultravioletadiationand zooplakton grazers have little
effecton underice primary production, they do reduce the magnitude of primaguptmn in
open waters, with important implications for the production that is transferred to pelagic or
benthic food webs. The shift in the timing of primary productianalsoaffect foodweb
transferghrough a mismatch with grazer life cycles that lsame cascading implications on
higher trophic levels.

Superimposed on these changes in seasonality, one also observescalstsitf displacement

of the ice edge. Because the location of the ice edge relative to topography is a key parameter for
upweling and mixing (Carmack andhapman 2003knowledge of the spatitemporal

distribution of the ice edge is crucial to understand and predict changes in the magnitude and
type of primary producers and the food webs that depend on them in the changimgfArct
schematic of changes in the phenology of primary production on the shelves and basins, due to
climate warming, is presentedkigure42 and described below.

On productive Arctic shelves, the spring ice bregktypically triggers a short and intense ice
edge bloom, dominated by large diatoms sucGlesetocerospp. andrhalassiosiraspp. These
large phytoplankton store energy in lipid form and are very efficient at transferring energy to
harvestable resourgesompared to smaller phytoplankton. In areas stitcimeered, ice algal or
underice phytoplankton blooms can develop when sufficient light is transmitted through the ice
cover. Following these events, the nature of a summer phytoplankton bloom cothasgieslly

from that of an iceedge bloomSince the bloormccurs at deptht forms a sib-surface

chlorophyll maximum(SCM) with different speciesAs nutrients become depletasmall
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phytoplankton cells f@ace the diatoms and low lightlapted speciesich asvicromonassp.
take precedence as salaediation declines and winter sets in.

In recent years, ice edge blooms have developed offshore. Although dominated by diatoms, the
offshore blooms are one order of magnitude less productive than blaoorsing on the shelf,

owing to the lower initial surface nutrient inventory in the basin (Coupel et al. 2015).
Concomitantly, on the shelf, the spateanporal occurrence of productive hot spots is likely to
change since it depends on the balance betm@dng that provides nutrientsnd light

availability, which isalso linked to the location of the ice edge. At the shelf break, upwelling
favourable wind conditionsangenerate productive fall blooms depending on ice conditods
available daylight

Regional differences in the timing andtent of the openwvater surface area have important
implications for phytoplankton bloom phenoloBarber et al. 2015). Phytoplankton blooms in
the Atlanticinfluenced Barents Sea start as early as late Aphiéreain the Canadian sector,
phytoplankton blooms usually develop after Adiche (Mundy et al. 2014) or mituly (Arrigo et

a. 2012). Overall, complex saee dynamics influence the timing, location, magnitude and
composition of primary producers on Arctitetves and deep basins. Our overall understanding
of phytoplankton phenology in relation to ice dynamics is being challenged bypildeor:

going changes, and the effects of the trophic cascade résrtaeénunderstah
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4.6 Biodiversity

Biodiversityassessmesfor the ArcticOcearhave been conducted by tGenservation of

Arctic Flora and FaungCAFF) Working Group of the Arctic Coungiproviding a baselinedm
which to assess change (CAEFL3,2017). Key findings of the017 CAFFreport indicateghat
biodiversity in the Canadian Arctic is and will continue to be affected yoyorthward

expansion of Arctic specie®) seasonaicreags in the numbeand diversity of southern

species in Arctic waters (e, ¢iller whale, salmon, Case Studl¥), and 3) the availability of

food resources. The report also highlights the serious need fetdomgnonitoring of

biodiversity and ecosystesm the face of ongoing cumhative environmental changespecies
richnes wasnot specifically addressed in the@1Z Biodiversity report but previous assessments
for the Arctic as a whole report 2000 phytoplankton taxa, >1008gseciated protists, >5€e-
associated metazoans, ca. 350 zooplankton species, >4500 benthic protozoans and invertebrates,
0160 -+algae (e.gkelp), 243 fishes, 64 seabirds, and 16inemmammals (Bluhm et al.
2011)

Species catinue to baliscovered Table3) in the Canadian Arctiand many regions have not
yet been explored with respect to species richness at multiple trophic levels. For example, in
someregions of theeastern Canadian Archipelagpis estimated that up to 59% wfega

benthic taxa, are yet tzediscovered (Roy et al. 20b Table3 providesa summary of recent
studies contribumg to our understanding and assessmennafine biodiversity in the Canadian
Arctic region

4.6.1. Adaptation and Resilience

The adaptation capacity of Arctic marine spetiasbeen the focus of recent studiean effort

to identify heresilience of Arctic ecosystenmiscosystem resilienaefers to theability to

respond talisturbances and reganize while undergoing changes to maintain critical functions
An understanding of resilience is important given that climate change is in part responsible for
rapidly reshaping the dynamics afarine Arctic ecosystems. Largeale (temporal and spatial)
modeling of data gathered through muipiecies scientific surveys has shown a gradual shift in
the distribution of marine organisms allowing them to cope with increasing physiological (e.g.,
increased temperature) and behavioural (e.qg., shifting preplapinteractions) stressors

brought on by climate change in Arctic ecosystems (Cheung et al. 2010; Fossheim et al. 2015;
Miller et al. 2018). In addition to these quantitative advances, mechanistic explanations for
speciedevel adaptation capacity (e.drctic Cod) have been assessed @bt et al. 2016) and
speciesspecific characteristicsuch as temperature, salinity, pH, and dissolved oxygen tolerance
limits have beemeviewedin a recent effort to develop a physiological database for Arctic and
sub-Arctic species (Steiner et al. 2018). This database contains information on 17 species, with
Arctic Char being the only species of commercial interest (Steiner et al. 2018). Genomic tools
are also being developed to determine the acclimation and adapiatoial of individuals by
identifying candidate genes whose expression are directly correlated with a coping mechanism
for climate change (Franks ahtbffmann 2012). For example, Arctich@r genetic markers are
being developed to monitor thermal stressand the recovery potential under stressful
physiological conditions (Quinn et al. 2011). Information is emerging on the capacity of Arctic
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species to adapt to change. However, further research is required to predietiomgsilience
of Canadian Aret marine ecosystems.

Table 3. Recent assessments and studies informing biodiversity in the Canadiarnrdgictic

eukaryotes
(phytoplankton)

species diversity

Species/Group New knowledge References
Singlecell 1229 species in Canadian Ac; singledcelled | Poulin et al. 2011
marine organismsnake up a significant part of total

Single cell ice
eukaryotes (ice

540 species in Canadian Arctic, high contributi
of diatom species

Poulin et al. 2011

distribution of
Carmadian Arctic

collections(1920-1980s)
527 benthic taxa identified from field collection

algae and

protists)

Marine fishes | All 221 known marine fish species (58 families| Jgrgensen et al. 2011
in the Canadian Arctic are described in a Majewski et al. 2016
comprehensive compendium including specieg Coad andReist 2A.8
specific distributios (occurrences).

Trawl surveys (201:2017) in the Beaufort Sea
have identified ca. 16 new marifigh
occurrences.
Trawl surveys (arumal since 2004) in Baffin Bay
and Davis Strait support ongoing monitoring of
benthic biodiversity.
Geographic 774 benthic taxa identified from museum Roy et al. 2015bRoy

andGagnon 2018

Benthos (20072011)
Monstrilloid New species identified in the Kitikmeot region | Delaforge et al. @17
copepods
Siboglinid First documented living chemosynthetic Paull et al. 2016
tubeworms community in the western Arctic Ocean.

Associated with active mud volcanoes on the

continental slope of the Canadian Beaufort Se
Benthic Four new ecords and one new specfeom the | Lgpezet al. 2017
sedentary Canadian Archipelago.
polychaetes

Assessment of
benthic

Benthic invertebrate surveys for nrormigenous
speciesaandhabitat suitability for potential

Goldsmit et al. 2014
Goldsmit et al. 2018

diversity in invasive species related to shipping

Arctic ports

Cryptophytes New family Baffinellaceag genus and species| Daugbjerg et al. 2018
(Baffin Bay) described

Marine 100 putativeCanadiarArctic speciesdentified | Tempestini et al. 218
amphipods by DNA barcoding.
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CASE STUDY 11: Biodiversity of Fishes in the Canadian Marine Arctic

About 221 recognized species in 138 genera and 58 families of fishes are presently known to
occur in the marine watef the Canadian ArcticCpad and Reist 20)8Figure43). This

includes 24 species in six families of anadromous orwedishes. More than 32,000 distinct

species of fishes are thought to exist globally (Nelson 2006), of which about 15,800 are marine
and over 225 diadromouss(,, both anadromous and catadromous species). Thus, the

biodiversity present in Canadian Arctic Marine waters is overall comparatively low. In
comparison to all fishes found in Canada, the Arctic marine ichthyofauna represents about 25%
of the families ad 15% of the species present in total (i.e., the entire Canadian freshwater and
marine ichthyofauna totals about 1,439 species in 233 families). Exact numbers of species in the
Arctic are uncertain due to taxonomic and distributiamedertaintiesvarialde abundances and

often clumped distributions of taxa, as well as rapid rates of change in distributions due to
increasing environmental variability/change accompanied by limited ongoing sampling.
Accordingly, the pr esentshesastsartmarizedin Cad anReestd g e 6
(2018) is incomplete and likely odfated thus ongoing documentation of changes and new
occurrences is required.

0

Figure 43. Number of marine and anadromous fish species per region ingthefaconsideratiorRed
dotsindicatedocumented occurrences of all marine Bglecies.
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